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We developed an in vitro model system where induced pluripotent stem cells (iPSCs) differentiate
into 3-dimensional human hepatic organoids (HOs) through stages that resemble human liver
during its embryonic development. The HOs consist of hepatocytes, and cholangiocytes, which are
organized into epithelia that surround the lumina of bile duct-like structures. The organoids provide
a potentially new model for liver regenerative processes, and were used to characterize the effect
of different JAGT mutations that cause: (a) Alagille syndrome (ALGS), a genetic disorder where
NOTCH signaling pathway mutations impair bile duct formation, which has substantial variability
in its associated clinical features; and (b) Tetralogy of Fallot (TOF), which is the most common form
of a complex congenital heart disease, and is associated with several different heritable disorders.
Our results demonstrate how an iPSC-based organoid system can be used with genome editing
technologies to characterize the pathogenetic effect of human genetic disease-causing mutations.

Introduction

We have obtained much information about the signaling pathways affecting the development of solid
organs, such as the liver (1), from analysis of model organisms. However, a major unsolved problem is
defining the role of these pathways in solid organ development in humans. The abnormalities caused by
certain genetic diseases provide information about the key signaling pathways involved in human organ
development. For example, Alagille syndrome (ALGS) is an autosomal dominant genetic disorder (with
incomplete penetrance) that is predominantly (94%) caused by mutations in the gene (JAG!) that codes
for the NOTCH ligand JAGT1 (2, 3). The clinical course is dominated by severe liver abnormalities, and its
predominant pathologic feature is a paucity of bile ducts, which results from abnormal development of the
biliary tree. A wide range of JAGI mutations, which are spread across the entire protein, have been found:
approximately 80% produce protein truncations, 8% are whole-gene deletions, and 12% are missense muta-
tions (4). There is substantial heterogeneity in the clinical features observed in subjects with JAGI muta-
tions. For example, only 11 of 53 JAGI mutation—positive relatives of ALGS subjects had clinical features
that would lead to a diagnosis of ALGS, and 9 of the relatives had cardiac abnormalities without liver dis-
ease (5). Various cardiovascular abnormalities are also associated with ALGS. Of these, Tetralogy of Fallot
(TOF) (6), which develops in 7%—-13% of ALGS subjects (7), is of particular interest. TOF is the most com-
mon form of complex congenital heart disease; it is associated with several different heritable disorders and
has the following features: ventral septal defect, overriding aorta, pulmonic stenosis, and right ventricular
hypertrophy (8). JAGI mutations have been identified in subjects with classic features of TOF who do not
have liver disease (9). Although many JAGI mutations have been identified, a fundamental question about
the heterogeneity of the clinical features caused by JAGI mutations remains unanswered: Is it caused by the
effect of different JAGI mutations or is it determined by other elements in the genetic background?

JAGL1 is 1 of 5 Notch signaling ligands (4). NOTCH proteins are a highly conserved family of transmem-
brane receptors (10) that play a major role in cell fate determination (11, 12), biliary tract development (13, 14),
and in liver cancer (15, 16). Although much information has been obtained about the NOTCH signaling path-
way, we do not fully understand the pathobiology of human ALGS liver disease. How does a reduction in Notch
signaling hinder bile duct formation? Based on the general mechanisms of action of the Notch pathway, it is
thought that decreased JAG1 expression in nonepithelial cells, which interact with bile duct cells during the for-
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mation of bile ducts, causes ALGS pathology. An intricate network of different cell types (hepatoblasts, vascular
endothelial cells, portal mesenchymal cells) drives intrahepatic bile duct development in the liver (1). Hence, the
identity of the JAG1-expressing cells that determine human bile duct specification remains unclear. The relative
importance of JAGI in epithelial (versus nonepithelial) cells is unknown, and a mesenchymal-epithelial cell
interaction is required for biliary tract formation during embryonic development (17, 18). A specific deletion of
the mouse JAG! gene in liver mesenchymal structures (but not in endothelium) of mouse embryos recapitulates
in part the biliary defects observed in patients (19), but the animal models used to study ALGS only recapitulate
certain aspects of the syndrome (19, 20). As examples, deletion of the entire Jag/ gene in mutant mice does not
model the point mutations found in patients, and Jag/*'~ mice (21, 22) do not develop the liver features of ALGS,
while heterozygous humans do. Mutant mice display very homogeneous phenotypes, while there is substantial
variability in ALGS patients. Recently, a Jag/*'~ mouse generated on a particular genetic background was found
to develop bile duct paucity (23). However, their livers had extensive focal inflammatory lesions and ductular
reactions, which are not present in human ALGS liver in subjects of the same age, and these could be more
characteristic of another biliary tract disease (biliary atresia) (7).

We do not completely understand whether JAGI mutations cause ALGS liver pathology by a dom-
inant-negative or a haploinsufficiency mechanism. Because chromosomal deletions at 20p12 were pres-
ent in some ALGS subjects (24-26), it was initially proposed that ALGS liver disease was caused by a
gene deletion (haploinsufficiency). When the causative JAGI mutations were initially characterized (2, 3),
the investigators definitively “conclude that ALGS is caused by haploinsufficiency of JAG1” (3). In more
recent analyses of a much larger number of ALGS subjects (27, 28), the appearance of a cholangiopathy in
JAGI heterozygous—knockout mice (23) and the characterization of the properties of an expressed mutated
JAGT1 protein were also all interpreted as indicating that haploinsufficiency was the causative mechanism
(29). However, many ALGS subjects have point mutations (instead of a gene deletion), so it was also
possible that some mutations could act via a dominant-negative effect (27, 29). To more fully understand
the pathogenesis of this genetic disease, we must have a system that more closely accounts for the genetic
impact that ALGS mutations have on human liver development. Here, we developed a method for pro-
ducing hepatic organoids from human induced pluripotent stem cells (iPSCs). We then analyzed these
organoids to answer fundamental questions about how genetic mutations can cause ALGS liver disease
and about the heterogeneity in the clinical features associated with JAGI mutations.

Results

Generation of human hepatic organoids from iPSCs. To characterize the mechanisms affecting liver and bile duct
development, a culture system was developed to differentiate iPSCs into hepatic organoids (HOs) (Figure
1A). Detailed information about the development of this protocol is provided in a supplemental note. In
brief, iPSCs were first dissociated into single cells and induced to form endoderm spheres in response to
growth factors and chemicals added to the culture according to a modified protocol (30). The endodermal
spheres then formed posterior foregut-like structures when cultured in the presence of a low concentration
(1%—2%) of a Matrigel scaffold that supports the formation of 3D structures from stem cells (31, 32), and
by addition of various concentrations of FGF10, which is known to promote the differentiation of foregut
endoderm into hepatic and gallbladder cells during organogenesis (33). The developing foregut structures
were transferred on day 9 into a medium with other growth factors to promote their maturation into HOs.
By day 20, the organoids developed a more complex structure that we refer to as primary HOs (HO1s),
which could be seen in stereomicroscopic images (Figure 1B). The proliferative and regenerative potential
of HO1s may be limited when they reach a 3-mm diameter, because it is difficult for them to obtain suffi-
cient nutrients and oxygen. To overcome this limitation, the HO1 cells were dissociated into single cells,
embedded in Matrigel, and then cultured for 6 days in a growth medium that promoted their proliferation.
The cells were then cultured for another 6 days in a medium to promote their differentiation into HOs.
Remarkably, the dissociated cells could reform organoids, which we refer to as secondary HOs (HO2s)
(Figure 1B), and these are fully characterized in the liver regeneration section below.

We examined the pattern of protein and mRNA expression in differentiating HO cultures. The endoder-
mal spheres were shown by immunostaining (SOX17 and CXCR4) to express endodermal lineage markers
on day 3 (Figure 1C). The remarkable efficiency of this differentiation system is indicated by the fact that
97% of the day 3 cells express the SOX17 endodermal marker (Supplemental Figure 1A; supplemental mate-
rial available online with this article; https://doi.org/10.1172/jci.insight.94954DS1). By day 6, the posterior
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Figure 1. Generation of HOs from iPSCs. (A) A schematic representation of the in vitro culture system and the growth factors used to direct the differen-

tiation of iPSCs into HO1s. Then, th

e cells in a HO1 are dissociated, and (B and C) bright-field and immunostaining images taken on day 0 (iPSCs), day 3

(definitive endoderm, EN), day 6 (foregut, FC), day 9 (hepatoblast, HB), day 20 (HO1), and day 62 (HO2) show the morphological and cell marker changes

that occur during the development

of HOs. The arrows indicate where duct-like structures are located. (D) H&E staining shows the appearance of 3 dif-

ferent types of HO1. (E and F) Immunostained sections prepared from day 50 parenchymal, ductal, or mixed organoids show the pattern of expression of

hepatocyte (ALB, CK8, A1AT), chola

ngiocyte (CK19), or proliferation (Ki67) markers. Scale bars: 50 um.

foregut-like structures express FOXA3 (Figure 1C). By day 9, the developing HOs express multiple markers
indicative of hepatoblasts (Figure 1C and Supplemental Figure 1B). For example, 99% of the day 9 cells
expressed a T box transcription factor (TBX3), which was shown to regulate hepatoblast proliferation and
differentiation (34). Also, 63% of the day 9 cells expressed activated NOTCH1, and similar numbers of cells
expressed the Notch ligands JAG1 and DLK1 (Supplemental Figure 1B). After further differentiation, the
HO1s expressed the hepatocyte marker CK18 on day 15 (Supplemental Figure 1C). Between days 15 and
20, the HO1s formed luminal structures that resemble bile ducts, which are surrounded by CK7* cells, and
HOTI cells reciprocally expressed either a hepatocyte (CK18) or a cholangiocyte marker (CK7) (Figure 1C
and Supplemental Figure 1D). Upon closer analysis of H&E—stained sections of many different organoids,
we found that 3 morphologically different types of HO1 were formed: (a) parenchymal organoids where
hepatocytes were the predominant cell type; (b) ductal organoids, which had an increased number of ductal
structures; and (c) mixed organoids that had both hepatocytes and ductal structures (Figure 1D). Immunos-
taining confirmed that the hepatocytes in a parenchymal type of HO1 abundantly expressed ALB, CK8, and
A1AT (Figure 1E). In ductal and mixed organoids, which were the predominant type of HO1s formed, the
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epithelial cells around the ductal structures abundantly expressed CK19 (Figure 1F). Taken together, these
results indicate that the cells in day 9 cultures are bipotent hepatoblasts, which subsequently differentiate into
either hepatocytes or cholangiocytes that are present in HO1s. The HO2s also have luminal structures and
they express hepatic markers such as HNF4A and CK18 (Figure 1C).

Whole-transcriptome analysis was performed on iPSCs, primary human hepatocytes (PHHs), HO1s, and
human liver tissue. For this analysis, over 100 organoids that were generated from a single donor were analyzed.
A heatmap, which focused on 2,458 genes that were involved in stem cell differentiation and liver development,
was prepared to visualize the relative relationship between the transcriptomes of iPSCs, PHHs, human liver
tissue, and HO1s (Supplemental Figure 1E). The dendrogram indicates that HO1s are more closely related to
liver tissue than to PHHs; this is because cholangiocytes are present in HO1s and liver, but are absent (or rare)
in PHHs. Examination of the genes within this heatmap indicated that there was a lack of expression of plurip-
otent genes in HO1s, and that HO1s had an increased level of expression of cellular markers for liver lineages
and liver development, which included mature hepatocytes, bile duct cells, and NOTCH signaling components.
Next, whole-transcriptome analysis was performed to characterize HO2s and their relationship to iPSCs, PHHs,
and human liver tissue. This analysis utilized 1,000 HO2s that were prepared from a single donor. A cluster
analysis of 1,510 genes indicates that there were major changes in the transcriptome after the cells that were dis-
sociated from an HO1 were transferred from the growth medium into the differentiation medium. As with the
HOls, the gene expression profile of HO2s resembled that of PHHs and human liver. Of particular relevance,
the level of expression of mRNAs that are of importance for various human liver functions (4DH4, CYP3A44,
TTR, GSRAI, TDO2, GSTA1, and FAH) was markedly increased in HO2s (Supplemental Figure 1F).

A serial analysis of the level of mRNA expression for 15 different genes indicates the dynamic changes in
gene expression that occur during organoid formation (Supplemental Figure 1G). As examples, SOX77 mRNA
expression peaks at day 3; albumin mRNA only appears after day 20 in HO1s and gradually reaches a level that
is similar to that in PHHs and liver tissue; 7BX3 mRNA appears on day 3, and peaks at the hepatoblast stage;
while AFP mRNA appears at the hepatoblast stage, peaks in HO1 and decreases in HO2. In contrast, the hepatic
lineage marker mRNAs HNF4A, PROX1, and HHEX appear on day 3 and remain elevated through HO2 for-
mation. CK79 and SOX9 mRNA levels, which are important for bile duct morphogenesis, significantly increase
at hepatoblast stage, and then peak during HO maturation. Interestingly, CK7 mRNA appears later than CK79
mRNA. HNF1b, GGT, and CFTR mRNAs levels increase as the organoids develop, and their expression levels
are similar to that of human liver tissue, but these mRNAs are not present in PHHs.

We also performed immunostaining on liver sections at different embryonic stages to assess whether
the temporal pattern of antigen expression in developing HOs resembles that of liver during embryonic
development. The pattern of expression of HNF4A, TBX3, HNF3p, and AFP in day 3 HO cultures was
similar to their murine homologs in day 13 (E13) mouse embryonic liver, which is the period when hepato-
blasts are formed (35) (Supplemental Figure 1H). The pattern of SOX9 and ECAD expression in E17 liver
(which is when bile ducts are present) was similar to that of day 15 HO1s, while CFTR expression in E17
liver resembled that of day 30 HO1s (Supplemental Figure 11).

HOs have functional properties of liver. Functional assays were performed to determine if HOs had biosyn-
thetic and drug biotransformation properties characteristic of human liver. HOs express the tight junction
marker ZO-1 (Figure 2A) that is important for the formation of bile canaliculi. More importantly, those
bile ducts formed primary cilia that are similar to those of primary cholangiocytes in vivo (Figure 2B). The
organoids had bile acids within their ductules, their cells accumulated glycogen (Figure 2C), and several
types of bile acids were abundantly secreted into the supernatant (Figure 2D). A large amount of human
albumin (5-6 pg/ml) was produced over a 24-hour period, which indicated that organoids had substantial
biosynthetic capability (Figure 2E). We measured the amount of 2 drug metabolites (M1 and M6), which
are generated primarily by a CYP3A4-mediated reaction (36), produced after HOs were incubated with 3.6
pg/ml clemizole for 24 hours. The amount of M1 and M6 generated by the organoids was 1,033-fold (P =
0.03) and 3,787-fold (P = 0.007), respectively, above that produced by iPSCs. Of note, the amount of the
M1 and M6 metabolites produced by HOs after 50 days in culture (86% and 74%, respectively) was close to
that produced by PHHs, which were tested after only 24 hours in culture (Figure 2F). After 48-72 hours in
culture, PHHs would completely lose their ability to metabolize drugs.

An HO model for liver regeneration. Liver size increases during the postnatal period due the formation of an
increased number of lobules (rather than by an increase in the size of each lobule) (37). Of critical importance
to postnatal liver growth, branches must be formed from the existing bile ducts to produce new bile ducts for
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Figure 2. HOs have morphological and functional similarities to human liver. (A) Immunostained sections prepared from day 20 and 50 HO1s show that
they express Z0-1. The insert (bottom left) shows a low-power view of the field that is enlarged in the right image. (B) Immunostaining with an anti-
body against acetylated a-tubulin indicates that primary cilia are present in a CK19* cholangiocyte adjacent to a ductal structure in the HO1. (C) Day 50
HO1s were stained with Alcian blue and periodic acid-Schiff stain for mucus and glycogen (upper), and by Hall's method, which stains a bile component
(bilirubin) green after it is oxidized to biliverdin (lower). (D) The abundance of the following bile acids were measured in the supernatants of a day 50

HO1: glycochenodeoxycholic acid (GCDCA), glycodeoxycholic acid (GDCA), glycocholate (GCA), taurochenodeoxycholate (TCDCA), taurocholate (TCA), and
taurodeoxycholate (TDCA). The red dashed line indicates the amounts of the corresponding bile acids measured in the supernatants of 3 different control
iPSC lines (all were below the level of quantification). Each measurement is the mean + SD of 3 supernatants, and was normalized relative to that of iPSC
supernatants. (E) The human albumin levels in supernatants obtained from day 50 HO1s and PHHs. The supernatants were collected after 24 hours, and
the measurements were normalized per 10° cells. (F) The amounts of 2 clemizole metabolites (M1, M6) produced by day 50 control (C1, C2) organoid cul-
tures were measured 24 hours after incubation with clemizole (3.6 ug/ml). The amount of metabolites produced by recently plated PHH and iPSC lines was
also measured. (G) Confocal images show the cells that surround luminal structures in day 50 organoids. The cells were stained with antibodies against
CK7 (red) and SOX9 (green) (upper), or with antibodies against CK7 (red) and Ki67 (green) (lower), and were counterstained with DAPI (blue). (H and 1) H&E
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staining and bright-field images show HO2s on day 6 in growth medium (GM) regenerated from dissociated HO1s (lower and higher magnification) (H),

or HO2s on day 12 in differentiation medium (DM) (lower and higher magnification) (I). The lower panel is enlarged to show a single HO2. (J) Fluorescence
and bright-field merged images show that there is abundant bile acid accumulation in the lumen of HO2s after differentiation. (K and L) Confocal images
examining the expression of liver lineage markers by HO2s in GM or DM. Scale bars: 50 pm.
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the newly formed lobules (38). To model the processes that could mediate the formation of new lobules and
bile duct branching, we determined whether organoids with bile ducts could be formed from the cells that are
present in HO1s. We identified in day 50 organoids proliferating cells (Ki67*), which were located in ductules,
that coexpressed CK7 and SOX9 (Figure 2G). These SOX9*CK7* cells resemble the liver progenitor cells that
are found in the ductal plates, which have been shown to regenerate liver under normal physiologic conditions
(39). To test the hypothesis that SOX*CK7* cells regenerate liver, we then dissociated HO1s into single cells
(Supplemental Figure 2A). As expected, those progenitors expanded rapidly in growth medium, which activated
‘Wnt and EGF pathways and inhibited the BMP and TGF pathways (31) (Figure 2H). The dissociated cells from
HO1s could be expanded for multiple passages (>20) in the growth medium, and they maintained their ability
to form organoids with luminal structures over a 4-month period. To promote further differentiation of HO2s,
BMP and NOTCH signaling were activated, and in response to oncostatin M addition, the HO2s stopped pro-
liferating, and their morphology became more like that of hepatocytes (Figure 2I). At this time, they synthesize
lipids and had bile acids (Figure 2J). Immunostaining revealed that HO2s prominently express early hepatic lin-
eage markers such as CK8, HNF4A, CK19, EpCAM, and SOX9 in growth medium, which indicates that they
resemble hepatic progenitor and/or reactive ductular cells. Also, albumin was only weakly expressed by these
cells, and the expression of a mature hepatocyte marker (A1AT) was absent at this stage (Supplemental Figure
2A). When the cells were grown in a differentiation medium, progenitor marker expression was reduced, and
albumin expression was substantially increased (Figure 2, K and L). The cell population within HO2 cultures
consisted of hepatocytes (ALB*A1AT*CK19) and cholangiocytes (CK7*CFTR") (Supplemental Figure 2A).
Interestingly, a population of hepatic progenitor cells (SOX9*EpCAM™) was still present in HO2s, and ALB*
hepatocytes were located near ductal structures with CK19* cells (Supplemental Figure 2B).

JAGI expression in developing organoids. We examined the pattern of JAG1 expression during HO for-
mation. By day 20, the percentage of JAG1* cells in control HOs decreased to 27% (from 58% on day 9)
(Figure 3A), which could indicate that a subpopulation of JAG1* cells in the day 9 (hepatoblast) cultures
have differentiated into cholangiocytes. Of note, JAG1 expression was colocalized with a cholangio-
cyte marker in embryonic mouse liver (Figure 3B). We also investigated whether there was a change
in NOTCH signaling components during HO formation. The mRNAs for JAG! (ligand) and NOTCH2
(receptor) were dramatically increased at the hepatoblast stage. Moreover, the mRNAs for NOTCH tran-
scription factors (HEYI and HESI) were also increased during HO formation (Figure 3C). Since Notch
signaling promotes bile duct formation (40), we examined JAG1 and CK7 expression in control HOs on
day 9; this is the time when the hepatoblasts, which will subsequently differentiate into hepatocytes and
cholangiocytes, are present. JAG1 and CK7 were expressed at this time, and activated NOTCH1 (NICD)
was present in the nucleus (Figure 3D). Since the relative levels of cell surface expression of NOTCH
receptors and their ligands on interacting cells affect cell fate determination (41), these changes in the
pattern of JAG1 expression may play an important role in bile duct development during HO formation.
It is noteworthy that changes in JAG1 expression are most pronounced in areas where cholangiocytes
and bile ducts form. There was also a significant change in the pattern of JAG1 expression in developing
HO cultures. JAG1* cells were initially localized within rosette-like clusters of cells on day 9, which
disappeared as the HOs further differentiated, and JAG1* cells subsequently appeared in regions near
the tubular structures observed on days 15 and 50 (Figure 3E). We also found that there was abundant
JAGT1 and NICD expression in HO2s that were maintained in growth medium, but their expression was
absent when HO2s were in the differentiation medium (Figure 3F). Given their important role in liver
development, we investigated whether mesenchymal cells were present in HO cultures. To more fully
assess whether mesenchymal cells were present in the organoids, the cells in day 9, day 20, and day 50
organoids were examined by flow cytometry with an antibody reactive with another mesenchymal cell
marker (smooth muscle actin, SMA). The flow cytometry results confirmed that only a small population
of cells (1%—-2%) within the organoids expressed this mesenchymal antigen (Supplemental Figure 2C).
Reverse transcription PCR (RT-PCR) analysis of mRNA isolated from these organoids also indicated
that mRNAs for SMA and another mesenchymal marker (vimentin) were expressed at detectable lev-
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Figure 3. JAG1 expression and NOTCH signaling is altered in ALGS HOs. (A) Flow cytometric analyses showing the proportion of JAG1* cells present in day 20
control HO1s. (B) Immunofluorescence images of E17 liver show that JAG1 expression was colocalized with a cholangiocyte marker (Pan-CK). (C) Quantitative
RT-PCR analyses showing the dynamic changes in the expression level for 4 mRNAs in day 0, 3, 9, 20 (HO1), and 62 (HO2) organoid cultures. For comparison,
the expression of these 4 mMRNAs was also measured in primary human hepatocytes (PHHs) and in human liver tissue. The mRNAs analyzed are involved in
NOTCH signaling (JAG1, NOTCH2, HEY1, and HEST). (D) Immunofluorescence images indicate that day 9 control HO1s simultaneously express the cholan-
giocyte marker CK7 and the NOTCH signaling ligand JAG1. There is also evidence of Notch pathway activation, since the intracellular domain of NOTCH1is
detected in these cells (right middle panel). Scale bars: 25 um. (E) Immunofluorescence images show the change in the pattern of JAG1 expression from day
9 to day 50 in control HO1s. JAGT* cells were initially localized within rosette-like clusters of cells on day 9, and then appeared in regions surrounding the
developing bile ductal structures. (F) Immunofluorescence images show the change in the pattern of JAG1 and NICD expression in growth media and differ-
entiation media of HO2s. (G) Flow cytometric analyses showing the proportion of CK19* and JAG1* cells in control HOs1, HO2s, and PHHSs. Scale bars: 50 pum.

els in the organoids (Supplemental Figure 2D). Immunostaining with a pan fibroblast marker (TE7)
indicated that a very small number of mesenchyme-derived cells were present in areas near the tubular
duct-like structures in day 50 organoids, and the TE7" cells also expressed JAG1 (Supplemental Figure
2E). Dual-label flow cytometry was also used to quantitatively characterize the JAG1* cell population
in HOs. The cytometry results indicated that 73% of the cells expressing JAG1 are CK19* in HO2s,
while only 18% of the JAG1* cells in a primary organoid were CK19* (Figure 3G). Taken together, these
results indicate that much of the JAG1 protein in HOs was expressed on cholangiocytes, and many of
these are within or near ductular structures. Thus, JAG1-expressing cholangiocytes (and precursor cells),
rather than mesenchymal cells, appear to be responsible for mediating the effect of Notch signaling
on bile duct formation in organoids. However, since multiple analyses demonstrate that mesenchymal
antigens are expressed on some cells within HOs, it is possible that mesenchymal cells could play an
important role in organoid development.

Modeling ALGS liver pathology. To determine whether HOs can recapitulate ALGS liver pathology, we
first examined liver tissue prepared from 3 subjects with ALGS liver disease. Their liver tissue had typi-
cal features of ALGS liver disease, which included a paucity of bile ducts, intrahepatic cholestasis, and
fibrosis (Figure 4A). The level of expression of mRNAs for several NOTCH signaling components (JAG1,
NOTCH2, HEYI) and cholangiocyte markers (CK7, CFTR) was dramatically decreased in ALGS liver tissue
relative to normal liver tissue (Figure 4B). The mRNA data demonstrate that there is evidence of impaired
NOTCH signaling in human ALGS liver tissue.

We prepared iPSCs from fibroblasts obtained from 3 controls (C1, C2, and C3), and from 2 ALGS
subjects (ALGS1 and ALGS2) with liver defects that were severe enough to require a liver transplant
(Supplemental Figures 3 and 4). ALGS1 had a heterozygous mutation that introduced a termination
codon (C829X) into the JAGI coding sequence (Figure 4C), while ALGS2 had a splice site mutation
that altered JAGI transcript splicing (Supplemental Figure 3). We compared the properties of HOs pre-
pared from ALGS1 and ALGS2 iPSCs with those of control organoids. Control iPSCs formed intact
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Figure 4. HOs recapitulate the impaired bile duct formation that is characteristic of ALGS liver pathology. (A) H&E-stained sections of normal (N) and
ALGS liver tissue. The boxed area within the ALGS liver section is enlarged in the right panel to show an area with cholestasis and fibrosis. Scale bars: 100
um. (B) Quantitative RT-PCR analyses for mRNAs encoding cholangiocyte differentiation (S0X9, CK7, CK19, and CFTR), hepatocyte (ALB, A1At, GGT, and
HNF1b), and NOTCH signaling markers (HEY1, HEST, JAG1, and NOTCHZ2) in normal and ALGS liver tissues. * P < 0.05 for comparison of the gene expression
level (2*%) in normal versus ALGS liver tissue. (C) A schematic representation of the C829X mutation site (ALGS1) within an EGF-like domain of the JAG1
protein. (D) Bright-field images of ALGS and control HO1 cultures on day 30. While control iPSCs form intact HO1s, ALGS iPSCs formed large (>2 mm) flu-
id-filled vesicles. Scale bars: 1 mm. (E) The number of vesicles and organoids formed in day 30 HO1 cultures generated from 3 control or 2 ALGS iPSC lines
are shown. Each bar is the average of 3 independent determinations, and each culture had more than 100 evaluable structures. (F) Immunofluorescence
images showing CK7 and CK18 expression in control and ALGS HOT1s. (G) Flow cytometric analyses showing the proportion of cells expressing hepatocyte
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(ALB) or cholangiocyte (CD26, CK7, CK19, and CFTR) markers in day 20 HO1s prepared from control and ALGS iPSCs. (H) Quantitative RT-PCR analyses for
CK19, CK7, GGT, CFTR, and NOTCH2 mRNA expression in day 20 control and ALGS organoids. (I) Quantitative RT-PCR analyses for JAGT mRNA expression
in iPSCs, endodermal spheres, hepatoblasts, and HO1s formed from 3 control and 2 ALGS individuals. The actual P values for the difference in expression
between control and ALGS cells are indicated at each comparison. FC, fold change. (J) Immunofluorescence images indicate that JAG1is expressed in the
cells surrounding the lumen of control HO1s, while JAG1 expression is reduced in ALGSTHO1s. Representative images from n = 6 technical replicates are
shown. (K) Bright-field images of HO2s formed 12 days after control or ALGS organoids were dissociated. The number of intact HO2s formed within these
cultures is shown. The results are normalized relative to 1,000 cells plated. Scale bars: 50 um (J and K).

insight.jci.org

HO1s with ductular structures. While ALGS HO1s had CK18* cells, they did not form apparent tubular
structures, nor did they have many CK7* cells (Figure 4F). A subpopulation analysis by flow cytometry
indicated that ALGS HO1s had somewhat fewer albumin* hepatocytes than control HOs, but there was
a more marked reduction in CD26*, CK7*, CK19*, and CFTR* cholangiocytes (42) in ALGS HO1s (Fig-
ure 4G). The efficiency of organoid formation by control and ALGS iPSCs was dramatically different
(Figure 4E). While over 50% of the structures formed in control HO1 cultures were intact organoids,
over 90% of the structures formed in ALGS cultures were vesicles (Supplemental Figure 5A). We exam-
ined the intact vesicles formed in the ALGS organoid cultures, and found that the fluid-filled vesicles
(Figure 4D) were lined by hepatocyte-like cells (Supplemental Figure 5B).

‘We also compared the expression of mRNAs for bile duct differentiation markers (CK19, CK7, GGT,
and CFTR) and NOTCH? in control and ALGS HOls. Consistent with results obtained with ALGS
and control liver tissues, the ALGS organoids had markedly reduced levels of CK7, GGT, CFTR, and
NOTCH2 mRNAs relative to control organoids (Figure 4H). Since CK19 is expressed on progenitor cells,
CK19 mRNA levels in ALGS organoids was only slightly reduced relative to control organoids. The
level of expression of mRNAs encoding 2 NOTCH downstream target genes (HEYI and HESI), which
are involved in bile duct formation (43), were also significantly decreased in day 20 ALGS HO1s (Sup-
plemental Figure 5C). In contrast, there was no significant difference in the level of expression of other
mRNASs (HNF4A and o-fetoprotein) between control and ALGS HO1s at the hepatoblast stage (Supple-
mental Figure 5D). We examined the level of expression of mRNAs for other hepatocyte and cholangio-
cyte markers in day 20 control and ALGS HOls. In contrast to the HNF4A and a-fetoprotein mRNAs,
the levels of expression of certain hepatocyte (HHEX, albumin, and 447) and cholangiocyte (HNFIB
and SOX9) markers in ALGS HOs were significantly reduced relative to control HO1s (Supplemental
Figure 5E). Since the JAG1 mutation is causative for ALGS, we compared the pattern of JAGI mRNA
and protein expression in control and ALGS HO1 cultures. JAGI mRNA underwent dynamic changes
in expression in control HO1 cultures, and JAGI mRNA expression peaked during the hepatoblast stage
(day 9). However, JAGI mRNA levels were significantly decreased during all developmental stages in
ALGS HOls, and did not increase during the hepatoblast stage (Figure 4I). Furthermore, immunos-
taining revealed that JAG1* cells surrounded the luminal structures formed by control HOs, but JAG1
expression was reduced in day 9 ALGS HOs (Figure 4J). The lack of increased JAGI expression during
a period that is critical for bile duct development may explain the paucity of bile ducts found in ALGS
HO1s. Given the reduction in cholangiocytes and in duct-like structures in ALGS HOls, we examined
their ability to mediate the intraluminal transport of a dye (rhodamine 123), which is used to assess
multidrug resistance protein-1-dependent (MDR1-dependent) transport by normal cholangiocytes (44).
Control HOIs could transport rhodamine 123 into their intraluminal space, while ALGS HO1s could
not (Supplemental Figure 5, F-H). Hence, ALGS HO1s had a diminished ability to form duct-like struc-
tures, to mediate cholangiocyte-dependent biliary transport, and to produce intact organoids. Next, we
compared the regenerative capacity of ALGS organoids. Control HO2s could be expanded for several
passages in the growth medium. In contrast, HO2s could not be generated from ALGS-derived HO1s
(Figure 4K). Thus, control HO1s have progenitor cells with regenerative potential, which are critical for
postnatal liver development. In contrast, in addition to their reduced ability to form bile ducts, ALGS
organoids have impaired regenerative ability.

Genome engineering: ALGS pathology is dependent upon the ALGS mutation. We combined CRISPR-asso-
ciated protein 9 (Cas9) genome editing with the piggyBac transposon system to introduce and revert a dis-
ease-causing mutation (C829X [ALGS1]) in control and ALGS iPSCs. The strategy for introducing or revert-
ing the mutations, for selecting cells with desired alterations, and for characterizing their genomic changes is
fully described in the supplemental information (Supplemental Figure 6A). Using these methods, the ALGS1
(C829X) mutation was introduced into iPSCs generated from 2 different control individuals (C1 and C2) to
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Figure 5. Characterization of iPSC lines with a CRISPR-engineered ALGS1 mutation (C829X). (A and B) Bright-field images and H&E-stained cryosections
of day 25 HO1 cultures. The cultures were generated from 2 control (C1, C2) iPSC lines prepared and from the following CRISPR-engineered iPSC: C1™ and
2™, which have the heterozygous C829X mutation; ALGS1®, where the ALGS1 mutation was reverted to wild type; and ALGST®", which has the ALGS1
mutation but is a control for the genome engineering process. (C) Flow cytometric analyses showing the proportion of cells expressing hepatocyte (ALB)
or cholangiocyte (CD26, CK7, CK19, and CFTR) markers in day 20 HO1s prepared from C1, C1™, C2, C2™, ALGS1®, and ALGS™ " iPSC lines. (D) The JAGT
allele determines the efficiency of formation of intact HO1s. The number of fluid-filled vesicles and intact organoids in HO1 cultures generated from the
indicated iPSC lines was measured on day 30. The proportion of fluid-filled vesicles formed by iPSCs with a mutated JAG1 (C1™, C2™, ALGS™°") was much
greater than by those with an un-mutated JAG1 (C1, C2, ALGS1®). Each bar is the average of 3 independent determinations, and each culture had more
than 100 evaluable structures. (E and F) Immunofluorescence staining of the HO1 cultures with anti-human albumin, anti-human CK8, and anti-human
CK7 antibodies. The sections were also stained with DAPI to indicate the nuclei. Irrespective of whether they had a normal or mutated JAGT allele, all HO1s
expressed albumin and CK8. However, CK7* cholangiocytes are only abundant in HO1s prepared from lines (C1, C2 or ALGST®) with a wild-type JAGT. Each
analysis was reproduced in 3 independent experiments. (G) Quantitative RT-PCR analysis of JAGT mRNA expression in day 9 HO1s prepared from different
iPSCs. Each bar is the average of 3 independent cultures, and the results were normalized relative to control iPSCs. JAGT mRNA levels were 10-fold lower
in C1™, C2™, and ALGST1®*°" HO1s relative to wild-type HO1s (P < 0.01), but unaltered in ALGS1®°" iPSCs (P > 0.05). FC, fold change. (H) The fluorescence
intensity within the lumina of the indicated HO1was normalized relative to the area. The red line is the average of 3 independent measurements, and the
box indicates the first and third quartiles. All HO1s with a JAGT mutation were significantly impaired in their ability to transport rhodamine 123 into the
ductal lumen. Scale bars: 50 um (all panels).

produce the C1™ and C2™ lines, and the JAGI mutation in ALGS1 iPSCs was reverted to wild type in the
ALGS1™line (Supplemental Figure 6B and Supplemental Figure 7). The ALGS1~" iPSC line was produced
as a control for the off-target effects of the genome engineering process; the piggyBac transposon was inserted
and removed from ALGS1 iPSCs, but clones were selected that retained the heterozygous ALGS1 mutation.

The mutated and reverted iPSCs were induced to form HOs, and the morphology of HOs with engi-
neered JAGI mutations (C1™ and C2") was significantly altered (Figure 5, A and B). The C1™ and C2™
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Figure 6. The G274D JAGT mutation does not alter HO1 properties. (A) A schematic representation of G274D mutation (TOF1), which is located within the
EGF-like domain of the JAG1 protein. (B) Bright-field images of day 15 and day 30 HO1s prepared from iPSCs with a heterozygous TOF1 mutation. Right
image: H&E-stained cryosection of a day 25 TOF1 organoid. These images indicate that TOF1 organoids have a morphology that is similar to that of control
organoids. Scale bars: 1 mm. (C) The number of fluid-filled vesicles and of intact organoids formed on day 30 by HO1s generated from the control (C1) or
TOF1iPSC lines. (D) Immunofluorescence staining of a day 50 TOF1 HO1 with albumin, CK19, and SOX9 antibodies. (E) Quantitative RT-PCR analyses of
JAGT mRNA expression in iPSCs, endodermal spheres (day 3), hepatoblasts (day 9), and HO1s (day 20) formed from C1and TOF1iPSCs. Each measurement
is the average of 3 independent determinations. FC, fold change. (F) Bright-field images showing the HO2s formed on day 12 by the cells obtained after
dissociation of the control (C1) and TOF1 HO1s. The number of HO2s formed in the day 12 cultures was measured, and each bar is the average of 3 indepen-
dent determinations. Scale bars: 50 um (D and F).

HOs also had very similar alterations in their morphology. The C1" and C2™ organoids had less refractiv-
ity, and relative to the compact and well-organized structures formed by control organoids, there was an
abundance of acellular cysts formed in the C1” and C2" cultures. After reversion of the ALGS1 mutation
(ALGS1™), the HOs recovered their capacity to form well-organized structures with bile ducts. A flow cyto-
metric analysis indicated that the relative numbers of albumin® hepatocytes and CK7* cholangiocytes in
HOs with an engineered ALGS1 mutation (C829X) were decreased relative to control HOs. However, when
this ALGS mutation was reverted to wild type, the organoids had a marked increase in hepatocytes and
cholangiocytes (Figure 5C). The efficiency of intact organoid formation was also determined by the JAG!
allele (Figure 5D). While approximately 60% of the structures formed by C1, C2, and ALGS™ cultures on
day 20 were intact organoids, only 7%-14% of those formed in C1™, C2", and ALGS1*" cultures on day
20 were intact organoids. We also used immunostaining to examine marker expression in these HOs. C1™
and C2™ HOs had cells expressing hepatocyte (ALB*CK8") markers, but they had markedly reduced levels
of CK7* cholangiocytes, and they did not form bile duct-like structures surrounded by CK7* cells (Figure 5,
E and F). However, ALGS1" organoids completely recovered their ability to form bile duct-like structures,
and had CK7* cells. The morphology of ALGS1*" organoids, which serve as a control for the engineering
process, resembled that of the C1™ and C2 HOs.

We also examined JAGI mRNA expression in the HO cultures at the hepatoblast stage (day 9). JAG1
mRNA expression levels were reduced 10-fold in the day 9 C1™, C2™ and ALGS1*" cultures relative to
control HOs, while JAGI mRNA levels in ALGS1* HOs were equivalent to control HO cultures (Figure
5@G). C1m™, C2™ and ALGS1™*" HOs could not transport thodamine 123 into their lumen, while C1, C2,
and ALGS1™ HOs could do this (Figure 5H and Supplemental Figure 8). These results indicate that in HO
cultures, the ability to form duct-like structures with cholangiocytes, to develop dynamic changes in JAGI
mRNA expression, biliary transport function and the efficiency of organoid formation are all determined
by the presence or absence of the JAGI mutation.
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Figure 7. The JAG1 mutation has a dominant-negative effect. (A) The strategy for producing iPSC lines with a heterozygous JAGT knockout. The
3,079-bp puroAtk cassette was inserted at the JAGT (829 site in control (C1) or ALGS1iPSC lines by CRISPR-mediated genomic engineering. After drug
treatment, iPSC lines with a heterozygous JAGT knockout (C1*/-829 and ALGS1*/-) were selected for further study. The cassette was also inserted at
the JAG1 G274 site in control (C1) iPSCs to produce the C1*/-274 iPSC line. (B and C) Bright-field images of day 25 HO1s generated from the indicated
iPSC line, and the number of vesicles and organoids formed in the HO1s generated from the indicated iPSC lines are shown. Of note, all iPSC lines
with a heterozygous JAGT knockout (C1*/-829, C1*/-274, and ALGS1*/~) could form liver organoids as efficiently as the control (C1) iPSC line. Each bar is
the average of 3 independent determinations, and each culture had more than 100 evaluable structures. (D) Immunofluorescence staining of day 50
organoids produced from 2 different iPSC lines with JAGT heterozygous knockouts (ALGS1*- and C1*/-829). The albumin* and CK19* cells are clearly
seen in the C1*-829 organoids, and the arrow indicates the location of CK19* cells in an ALGS1*/~ organoid. (E) RT-PCR analysis of JAGT mRNA expres-
sion in day 9 HOs prepared from the indicated iPSC lines. Of note, the JAGT mRNA levels in all of the JAGT heterozygous organoids was equivalent to
that of the control (C1) organoid, and was markedly increased relative to that in the ALGS1 organoid. Each bar is the average of 3 independent deter-
minations. FC, fold change.(F) Bright-field images showing HO2s formed from the cells obtained after dissociation of C1, C1*/-829, ALGS1, ALGS1*/,
and C1*-274 HO1s. The images shown were prepared on day 12 HO2s. Scale bars: 50 um (all panels). The number of HO2s formed in the day 12 cultures
was quantified, and each bar is the average of 3 independent determinations. While the formation of HO2s was impaired in the presence of the
ALGS1 mutation, the cells in all organoids with heterozygous JAGT mutations (C1*/-829, ALGS1*/~, and C1*/-274) could efficiently form HO2s.

The JAG1 mutation determines the liver phenotype. Thirteen individuals within a large kindred segregating
autosomal dominant TOF were found to have a heterozygous missense (Gly274Asp) mutation in the second
EGF domain of JAGI (45) (Figure 6A). Although these individuals had the classic cardiovascular features of
TOF, they did not have any liver or bile duct abnormalities. The Asp274-mutated protein was shown to have
an altered glycosylation pattern, which reduced its cell surface expression and ability to activate the Notch
pathway (29). To investigate whether the type of JAG!/ mutation directly affected the liver phenotype, the
Gly274Asp JAGI mutation was engineered into an iPSC line to produce the TOF1-iPSC line (Supplemental
Figure 9). Of note, the C829X JA4G1 mutation dramatically altered the ability of the same parental iPSC line
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to form liver organoids. However, when TOF1 iPSCs were induced to form HOs, the resulting organoids
had the same morphology and had the same efficiency of formation of intact organoids as control iPSCs
(Figure 6, B and C). Just as in control organoids, TOF1 HOs had luminal structures that were surrounded by
CK19* cells (Figure 6D); JAGI mRNA underwent dynamic changes in expression in developing TOF1 HO
cultures, which peaked during the hepatoblast stage (Figure 6E); and dissociated cells from TOF1 organoids
efficiently regenerated secondary organoids (Figure 6F). In contrast to the dramatic effects caused by the
C829X or ALGS2 mutations, the G274D mutation did not alter the pattern of JAGI mRNA expression, bile
duct formation, or organoid formation/regeneration in HO cultures.

Is ALGS liver disease caused by JAG1 haploinsufficiency? Our liver organoids and genome engineering
method were also used to investigate whether ALGS liver pathology results from JAGI haploinsufficiency.
During our genome engineering process using the piggyBac transposon, there is a step where a 3,079-bp
cassette (puroAtk) is inserted at a desired site, which enables drug selection to be used to obtain iPSCs
with desired mutations. The insert is removed by transposase expression in a subsequent step to create
a seamless genome modification. However, since cassette insertion disrupts the expression of one JAGI
allele, it creates an iPSC with a heterozygous JAGI knockout. By retaining iPSCs with the insert (pri-
or to transposase expression), we generated several iPSC lines with an insertion-mediated heterozygous
JAGI knockout. We prepared control (C1*/-829) and ALGS1 (ALGS1*) iPSCs with heterozygous JAGI
knockout, because the puroAtk was inserted at the C829 position within JAGI. Irrespective of their orig-
inal genotype, these cell lines had a heterozygous JAGI knockout (Figure 7A and Supplemental Figure
10). Unlike iPSCs with a heterozygous ALGS mutation (ALGS1 and ALGS2) that could not efficiently
form organoids, the iPSC lines (C1*/-829 and ALGS1*/") with a heterozygous JAGI knockout were able to
efficiently form intact liver organoids (Figure 7, B and C). Over 60% of the structures formed by control
or heterozygous knockout iPSCs were organoids, while less than 10% of the structures formed by ALGS1
iPSCs were intact organoids. The puroAtk cassette was also inserted at the G274 locus to produce another
iPSC line (C1¥/-274) with a heterozygous JAGI knockout. The C17-274 iPSC line was also able to effi-
ciently form intact liver organoids. Similar to control organoids, the heterozygous knockout lines formed
HOs with luminal structures that were surrounded by CK19* cells (Figure 7D), and they had a high level
of JAGI mRNA expression during the hepatoblast stage (Figure 7E). Also, the loss of dynamic changes in
JAGI mRNA expression, which occurred during the formation of ALGS1 organoids, was rescued after the
ALGS1 mutation was converted to a heterozygous knockout (ALGS1*/"). Moreover, the cells that were dis-
sociated from ALGS1*/~, C1*/-829, and C1*/-274 organoids could form secondary organoids as efficiently
as those of control organoids (Figure 7F). These results clearly indicate that ALGS liver abnormalities are
caused by a dominant-negative effect of the ALGS mutation; they are not simply due to JAG! haploinsuf-
ficiency that is caused by a heterozygous knockout.

Discussion

‘We developed a system that differentiates human iPSCs into HOs in response to sequential changes in added
growth factors. Four aspects of this system are particularly noteworthy. First, HOs contain 2 types of cells that
are organized into a complex structure: it has sheets of hepatocytes, and the cells expressing cholangiocyte
markers are organized into epithelia that surround the lumina of bile duct-like structures. Second, since vir-
tually all (>97%) of the cells express endodermal (SOX17) or hepatoblast (TBX3) markers at the appropriate
developmental stage, this system is quite efficient at inducing organoid formation. Of note, TBX3 is expressed
by a subpopulation of proliferating and self-renewing cells in the liver that are responsible for homeostatic
hepatocyte renewal (46). Third, the iPSCs differentiate into HOs through stages that resemble liver during its
embryonic development. Fourth, the organoids have a regenerative property that is characteristic of human
liver. Their regenerative capacity is of importance. A recent review indicated that a major challenge for the
human organoid field was scalability (47). The regenerative method described here addresses the scalability
issue: at least 50 secondary HOs can be quickly produced from a single primary HO.

This system represents a substantial advance over the prior in vitro methods used to model human
liver diseases or those used to produce liver organoids. iPSCs have previously been used to model some
aspects of inherited metabolic disorders of the liver (48). Cholangiocytes have been produced from human
embryonic stem cells (49) and from iPSCs (50), but different conditions are required for production of
hepatocytes in the latter system. However, the development of a complex organ like the liver cannot be
understood by analysis of a single type of cell, nor can the pathogenesis of genetic diseases affecting liver
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development be fully modeled using individual cells. Liver organoids have recently been produced from
progenitor cells obtained from human liver tissue (31). However, human liver tissue is difficult to obtain and
is available in very limited quantities. In contrast, very large numbers of iPSCs can easily be produced from
readily accessible cell types. Moreover, we demonstrated that genome engineering could introduce human
disease—causing mutations into iPSCs whose functional consequences can be analyzed in detail in HOs.
Hence, the ability to produce HOs from iPSCs should dramatically expand the range of genetic diseases
affecting liver that can be analyzed in vitro.

As a first example, we show how analysis of developing organoids can provide new insight into the
pathogenesis of ALGS liver disease. ALGS patients are born with an intact biliary system (51), but the
ratio of bile ducts to liver tissue quickly declines with age after birth, which leads to cholestasis and pre-
sentation with ALGS liver disease (7, 52, 53). The proximal branches of the biliary tree are formed in
embryonic liver from a single layer of bipotent precursor cells that surround the portal vein (the ductal
plate), which are progressively remodeled to generate intrahepatic bile ducts (54), and this requires an
interaction with surrounding mesodermal tissues (55). However, the liver enlarges 3-fold during the post-
natal period, which is when ALGS liver abnormalities first appear. Postnatal liver growth is mediated by
an increase in the number of peripheral liver lobules, and this requires elongation and branching of the
portal tracts (38). The inability to do this during the postnatal period generates the paucity of bile ducts
in ALGS liver. Consistent with this, the extent of bile duct paucity varies with location in ALGS liver (7,
52, 53), and is most severe in the liver periphery (56). Based upon analysis of ALGS liver tissue, it has
been proposed that altered Notch signaling impairs the formation of the distal branches of the biliary tree
during the postnatal period in ALGS liver (57). We propose that the ALGS mutation specifically affects
postnatal liver development, because this occurs when the liver precursor cells are no longer in contact
with surrounding mesodermal tissue. These features of ALGS liver disease are recapitulated in ALGS
organoids: (a) ALGS iPSCs develop normally through the hepatoblast stage, and (b) mature hepatocytes
are generated; (c) but the development of cholangiocytes and bile ductular structures is impaired, and (d)
ALGS organoids can not regenerate secondary organoids. While the cystic structures lined by hepato-
cytes formed in ALGS organ cultures do not appear in ALGS liver, the cysts formed in the organoid cul-
tures reflects the impaired ability of ALGS hepatoblasts to differentiate into cholangiocytes and to form
bile ducts. We also found that JAGI mRNA expression, which peaks just before the bipotent hepatoblasts
differentiate into cholangiocytes, is dynamically regulated during organoid formation. The JAGI muta-
tions produce liver pathology by disrupting the dynamic pattern of JAGI mRNA expression. Moreover,
JAGTI is coexpressed with CK19 in developing organoids, and the bile duct-like tubules develop within
the areas surrounded by JAG1-expressing cells. These findings are consistent with the inhibitory effect
that NOTCHI signaling has on hepatocyte proliferation (58) and in promoting intrahepatic bile duct
development (13, 59). Given the composition of the cells within the HOs, immune-mediated destruction
or inflammation cannot occur within developing organoid cultures. Our HO results indicate JAG1-ex-
pressing hepatoblasts appear to be the primary regulator of bile tubule formation in postnatal liver. This
is consistent with recent evidence demonstrating that stem cells can provide feed-forward regulation via
the Notch pathway on the downstream development of differentiated cells (60).

Our finding that JAGI haploinsufficiency alone does not produce pathology in liver organoids reveals
important information about the pathogenesis of ALGS. At first, the dominant-negative effect exhibited by
the JAGI mutation studied here may appear to differ from what has been observed in humans and mice.
Since some ALGS subjects have a deletion of the entire JAGI gene (24-26), others have concluded that
ALGS pathology results from JAGI haploinsufficiency. The appearance of a cholangiopathy in JAGI*'~
heterozygous—knockout mice led to the same conclusion (23). However, haploinsufficient (Jag/*'-) mice do
not develop liver pathology (21, 22). Defects in bile duct development were only noted only after a mutation
at another genetic locus within the Notch signaling pathway (Notch2*'~) was bred into the Jag/*'~ mice (21).
In another murine study, bile duct paucity only developed after Jag/*- heterozygosity was placed on a par-
ticular murine genetic background (23). The requirement for a particular strain background also indicates
that another genetic factor (i.e., within the permissive strain background) was required for liver disease to
develop in Jag*’~ haploinsufficient mice. Hence, all of the murine data clearly indicate that Jag/*/~ haploin-
sufficiency alone does not produce ALGS liver disease; a second genetic effector is required for ALGS dis-
ease expression in the presence of JAG1 haploinsufficiency. Similarly, in humans, only a minority (~20%)
of JAGI mutation—positive relatives of ALGS subjects develop clinical features of ALGS (5). This variabil-
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ity in ALGS disease expression also indicates that some ALGS mutations require another genetic factor for
ALGS pathology to appear in human subjects. Also of importance, only a small minority (~7%) of ALGS
in human subjects results from a gene deletion (4). Hence, in the minority of human ALGS disease, which
is associated with JAGI haploinsufficiency, it is likely that a second genetic factor is required for disease
expression. For the vast majority of those with other types of JAGI mutations, our organoid results indicate
that ALGS liver disease is likely to be mediated by a dominant-negative effector mechanism.

Liver organoids were also used to investigate the basis for the variability in the clinical features caused by
JAGI mutations. While genetic modifiers at other sites in the genome do contribute to this variability (5), our
results demonstrate that the type of JAGI mutation itself has a significant affect on the appearance of liver
disease. When different JAGI mutations were engineered onto the same genetic background, the mutations
(Cys829X and ALGS2) found in subjects with severe liver disease impaired organoid development, while a
mutation (Gly274Asp) causing TOF in subjects without liver disease did not impair organoid formation. The
combined use of iPSCs and genome editing technologies has enabled revolutionary advances in many areas
(61). Our results indicate how this organoid system and genome editing can be jointly used to determine how
human disease—causing mutations affect organ development and the pathogenesis of human genetic diseases.

Methods
Further details about the experimental procedures, including antibody and RT-PCR primer information,
can be found in the supplemental material.

iPSC cultures. Human iPSC lines C1, C2, and C3 were maintained as monolayer clones under feed-
er-free conditions on human-ES-cell-qualified Matrigel (BD Biosciences) in TeSR-E8 (StemCell Technol-
ogies). Cells were routinely passaged at a ratio of 1:10 every 4 to 6 days using 5 mM EDTA (Invitrogen).

3D human HO culture. For production of HO1s, iPSCs were dissociated to single cells in buffer with
5 mM EDTA and 10 mM Y-27632 (Santa Cruz Biotechnology), and were reaggregated in low-cell-ad-
hesion 60-mm dishes (Corning) in endoderm differentiation medium (10° cells/dish) containing 10 mM
Y-27632. The endoderm differentiation medium consisted of DMEM/F12 plus ITS (GIBCO) supple-
mented with 0.1 mM nonessential amino acids and 1 mM pyruvate. On days 0 to 3, activin-A (100 ng/
ml) and BMP4 (10 ng/ml) were added to the chemically defined endoderm differentiation medium. For
endoderm patterning and for the generation of foregut spheroids, Matrigel (BD Biosciences, growth fac-
tor reduced [GFR]) was added to RPMI and B27 medium to a final v/v concentration of 2% from days 3
to 9. From days 3 to 6, 50 ng/ml FGF10 (Peprotech) was added to the medium. From days 6 to 9, 10 ng/
ml FGF10 and 10 ng/ml BMP4 were added to the medium. After day 9, Matrigel (final 1% v/v concen-
tration) was added to the organoid growth and differentiation medium (HCM, Lonza), which was sup-
plemented with HGF (50 ng/ml), 50 ng/ml oncostatin M, and 10 uM dexamethasone (Sigma-Aldrich).
On day 20, the organoids were collected and reseeded for further differentiation and characterization.

HO?2 culture. The cells in control and ALGS HOI1 cultures (day 20 to 50) were dissociated by digestion
with 1 mg/ml collagenase for 30 minutes, and then with 0.25% trypsin-EDTA for 10 minutes. The cells
were collected by centrifugation at 200 g for 3 minutes, resuspended in 50 pl of GFR-Matrigel, and plated
at 1,000 cells per well in a 24-well plate. After Matrigel solidification, 1 ml of growth media was added, and
the cells were cultured for 6 days. The growth media consisted of RPMI plus B27 (GIBCO) medium with
the following growth factors: 250 nM LDN-193189 (iBMP), 3 uM CHIR99021, 10 uM A83-01 (iTGF),
100 ng/ml EGF, 10 ng/ml FGF10, and 20 ng/ml HGF. The cells were then cultured for 6 more days in a
differentiation medium, which consisted of HCM medium supplemented with 10 uM DAPT (iNOTCH),
10 ng/ml oncostatin M, 20 ng/ml HGF, 10 uM dexamethasone, and 10 ng/ml BMP4.

Statistics. Data were pooled from at least 3 independent sets of experiments, unless otherwise indicat-
ed, and are presented as the mean + SD. All statistical analyses were carried out using SPSS 11 (SPSS).
Comparisons of mean values were analyzed by Student’s ¢ test (2 sided) or 1-way ANOVA followed by
the post-hoc Dunnett’s test for experiments with more than 2 groups (Levene’s tests for equal variance).
Dunnett’s T3 test was used as post-hoc test comparison for the analysis of unequal variances (Welch’s and
Brown-Forsythe’s test). Differences were considered statistically significant at P less than 0.05. Graphing
was performed using SigmaPlot and R software.

Study approval. The samples were obtained according to a protocol (number 10368) that was approved
by the Institutional Review Board at Stanford. Additional experimental details are provided in the Supple-
mental Materials and Methods.
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