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SUMMARY

Organoid technologies have become a powerful emerging tool to model liver diseases, for drug screening, and for personalized treat-
ments. These applications are, however, limited in their capacity to generate functional hepatocytes in a reproducible and efficient
manner. Here, we generated and characterized the hepatic organoid (eHEPO) culture system using human induced pluripotent stem
cell (iPSC)-derived EpCAM-positive endodermal cells as an intermediate. eHEPOs can be produced within 2 weeks and expanded long
term (>16 months) without any loss of differentiation capacity to mature hepatocytes. Starting from patient-specific iPSCs, we modeled
citrullinemia type 1, a urea cycle disorder caused by mutations in the argininosuccinate synthetase (ASS1) enzyme. The disease-related
ammonia accumulation phenotype in eHEPOs could be reversed by the overexpression of the wild-type ASS1 gene, which also indicated
that this model is amenable to genetic manipulation. Thus, eHEPOs are excellent unlimited cell sources to generate functional hepatic

organoids in a fast and efficient manner.

INTRODUCTION

Cellular therapies provide promising treatment options for
liver pathologies ranging from cancer to genetic metabolic
diseases. One of the main difficulties associated with
cellular therapy approaches is the generation and expan-
sion of mature autologous hepatocytes. While the ability
to derive patient-specific induced pluripotent stem cells
(iPSCs) have solved the problem of generating autologous
cells, differentiation and expansion of mature patient-
specific hepatocytes remain a challenge.

Hepatocyte-like cells can be derived from human iPSCs
(hiPSCs) via their stepwise differentiation. Initial studies
focused on developing differentiation protocols to achieve
hepatocyte-like cells in standard two-dimensional (2D)
conditions (Chen et al.,, 2012; Liu et al., 2011; Si-Tayeb
et al., 2010). Such stepwise protocols utilize cocktails of
growth factors/cytokines to recapitulate embryonic liver
development in vitro, from definitive endoderm to hepatic
progenitors and then to functional hepatocytes. However,
the cell populations produced by these different protocols
vary considerably in their maturation status and, in most
cases, represent immature hepatocytes. This is in part due

to the absence of tissue-specific architecture, mechanical
and biochemical cues, and cell-cell communication under
2D conditions (Luo et al., 2018; Pampaloni et al., 2007).
To overcome these limitations, an alternative approach
has been utilized to induce human iPSCs into hepatic
endodermal cells and then mix them in a three-dimen-
sional (3D) co-culture system with stromal cells to generate
liver bud-like aggregates (Takebe et al.,, 2013, 2017).
This liver bud-like structure is able to vascularize and
perform hepatic functions after transplantation into
mice. However, the long-term stability and expansion of
such structures is currently unknown.

A 3D organoid culture system of adult hepatic stem/pro-
genitor cells has been recently developed. These cultures
are derived from Lgr5-positive cells sorted from injured mu-
rine liver and epithelial cell adhesion molecule (EpCAM)-
positive ductal cells from intact human liver (Broutier
et al.,, 2016; Huch and Dolle, 2016; Huch et al., 2013,
2015). During liver development and homeostasis, EpCAM
has a dynamic expression pattern, and its expression in
immature cells is gradually lost upon their maturation
into hepatocytes (Schmelzer et al., 2007). EpCAM is ex-
pressed in mouse liver bud at embryonic day 9.5 (E9.5),
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and EpCAM*DIk1" hepatoblasts with high proliferation
potential have the capacity to differentiate into bile duct
and hepatocytes (Tanaka et al., 2009). Additionally, in ze-
brafish only EpCAM* endodermal cells are able to license
hepatic development by sequestering Kremenl on the
cell membrane and allowing the formation of Lrp6 signal-
osomes to activate Wnt2bb target genes (Lu et al., 2013).
Whether human EpCAM* endodermal cells that arise
during development can form liver organoids remains
unknown.

Here, we report an hiPSC-derived hepatic organoid cul-
ture system for producing functional hepatocytes using
EpCAM-positive endodermal cells as an intermediate. These
endoderm-derived hepatic organoids (eHEPOs) could be
produced within 14 days and expanded for more than 1
year without any loss in culture efficiency. Using eHEPOs,
we modeled the urea cycle disorder citrullinemia, demon-
strating the power of this system for disease modeling.
Finally, we performed ectopic expression of wild-type allele
of the disease-causing gene, ASS1, in eHEPOs, which
rescued the phenotype of the disease and showed that
eHEPOs are amenable to genetic manipulation.

RESULTS

Endodermal Progenitors Generated from hiPSCs

To test whether hepatic organoids can be generated from
iPSCs, we first derived transgene-free iPSCs from a healthy
donor via non-integrative episomal plasmid-based reprog-
ramming of dermal fibroblasts (Fidan et al., 2015). Tera-
toma formation in immunocompromised mice confirmed
the pluripotency of the iPSCs (Figure S1). iPSCs expanded
in feeder-free culture were incubated with modified endo-
dermal induction medium containing activin A, Wnt3a,
and R-spol (Chen et al., 2012; Si-Tayeb et al., 2010). After
5 days, cells no longer exhibited typical embryonic stem
cell morphology and adopted a polygonal shape (Fig-
ure 1A). Immunostaining revealed that almost all of the
cells were positive for the endoderm markers SOX17,
FOXA2, and EpCAM at day 5, indicating that the hiPSCs
efficiently differentiated into definitive endoderm during
the 2D monolayer endodermal induction period (Fig-
ure 1B). Additionally, the flow-cytometry analyses showed
that only about 65% of populations are CXCR4*/EpCAM*
(Figure 1B) and approximately 75% of populations are
FOXA2*/SOX17* at day 5 (Figure S2). Notably, percentages
of CXCR4"/EpCAM" endodermal cells derived from three
independent iPSC lines (WT1, WT2, and WT3) were not
significantly different from each other after independent
differentiations, which indicated the reproducibility of
endodermal induction step of our protocol (Figure 1B).
Notably, modification of the endoderm induction medium
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by adding R-spondinl, a well-known Wnt signal potenti-
ator (Carmon et al., 2011; de Lau et al., 2011; Planas-Paz
et al., 2016), caused a 15%-20% increase in the number
of EpCAM™ cells differentiated from three independent
iPSC lines from healthy donors (Figure 1C). Moreover,
there were no morphological changes among these
EpCAM™ cell populations (Figure 1C). Thus, our modified
protocol allows for efficient generation of endodermal pro-
genitor populations.

Generation of Organoids from Endodermal EpCAM*
Cells

We inoculated fluorescence-activated cell sorting (FACS)-
purified EpCAM* or EpCAM endodermal progenitors in
the liver organoid expansion medium as defined in adult
liver organoid cultures. As early as 1 week, EpCAM* endo-
dermal cells generated 3D hollow structures similar to the
adult stem cell-derived liver organoids, while EpCAM ™ cells
lacked this ability. When culturing EpCAM*-derived orga-
noids, structures with round-shaped organoid morphology,
approximately 100 nm in diameter with distinct edges,
were observed (Figure 2A). Notably, organoid cultures could
be passaged every 7-10 days at 1:5 ratio and could be
expanded for >9 months without any loss of phenotypic
characteristics and differentiation capacity at late passages
(passage >30) (Figure 2A). To determine the stability of
EpCAM* endoderm cell-derived organoids cultured in
expansion medium (EM) conditions, we analyzed the
phenotypic characteristics for different markers (AFPT,
HNF4a*, FOXA2*, EpCAM*, and CK19") by flow cytometry
at various time points (passages 6, 21, and 48). Percentages
of subpopulations expressing EpCAM and FOXA2 (endo-
derm markers), a-fetoprotein (AFP) (fetal liver marker),
and hepatocyte nuclear factor 4o (HNF4«) (hepatic marker)
did not change significantly at different passages including
young and old organoids, while CK19 (hepatoblast/cholan-
giocyte marker) expression decreased in old organoids in
EM conditions (Figure 2B). These findings supported that
EM mostly maintains stable status of progenitor cells in or-
ganoid culture over the long term. Concerning structural
organization, the organoids from early passage comprised
CK19* cells surrounding tightly self-organized ductal-like
structures, indicating that cells with hepatoblast and/or
bile duct progenitor characteristics persist in these struc-
tures. For the late-passage organoids, CK19* cells are more
likely distributed evenly throughout the organoid as well
as ductal specific locations (Figure 2C). In addition,
EpCAM™ cells were still present in the organoids both
from early and late passages, showing the persistence of pre-
cursor cells of liver. Notably, HNF4« staining showed that
organoids have already committed toward hepatic lineage
both in whole-mount and frozen-section staining of early
and late passages, respectively. Both early- and late-passage
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Figure 1. Generation of EpCAM"* Progenitors from hiPSCs as an Intermediate of Endoderm-Derived Hepatic Organoids

(A) Schematic representation and timeline of organoid culture establishment.

(B) Upper panel: expression of 0CT3/4 (pluripotency marker), FOXA2, SOX17, and EpCAM (endoderm markers), in the different stages by
immunostaining (20X magnification). Lower panel: flow-cytometric analysis of EpCAM and CXCR4 to assess the efficiency of endoderm
generation at day 5. Three independent healthy iPSC lines (wild-type 1 [WT1], WT2, WT3) were tested for endoderm induction based on
EpCAM and CXCR4 positivity (n = 3 for each experiment).

(C) Upper panel: representative flow-cytometric analysis with isotype control demonstrating the increase in EpCAM-expressing cell number
with addition of R-spo1. Experiments were performed in triplicates for three different iPSC lines derived from healthy donors. Lower panel:
effect of R-spo1 on the morphology of iPSC derived endodermal cells on 2D culture. DIC, differential interference contrast.
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organoids have cubical/polyhedral epithelial cells express-
ing ZO-1 in a similar pattern, providing evidence for the
presence of cell-cell interactions via tight junctions (Fig-
ure 2C). Of note, cell density of late-passage organoids
was rather less than that of their young counterparts.

Further immunohistochemical analysis of organoids
showed that CK18* and AFP" cells form pseudostratified
epithelial structures as observed in epithelium develop-
ment (Figure 2D). Hematoxylin-eosin staining showed
that the typical structural organization including pseudos-
tratified epithelial and ductal-like structure did not change
in long-term organoids at passage 48 (Figure 2D).

To gain a global understanding of eHEPO differentiation,
we performed RNA sequencing of iPSCs, endodermal pro-
genitors, and organoids cultured in EM conditions and
performed an unbiased characterization of their identity
at whole-transcriptome level (see Experimental Proced-
ures). Gene set enrichment analysis (GSEA) indicated that
gene sets of gastrulation, endoderm formation, and endo-
derm development were highly enriched upon endoderm
induction from iPSCs. Conversely, pluripotency-associated
genes were downregulated at the same stage (Figure 2E).
Upon EM induction, endoderm specific genes were down-
regulated and liver-specific gene sets were induced
(Figure 2E). Taken together, these data indicate that this
protocol faithfully simulates the stepwise developmental
process of hepatic differentiation.

In Vitro Differentiation of Organoids into Mature
Hepatocytes

To further the maturation of the emerging hepatic cells, we
cultured organoids in differentiation medium (DM) for
10-14 days (Huch et al., 2015) and analyzed the expression
of liver-specific genes and structural organization by immu-
nostaining. Here, we performed immunostaining in both
early-passage (pl10) and late-passage (p48) organoids at
DM conditions for CK18, ZO-1, E-CAD, CK19, ALB, and
A1AT. All differentiated organoids are similarly composed
of ALB* and CK18* hepatocytes with typical polar structure
and ZO-1 expression, indicating the existence of tight junc-
tions separating apical and basolateral domains. Besides,
the E-CAD staining pattern indicates the liver epithelial

phenotype of organoids. ALB and A1AT staining provides
evidence for hepatocyte maturation, still expressed even
in late passages. Meanwhile, the presence of CK19* cells,
especially around lumen-like structures, suggests the exis-
tence of the cholangiocyte-like and/or progenitor cell pop-
ulation in differentiated organoids (Figure 3A). Further
immunohistochemical analysis also revealed that organo-
ids have both ALB* and CK19" cells, indicating mature
hepatocytes and cholangiocytes in ductal-like structure,
respectively. Also, E-CAD™ cells represented polygonal
epithelioid structures reflecting a hepatocyte-like pheno-
type (Figure 3B). Ultrastructural analysis of organoids
demonstrated the presence of a layer of live cells with apical
and basolateral polarity and a luminal area containing the
residual of apoptotic and multivesicular bodies (Figure 3C).
Of note, the junctional complex between cells was defined
by the characteristic of epithelial cells surrounding the
lumen (Figure 3C). To further characterize the maturation
of the iPSC eHEPOs, we developed an albumin-GFP re-
porter system. An albumin enhancer/promoter driving
GFP expression was cloned into a lentiviral backbone be-
tween two flanking insulator elements and was integrated
into hiPSCs, which enabled us to monitor real-time differ-
entiation of iPSCs to mature hepatocytes in organoids.
Organoids were established from reporter bearing iPSCs
which, after 5 days in DM culture conditions, became
GFP positive (Figure 3D). We also quantified a number of
ALB" cells within organoids from three independent differ-
entiations starting from a single iPSC reporter line. There
was no significant difference in the number of ALB* cells
(Figure 3D). For a detailed assessment of the differentiation
status of organoids, we generated global expression profiles
after DM induction. GSEA analysis showed that liver-
specific genes were highly upregulated upon culture in
DM conditions (normalized enrichment score [NES] 1.81,
false discovery rate [FDR] q value = 0). This finding supports
our hypothesis that liver-specific genes are further upregu-
lated in DM conditions compared with EM conditions
(Figure 3E). Most of the key enzymes and receptors
involved in different aspects of liver function including
glucose homeostasis (DCXR, IGFBP4, PGM1), lipid meta-
bolism (RXRA, GHR, SODI1, APOC3, APOB, APOAI,

Figure 2. Establishment of Endoderm-Derived Hepatic Organoids

(A) Organoid formation potency of sorted EpCAM* and EpCAM™ cells and bright-field images of organoid culture from various passages,

where P indicates passage number.

(B) Phenotypic characterization of endoderm-derived WT organoid culture at different passage numbers (p6, p21, and p48) during

expansion on EM.

(C) Confocal images of organoids for EpCAM, CK19, and HNF4a.. Nuclei were co-stained with DAPI. In the dataset for p10 organoids,
EpCAMN\ HNF4a and Z0-1 were stained in the whole-mount organoids. The others were stained from frozen sections.

(D) Immunohistochemical staining of CK18 and AFP in organoids. H&E indicates hematoxylin-eosin staining.

(E) GSEA plots for differentially expressed genes during iPSC to endoderm induction and endoderm to organoid differentiation. NES and

FDR q values are listed for each gene set analyzed.
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LPIN1), and gluconeogenesis (PPPIR3B, GBEIl) were
induced upon DM culture (Figure 3F). qPCR validation of
RNA-sequencing data confirmed the upregulation of
mature hepatocyte markers such as ALB, A1AT, CYP3A7,
and CYP3A4 and downregulation of the endoderm stage
marker EpCAM, albeit to a lower extent when compared
with freshly harvested adult human liver tissue (Figure 3G).

In Vitro and In Vivo Functionality of eHEPOs

We showed that mature eHEPOs in DM from various passages
secreted significant amounts of albumin to the medium,
indicative of hepatocyte functionality. However, the secreted
albumin level in DM conditions was gradually decreased de-
pending on the age of organoid in the culture (Figure 4A).
Upon differentiation, organoids also gained mature hepato-
cyte functions such as CYP3A4 activity, low-density lipopro-
tein (LDL) uptake, and glycogen storage (Figures 4B—4D). The
late-passage eHEPOs (p48) still demonstrated liver functions
such as LDL uptake and glycogen storage, similar to their
early-passage counterparts (Figures 4C and 4D).

To test the ability of the human mature eHEPOs to engraft
as functional hepatocytes in vivo, we first produced eHEPOs
from healthy donor iPSCs stably transduced with a GFP
expression vector. NSG mice then were treated with dimeth-
ylnitrosamine (DMN) for 14 days to induce acute liver dam-
age. Finally, we injected 2 million eHEPO cells intraspleni-
cally to the mice with damaged liver, whereby 32 days
after transplantation, engraftment of human cells was
demonstrated by immunostaining of GFP and human-spe-
cific albumin antibodies separately (Figures 4E and S3). Hu-
man ALB* cells were located around the interlobular veins as
well as throughout the parenchyma. These results indicate
that the mature, functional hepatocytes from eHEPO cul-
tures have the ability to engraft in the mouse liver.

Disease-Specific eHEPOs
We next investigated whether the eHEPO system can be
utilized for disease modeling. To this end, we generated

iPSC lines from two patients who presented with neonatal
hyperammonemia and were clinically diagnosed with clas-
sical citrullinemia type 1 (CTLN1). CTLN1 is an autosomal
recessive urea cycle disorder caused by defects in the argini-
nosuccinate synthetase (ASS) enzyme due to mutations in
the ASSI1 gene (Quinonez and Thoene, 2016). An impair-
ment of ASS1 function can lead to a wide spectrum of phe-
notypes, from life-threatening neonatal hyperammonemia
to a later onset with mild symptoms. Patient-specific iPSCs
were grown under feeder-free conditions and displayed
typical PSC morphology (Figure 5A). PCR amplification
and sequencing of all coding exons of ASSI indicated
that both the patients’ fibroblasts and iPSCs harbored
homozygous G390R mutations in exon 15, which is one
of the most common mutations in classical citrullinemia
(Figures S4 and 5B) (Kose et al.,, 2017; Quinonez and
Thoene, 2016). Established iPSC lines were devoid of
episomal vector sequences as shown by genomic DNA
PCR (Figure 5C). One iPSC clone from each patient was
further analyzed by chromosomal G-banding and was
confirmed to have a normal Kkaryotype (Figure 5D).
CTLN-iPSCs were positive for pluripotency markers
OCT4, NANOG, and SSEA-4 by immunofluorescence (Fig-
ure 5E). RT-PCR analyses indicated a high expression of
0OCT4,S0X2, NANOG, and LIN28 mRNA in patient-derived
iPSCs, but not in the original dermal fibroblasts (Figure 5F).
As expected, ASS1 protein expression was detected in the
healthy donor-derived iPSCs but was undetectable in
patient-specific iPSCs (Figure 5G). Finally, both of the
CTLN-iPSC lines formed well-differentiated teratomas con-
taining cells derived from all three germ layers (Figure 5H).
Taken together, these data confirm the pluripotency of
citrullinemia patient-derived iPSCs.

Following the protocol described above, we successfully
generated CTLN organoids that could be passaged for
more than 6 months in culture (Figure 6A). The comparison
of CTLN and the wild-type organoids with respect to the
internal structural organization revealed that both have

Figure 3. In Vitro Differentiation of Endoderm-Derived Hepatic Organoids into Mature Hepatocytes

(A) Confocal images of organoids cultured for 10-14 days in DM conditions stained for CK18, E-cadherin, A1AT, Z01, and ALB. Nuclei were
stained with DAPI. In the dataset for p10 organoids, CK18, E-CAD/A1AT, and Z0-1/ALB were stained in the whole-mount organoids. The
others were stained from frozen sections.

(B) Immunohistochemical staining of organoids for ALB, CK19, and E-cadherin.

(C) Transmission electron microscopy image of an endoderm-derived hepatic organoid (eHEPO). Arrow shows apoptotic and multivesicular
bodies (upper panel). White circles and arrow indicate intercellular junctional complexes (JC) and apical villus (AV), respectively (lower panel).
(D) Lentiviral albumin promoter-GFP reporter to monitor albumin expression in organoids. Representative bright-field and fluorescence
microscopy images of pALB-GFP reporter bearing iPSCs at the indicated stages of differentiation. Flow-cytometry analysis to quantify ALB*
cells within organoid.

(E) GSEA analysis of differentially regulated genes in DM versus EM conditions. NES and FDR q value are listed for the liver-specific gene set
analyzed.

(F) Heatmap showing the expression of EM- and DM-related genes.

(G) gqPCR-based mRNA expression analysis of indicated genes in EM and DM organoids as well as human liver tissue. Fold changes were
calculated as DM/EM and/or tissue/EM (n = 4 for each of three separate differentiation) (*p < 0.05).
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Passage number < Q detected on day 14 by immunofluorescence

staining in WT DM organoids from p10

(o] D and p48.

LULUplaxe Glycogen storage (D) Glycogen storage function of WT DM
EM pses@isg,, organoids from p10 and p48 by periodic-
& WY acid-Schiff (PAS) staining (magenta). EM

condition was used as undifferentiated
control.

(E) Immunohistochemistry with anti-GFP
and anti-human albumin antibodies in
DMN-treated NSG mouse liver sections
transplanted with mature eHEPOs. The
presence of GFP* and human ALB* cells
demonstrates engraftment of hepatocytes
into mouse liver.

Error bars in (A) and (B) denote +SD of
three independent experiments (*p < 0.05;
**p < 0.01; ***p < 0.001).
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similar structure resembling typically spherical shape(s) well as CK19* cells lining mainly lumens (Figure S5B). To
containing a series of lumen structures (Figure S5A). They analyze theimpact of ASSI mutationsin eHEPOs, we cloned
have single-layer and/or pseudostratified epithelium as full-length ASSI c¢DNA into a GFP-containing lentiviral
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vector and transduced it to patient-derived iPSCs. In paral-
lel, patient-derived iPSCs were transduced by an empty
GFP vector to produce CTLN-GFP organoids as control.
For phenotypic characterizations of eHEPO clones, immu-
nofluorescence staining of HNF4«, ZO-1, ALB, CK18, and
CK19 demonstrated a similar pattern/structure between
healthy donor-derived organoids and CTLN organoids
(Figure 6B).

To understand hepatic maturation efficiency of CTLN-
GFP and CTLN-ASS1-O/E organoids, we tested liver func-
tions defined for wild-type organoids (from healthy
donors). For both eHEPO clones, DM-mediated maturation
induced a significant increase in albumin secretion, and
albumin levels were comparable with each other (Fig-
ure 6C). Furthermore, CTLN-GFP and CTLN-ASS1-O/E
eHEPOs had capacity for LDL uptake and glycogen storage
in DM conditions (Figure 6D).

RNA sequencing of patient-derived cultures and k-means
clustering of Pearson correlation of whole transcriptomes
showed clear separation of organoids from less differenti-
ated cell types (Figure 6E). While iPSCs and endodermal
cells were similar in molecular identity, they still clustered
separately, indicating proper discrimination of cell types
(Figure 6E). Most importantly, patient-derived cells were
almost indistinguishable from their healthy counterparts.
DM cultures of healthy and CTLN patient-derived organo-
ids were almost identical (two genes with FDR < 0.01), indi-
cating that CTLN disease-specific mutation does not affect
the differentiation capacity of patient-derived cells.

In patients, ASSI mutation causes accumulation of
ammonia and decreases ureagenesis. We next examined
these phenotypes in patient-derived eHEPOs and asked
whether the re-expression of wild-type ASS1 can rescue dis-
ease-related phenotypes in our hepatic organoid model.
The healthy donor-derived organoids had significantly
less ammonia compared with CTLN patient organoids
while re-expression of wild-type ASS1 in CTLN organoids
rescued this defect (Figure 6F). In parallel, we also measured
urea levels in media and observed that CTLN1-GFP organo-
ids had lower levels of ureagenesis compared with healthy
organoids and, importantly, ASS1 overexpression partially
rescued this phenotype (Figure S6). Taken together, these

data indicate that hepatic organoids can faithfully recapit-
ulate the urea cycle-related disease phenotype, and restora-
tion of gene function can be carried out in the eHEPO
model.

DISCUSSION

Hepatocyte-like cells differentiated from iPSCs have been
used to model several liver-related diseases, including
al-antitrypsin deficiency, citrin deficiency, and CTLNI1,
highlighting the pathophysiology to pursue new medical
strategies (Kim et al., 2016; Yoshitoshi-Uebayashi et al.,
2017; Yusa et al., 2011). Although these models represent
the phenotype of disease in a dish, the major limitation is
the lack of protocols that produce fully functional mature
hepatocytes (Baxter et al., 2015; Gieseck et al., 2014; Godoy
et al., 2015). Additionally, to our knowledge long-term
expansion/maintenance of these cells without losing func-
tion is very limited, and freeze/thawing of these cells in 2D
culture is another major challenge in the field.

The 3D cell-culture models have recently become impor-
tant for hepatic functional studies because they often
induce levels of cell differentiation and tissue organization
with proper cell-cell contact not observed in conventional
2D culture systems (Duval et al., 2017; Pampaloni et al.,
2007). Studies have shown that the gene expression
profiles (Godoy et al., 2015) as well as the responses to
drug toxicity (Takayama et al., 2013) in the multicellular
spheroid 3D models resemble more closely the in vivo
situation.

The recent availability of stem cell-derived organoid sys-
tems to provide 3D self-organized tissue models provides a
compelling new class of biological model to serve as both
tissue and organ proxies (Lancaster and Knoblich, 2014).
Organoids recapitulate a large number of biological param-
eters including the spatial organization of heterogeneous
tissue-specific cells, cell-cell interactions, cell-matrix inter-
actions, and certain physiological functions generated by
tissue-specific cells within the organoid. Researchers are
toiling to refine organoid culture systems to make them
more complex, more mature, and more reproducible.

Figure 5. Derivation and Characterization of Citrullinemia-Specific hiPSCs

(A) Morphology of WT iPSC, CTLN iPSC-1, and CTLN iPSC-2.

(B) Sequence analysis of ASSI exon15 mutations in healthy and patient-derived fibroblasts and the iPSCs.
(C) PCR-based integration analysis of the episomal reprogramming vectors.

(D) Karyotype analysis of WT iPSC, CTLN iPSC-1, and CTLN iPSC-2.

(E) Immunofluorescence images of iPSCs stained for NANOG, OCT4, and SSEA-4. Cell nuclei were counterstained with Hoechst. Scale bars,

100 pm.
(F) mRNA expression levels of pluripotency-related genes.

(G) Western blot for ASS1 using two independent antibodies in WT iPSCs, CTLN1 iPSC-overexpressing GFP, or ASS1 cDNA (OE).
(H) Teratoma formation of CTLN iPSC-1 and CTLN iPSC-2 in SCID mice. Scale bars, 100 pum.
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Figure 6. Endoderm-Derived Hepatic Organoids for Modeling Citrullinemia

(A) Bright-field image of citrullinemia patient-derived hepatic organoid cultures.

(B) Confocal images of CTLN organoids stained for HNF4a, CK18, Z0-1, CK19, and ALB. Nuclei were stained with DAPI. In the dataset for
CTLN organoids, HNF4a and ALB were stained in the whole-mount organoids. The others were stained from frozen sections.

(legend continued on next page)
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Here, we developed a novel hiPSC-derived 3D organoid
culture system for producing functional hepatocytes us-
ing EpCAM" endodermal cells as an intermediate. EpCAM
has been identified as a surface marker on human hepatic
stem/progenitor cells (Dollé et al., 2014; Schmelzer et al.,
2006; Yoon et al., 2011), and freshly isolated EpCAM™ cells
from either fetal or postnatal livers have been shown to be
expandable in culture and have the ability to form human
liver tissue after transplantation into livers of NOD/SCID
mice (Schmelzer et al., 2007). Moreover, endoderm-
specific EpCAM is a key regulator of licensing hepatic
commitment in zebrafish embryos (Lu et al.,, 2013).
EpCAM" liver stem cells isolated from adult liver can be
expanded in long-term organoid culture in a genome-
stable manner. Based on these findings, we hypothesized
that freshly isolated EpCAM* progenitor cells from iPSC-
derived endoderm may be used as cell sources to generate
hepatic organoids in a more simple and reproducible
manner, yielding more mature cell types. To test this, we
sorted EpCAM™ cells after endoderm induction from iPSCs
and used them to make 3D organoids. At the initial step of
our protocol, we added R-spol as a secreted Wnt pathway
agonist to the endoderm induction culture consisting of
activin A and Wnt3a to obtain increased numbers of
EpCAM* cells. We showed that only freshly isolated
EpCAM™* endodermal cells can readily make 3D organoids
within 8-10 days in EM culture conditions while
their EpCAM™ counterparts cannot do so. Of note, these
eHEPOs have been expanded over a longer term in culture
(up to passage 48) and still produced albumin after differ-
entiation by Huch’s DM. Notably, we showed that organo-
ids that originated from endoderm could be produced in
Huch’s medium, which was originally defined only for
organoids derived from adult stem cells. We also trans-
planted eHEPOs into NSG mice and showed human-
specific ALB* hepatocytes embedded in mouse liver.
Finally, we used this technology to model liver metabolic
disease—citrullinemia—and showed the pathophysiolog-
ical phenotype of disease as evidenced by a decrease in
ammonia detoxification capacity. The rescue of disease
phenotype via overexpression of the wild type of the
ASS1 gene also demonstrates the potential of eHEPOs in
the treatment of disease via genetic manipulation.

Recently, Guan et al. developed a model system whereby
iPSC lines differentiate into 3D human hepatic organoids,
and introduced certain known mutations to model genetic
diseases such as Alagille syndrome and tetralogy of Fallot
(Guan et al., 2017). In this model, iPSCs were first differenti-
ated to hepatoblasts by a modified Hannan 2D hepatocyte
differentiation protocol for 9 days. Cells were then cultured
in suspension for an additional 12 days until large and com-
plex structures with limited oxygen and nutrient availability
in their centers formed. Since these hepatic organoid (HO1)
structures were not suitable for further differentiation, sin-
gle-cell dissociation was obligatory in this protocol. The
dissociated cells could be grown further and differentiated
toward hepatic organoids (HO2) for an additional 30 days
while maintaining their ability to form organoids with
luminal structures over a 4-month period. In our protocol,
eHEPOs expressed CK18 (hepatocyte-like cell marker) and
CK19 (bile duct-like cell) as well as bipotent markers such
as AFP and HNF4a at an early time point starting at
day 10. However, in Guan’s protocol, only parenchymal
type HO1, the minor type, expressed mature hepatocyte
markers such as A1AT and albumin after day 50. eHEPOs
offer the possibility to obtain more clonal parenchymal
types from hepatic organoids in an efficient way. In addi-
tion, the long duration of organoid formation from earlier
3D models may render them inconvenient in comparison
with our robust eHEPO model to procure functional hepato-
cytes from hiPSCs. Furthermore, our extensive transcrip-
tomic analyses further validate the fidelity of differentiation
from eHEPOs at various steps. We anticipate that generation
of eHEPOs from a diverse set of genetic metabolic and
chronic diseases will significantly accelerate the develop-
ment of new therapeutic strategies against such diseases.

EXPERIMENTAL PROCEDURES

Derivation of Human Fibroblasts and iPSC Generation
After informed consent was obtained from citrullinemia patients
and healthy donors, skin-punch biopsies were taken according to
a protocol approved by the relevant Institutional Review Boards
of Dokuz Eylul University and Kog¢ University. Human primary
fibroblast cultures and iPSCs were generated and characterized as
described in Supplemental Information.

(C) In vitro functionality of CTLN-GFP and CTLN-ASS-0/E organoids. Albumin secretion of CTLN1-GFP and CTLN1-ASS-0/E organoids at p10
cultured in EM and DM conditions measured by ELISA. Error bars denote £SD of three independent experiments.
(D) Glycogen storage function of CTLN1-GFP and CTLN1-ASS-0/E organoids at p10 in DM condition by PAS staining. LDL uptake of CTLN1-

GFP and CTLN1-ASS-0/E organoids at p10 in DM condition.

(E) Cluster heatmap of WT and CTLN-iPSCs endoderm and organoids.

(F) Ammonia detoxification capacity of healthy donor (WT indicates organoids with wild-type ASS1 gene) and patient-derived
mature eHEPOs expressing either GFP (control) or ASS1-0/E as determined by ammonia elimination assay. Data are shown as +SD of
three independent experiments in two different patient-derived eHEPOs given as pg/day/million cells (*p < 0.05; **p < 0.01;

***p < 0.001).
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Mutation Analysis of iPSCs

The CTLN1 patients whose fibroblasts were reprogrammed carry
homozygous ASS-p~G390R (c.1168G>A) mutations in the ASSI
gene. Genomic DNAs were amplified by PCR using the following
primers: Exonl15-Fwd, CAG TCC TCC CTT CAA GCA GA;
Exon15-Rev, GCA GTC AAG GTC GCATCA AA. Sanger sequencing
was performed, which confirmed the presence of homozygous sin-
gle-nucleotide mutation that leads to ASS-p~G390R (c.1168G>A).

In Vitro Differentiation of Human iPSCs into
Definitive Endoderm

When iPSCs had attained a confluence of 70%, the mouse embry-
onic fibroblast-conditioned medium was replaced with Roswell
Park Memorial Institute/B27 with 100 ng/mL activin A (Pepro-
Tech), 50 ng/mL Wnt3a (R&D Systems), and 5 ng/mL R-spol
(R&D Systems) for 5 days.

Organoid Culture of EpCAM™ Hepatic Progenitors

After 4 days of 2D monolayer induction of definitive endoderm,
cells were harvested and trypsinized by TrypLE (Gibco) for
3-4 min at 37°C. The dissociated cells were washed with PBS and
stained with anti-human CD326 (EpCAM) (Milteny) antibody and
sorted on a BD FACSARIA III sorter. EpCAM" cells were mixed
with Matrigel (BD Biosciences) and seeded onto 24-well plates at ra-
tios of 3,000, 5,000, or 10,000 cells per well. Non-attachment plates
were used in all procedures (Sarsted). After Matrigel had solidified,
culture medium was added. Culture medium termed EM comprised
AdDMEM/F12 (Invitrogen) supplemented with 1% B27 (Gibco),
1.25 mM N-acetylcysteine (Sigma), 10 nM gastrin (Sigma), and the
growth factors: 50 ng/mL epidermal growth factor (EGF) (Pepro-
tech), 10% R-spol conditioned medium (home-made), 100 ng/mL
fibroblast growth factor 10 (FGF10) (Peprotech), 25 ng/mL hepato-
cyte growth factor (HGF) (Peprotech), 10 mM nicotinamide (Sigma),
5 uM A83.01 (Tocris), and 10 uM forskolin (Tocris). Only for the first
3 days, the medium was supplemented with 5% Noggin and 30%
Wnt conditioned medium (both prepared as described by Barker
etal., 2010), and 10 uM Y27632 (Sigma-Aldrich). After 10-11 days,
organoids were removed from the Matrigel and mechanically disso-
ciated into small fragments before transferring to fresh Matrigel-
containing dishes. In each passage, split ratio was 1:4 to 1:8, which
was performed in once every 7-10 days for 9-12 months.

Hepatocyte Differentiation and In Vitro Functional
Studies

To induce differentiation, we cultured organoids for 3-5 days with
EM in fresh Matrigel as described above, supplemented with bone
morphogenetic protein 7 (BMP7) (25 ng/mL). Medium was then
replaced with DM, which comprised AADMEM/F12 medium sup-
plemented with 1% B27 and containing EGF (50 ng/mL), gastrin
(10 nM, Sigma), HGF (25 ng/mL), FGF19 (100 ng/mL), A8301
(500 nM), DAPT (10 uM), BMP7 (25 ng/mL), and dexamethasone
(30 uM). This medium was refreshed every 3 days for 10 days.

Transplantation
Immunodeficient NSG mice (NOD.Cg-Prkdcscid 112rgtm1Wijl/Sz])
were purchased from Jackson Laboratories (Bar Harbor, ME,

USA). Animals were housed and maintained under specific path-
ogen-free conditions in accordance with institutional guidelines
under approved protocols in IBG-Vivarium Mouse Facility.

Six- to 8-week-old NSG mice received DMN (7.5 mg/kg, Sigma;
1.0% dissolved in saline, intraperitoneally) for 3 consecutive
days per week for 2 weeks. After a 2-week treatment, 1 day after
the final DMN injection the mice were anesthetized (ketamine
100 mg/kg, xylazine 8 mg/kg), and 2 x 10° iPSC-derived organoid
cells transduced by a GFP containing vector in 30 uL of cell suspen-
sion were transplanted intrasplenically to DMN-treated mice.
Mice were sacrificed, and liver samples were obtained 10 days
and 32 days after transplantation.

Messenger RNA Sequencing

Messenger RNA sequencing was performed using the CEL-Seq2
method (Basak et al., 2017; Hashimshony et al., 2016). In brief, total
RNA was extracted with an RNeasy mini kit (Qiagen). Ten nanograms
of total RNA per sample was precipitated with 2 pg of GlycoBlue (Am-
bion) overnight at —80°C. The pellet was dissolved in 4-UMI barcode
containing primers and incubated at 70°C for 2 min. Deoxynucleo-
tide triphosphates (Promega) were added and the mRNA was reverse
transcribed using the SuperScript Il reverse transcription kit (Thermo
Fisher Scientific). The second strand was synthesized using the DNA
ligase I (Thermo Fisher Scientific). Samples were pooled for in vitro
transcription through the T7 binding sequence (Ambion Megascript
kit). Amplified RNA was converted to cDNA using the SuperScript II
reverse transcription kit (Thermo Fisher Scientific). DNA libraries
were generated using Phusion Polymerase (NEB) and the Illumina
TruSeq small adapter primers (Hashimshony et al., 2016). Ampure
XP beads (Beckman Coulter) were used for nucleic acid clean-up of
double stranded DNA, amplified RNA, and the final DNA library.
Libraries were sequenced on an Illumina HiSeq4000 using 150-bp
paired-end sequencing at GenomeScan. All the samples were
sequenced in a single run to an average depth of ~10 million reads
per sample. Reads were mapped to the latest human coding tran-
scriptome and normalized as described elsewhere (Basak et al.,
2017). The data were processed using the DESeq2 package (Love
et al., 2014). For heatmaps, the values of the variance stabilizing
transformation of the data are displayed (see DESeq2 manual). For
the cluster heatmap, k-means clustering of the Pearson correlation
of the whole transcriptome of the samples is displayed.

For additional and detailed experimental information about
in vitro functional assays (periodic acid-Schiff staining, LDL uptake,
measurement of CYP3A4 activity, RNA isolation and real-time
PCR, ammonia elimination, determination of albumin secretion,
immunostaining, transmission electron microscopy, and flow-
cytometry analysis), please refer to Supplemental Information.

Data Analysis

Statistical analysis was carried out using GraphPad Prism
(GraphPad Software, CA, USA). Differences between groups were
considered significant at *p < 0.05, **p < 0.001, and ***p < 0.0001.

ACCESSION NUMBERS

The datasets generated in the current study are available in the
GEO repository, accession number GEO: GSE120145.
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SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/
10.1016/j.stemcr.2019.08.007.
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