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SUMMARY
UGT1A1 (UDP glucuronosyltransferase family 1member A1) is the primary enzyme required for bilirubin conjugation, which is essential

for preventing hyperbilirubinemia. Animal models lack key human organic anion transporting polypeptides with distinct epigenetic

control over bilirubin metabolism, necessitating a human model to interrogate the regulatory mechanism behind UGT1A1 function.

Here, we use induced pluripotent stem cells to develop human liver organoids that can emulate conjugation failure phenotype. Bilirubin

conjugation assays, chromatin immunoprecipitation, and transcriptome analysis elucidated the role of glucocorticoid antagonism in

UGT1A1 activation. This antagonism prevents the binding of transcriptional repressor MECP2 at the expense of NRF2 with associated

off-target effects. Therefore, we introduced functional GULO (L-gulonolactone oxidase) in human organoids to augment intracellular

ascorbate for NRF2 reactivation. This engineered organoid conjugated more bilirubin and protected against hyperbilirubinemia when

transplanted in immunosuppressed Crigler-Najjar syndrome rat model. Collectively, we demonstrate that our organoid system serves

as a manipulatable model for interrogating hyperbilirubinemia and potential therapeutic development.
INTRODUCTION

Neonatal hyperbilirubinemia is the yellowish discoloration

of the skin and sclera due to high serum bilirubin levels,

and it accounts for 114,000 annual deaths worldwide,

particularly due to progression into severe cases with ker-

nicterus (Olusanya et al., 2018). Nearly 50% of term and

80% of pre-term babies are afflicted with jaundice due to

limited UGT1A1 activity around birth (Kumar, 1999; Wat-

son, 2009). With proper treatment and care most of these

cases are resolved. However, in some cases high levels of

bilirubin cross the blood-brain barrier to cause kernicterus,

which can result in permanent neurological damage and

even death (Le Pichon et al., 2017).

Crigler-Najjar syndrome (CNS) is a rare form of hyperbi-

lirubinemia caused by a loss-of-function mutation in the

UGT1A1 (UDP glucuronosyltransferase family 1 member

A1) gene. The disease has an incidence of 1 in 1 million

and is an inherited autosomal recessive disorder (Collaud

et al., 2019). Treatment of hyperbilirubinemia involves

multimodal therapy, which is centered around chronic

daily phototherapy and augmented with close medical

management (Gottimukkala et al., 2023). Although photo-

therapy can be effective with minimal risks, it poses a sig-
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nificant treatment burden for patients and families. In

addition, acute exacerbations require hospitalization for

hydration, intensive phototherapy, correction of electro-

lyte imbalances, and possible plasmapheresis or exchange

transfusion (Bassari and Koea, 2015). Exchange transfusion

in particular is associated with infection, metabolic and

electrolyte abnormalities, and adverse transfusion reac-

tions. Therefore, the only treatment for a complete cure is

a liver transplant (Collaud et al., 2019).

Most severe cases of hyperbilirubinemia are caused by a

lack of expression of UGT1A1 due to improper regulation

of the gene. Glucocorticoid signaling has been widely

linked to the regulation of UGT1A1, but there is conflicting

evidence as to whether glucocorticoids are a positive regu-

lator. Studies have indicated that glucocorticoids can acti-

vate PXR and hence UGT1A1, while others have suggested

that higher hydrocortisone and hypercortisolism, i.e.,

excessive glucocorticoid, result in elevated bilirubin levels

(Sugatani et al., 2005; Theiler-Schwetz et al., 2021; Weru-

meus Buning et al., 2016). Thus, the glucocorticoid-medi-

ated regulatory mechanism behind UGT1A1 expression

still eludes us.

Several advances have been made to generate model or-

ganisms for the study of UGT1A1 regulatory features
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(Bortolussi andMuro, 2020). However, the epigenetic regu-

lation of UGT1A1 inmodel organisms is different from that

in humans in addition to the lack of vital transporter pro-

teins for bilirubin uptake found in humans (van de Steeg

et al., 2013). From a human perspective, primary human

hepatocytes (PHHs), HepG2 and HepaRG cells have been

used to model hyperbilirubinemia; however, reduced

expression of UGT1A1 and relevant transporter proteins

have made the process challenging (Hoekstra et al., 2013;

Kammerer and Küpper, 2018). To solve this issue, induced

pluripotent stem cell (iPSC)-derived hepatocyte-like cells

have been used to mimic human bilirubin metabolism

with varying success (Chen et al., 2015; Gao et al., 2017).

Here, we use iPSC-derived human liver organoids (HLOs)

as a personalized model system to study the disease and

the mechanisms underpinning its regulation as it relates

to the effect of glucocorticoid signaling and its subsequent

epigenetic modulation of UGT1A1 (Kimura et al., 2022).
RESULTS

HLOs conjugate bilirubin using UGT1A1

Weused thehealthy iPSC lines to generateHLOsbydifferen-

tiating them into definitive endoderm, directing them to-

ward the posterior foregut, and eventually toward hepatic

progenitors and HLOs (Figure S1A) (Ouchi et al., 2019; Shi-

nozawa et al., 2021). These HLOs were used tomodel hyper-

bilirubinemia by treating the HLOs with varying concentra-

tions of bilirubin (Figure 1A). The undifferentiated iPSCs

expressed pluripotency markers such as SOX2 and OCT4,

while the HLOs expressed differentiated liver markers such

as HNF4A, AFP, ECAD, and SLCO1B1 after priming with

1 mg/L bilirubin (Figures S1B and 1B). The HLOs also ex-

pressed GCR and NCOR, which are nuclear receptor-related

proteins thought to be important for the regulation of bili-

rubin metabolism (Figure 1B). These healthy HLOs have

relatively lower expression of fetal liver markers such as

AFP, SOX9, and CDX2 while expressing relatively mature

liver markers such as ALB, MRP2, SLC4A2, HO-1, CYP3A4,

G6PC, F7, and PXR (Figures S1C–S1E). UGT1A1 is the rate-

limiting enzyme for bilirubin conjugation in the liver.

Upon treatment with bilirubin the healthy donor-derived

HLOs had marked increase in expression of UGT1A1 (up

to >20-fold) with increasing concentration of bilirubin treat-

ment (Figure 1C). UGT1A1 was specific to the PROX1+ he-

patocytes in the HLOs, which also expressed ALB (Fig-

ure S1F). These HLOs exhibited lower expression of CDX2

with bilirubin treatment relative to human intestinal orga-

noids (Figures S1G–S1I). The organoids started accumu-

lating bilirubin in their lumens, which grew darker over

time when compared with control HLOs upon bilirubin

treatment (Figure 1D).
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Loss and restoration of bilirubin conjugation ability in

CNS iPSC-derived HLOs

We next sought to test if HLOs can emulate patients’ con-

ditions that have a genetic bilirubin conjugation defect

such as CNS type 1. We identified a 24-year-old Japanese

male patient who had exhibited severe jaundice, unconju-

gated hyperbilirubinemia, and growth retardation since

immediately after birth (Aono et al., 1994). The patient

was unresponsive to phototherapy and phenobarbital,

and underwent auxiliary partial orthotopic living donor

liver transplantation with a graft from his mother when

hewas 5 years old (Figure S2A). A genetic analysis of periph-

eral blood mononuclear cells (PBMCs) from the patient re-

vealed a point mutation in exon 1 of the UGT1A1 gene.We

sequenced the UGT1A1 gene of this patient and found a

nonsense mutation, c.858C>A (p.Cys280X), compared

with healthy iPSCs and PHHs (Figure S2B). We proceeded

to generate a stable iPSC line fromPBMCs of this patient us-

ing episomal plasmids and generated HLOs by differenti-

ating them into definitive endoderm (Figures S2C and

S2D). The CNS iPSCs exhibited regular pluripotency

markers such as SOX2 and OCT4, which were identical to

healthy iPSCs. The CNSHLOswere again virtually identical

to healthyHLOs, expressingHNF4A, AFP, ALB, PROX1, and

ECAD with consistent cellular diversity as seen with flow

cytometry when compared with controls (Figures S2E–

S2I). The HLOs, however, lacked UGT1A1 expression as ex-

pected. On treatmentwith bilirubin theCNSHLOs failed to

accumulate bilirubin in their lumens efficiently and filled

with debris over time (Figure 1E). We further performed a

UGT activity assay and found that healthy HLOs had

4.75 mU/mg activity compared with 7 mU/mg in PHHs,

while CNS HLOs did not exhibit any detectable activity

(Figure 1F). In addition, a bilirubin assay revealed that

CNS HLOs failed to conjugate bilirubin, while the healthy

HLOs exhibited about 2.45 ± 0.1mg/L conjugated bilirubin

(Figure 1G). To test if this phenotype is induced by defec-

tive UGT1A1, we transfected human UGT1A1 mRNA into

the CNS HLOs. The transfected HLOs were able to accumu-

late bilirubin within their lumens and conjugated bilirubin

(3.75 ± 0.2 mg/L) more efficiently than non-transfected

CNS HLOs (Figures S2J and S2K). Together, the organoid

demonstrates UGT1A1 activity and subsequent conjuga-

tion capacity, which are sufficient to distinguish CNS pa-

thology, rescued by UGT1A1 mRNA restoration.

UGT1A1 is negatively regulated by MECP2-mediated

glucocorticoid signaling

Since glucocorticoids have been implicated to regulate

UGT1A1, we decided to treat the bilirubin-exposed HLOs

with glucocorticoid agonists (hydrocortisone and dexa-

methasone) and antagonists (ketoconazole and mifepris-

tone) to further elucidate the regulation of UGT1A1. We



Figure 1. Human liver organoid (HLO) from iPSC carrying functional UGT1A1 conjugate bilirubin
(A) Schematic for generation of HLOs and bilirubin treatment.
(B) Immunofluorescence images of healthy HLOs for HNF4a, AFP, GCR, SLCO1B1, NCOR, and ECAD. Scale bars, 200 mm.
(C) qRT-PCR of UGT1A1 gene for organoids treated with varying concentrations of bilirubin compared with untreated organoids and PHH.
Data are mean ± SD, n = 9 independent experiments.
(D) Bright-field image of healthy HLOs treated with bilirubin (10 mg/L) compared with control after 1 and 4 days. Scale bars, 200 mm.
(E) Bright-field image of CNS HLOs treated with bilirubin (10 mg/L) compared with control after 1 and 4 days. Scale bars, 200 mm.
(F) UGT activity assay comparing healthy and CNS HLOs to PHH. n = 9 independent experiments.
(G) Bilirubin assay measuring unconjugated and conjugated bilirubin in healthy and CNS HLOs. n = 9 independent experiments.
ns, p > 0.05, *p % 0.05, ** p % 0.01, ***p % 0.001, and ****p % 0.0001.
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Figure 2. UGT1A1 is negatively regulated by glucocorticoid signaling
(A) Bright-field images of organoids treated with 10 mg/L bilirubin and agonists: hydrocortisone (1 mM) and dexamethasone (1 mM). Scale
bars, 200 mm.
(B) Bilirubin assay measuring unconjugated and conjugated bilirubin in the samples in (A). n = 9 independent experiments.
(C) Bright-field images of organoids treated with 10 mg/L bilirubin and antagonists: ketoconazole (1 mM) and mifepristone (1 mM). Scale
bars, 200 mm.
(D) Bilirubin assay measuring unconjugated and conjugated bilirubin in the samples in (C). n = 9 independent experiments.
(E) Schematic for XRE element upstream of UGT1A1 gene depicting how GCR and MECP2 affect expression of UGT1A1.
(F) NR3C1-MECP2 ChIP-reChIP-PCR for organoids treated with 10 mg/L bilirubin and mifepristone (1 mM) or dexamethasone (1 mM).
(G) NR3C1-MECP2 ChIP-reChIP-qPCR for samples in (F). Data are mean ± SD, n = 9 independent experiments.
ns, p > 0.05, *p % 0.05, **p % 0.01, ***p % 0.001, and ****p % 0.0001.
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first treated the HLOs with varying concentrations of the

agonists and antagonists and found the most effective

non-toxic dose to be 1 mM (Figures S3A and S3B). With

dexamethasone treatment, the glucocorticoid receptor

(NR3C1) was re-localized from the cytoplasm to the nu-

cleus suggesting an active pathway (Figure S3C). Addition-

ally, theNR3C1 gene expression level was comparable with

PHHs (Figure S3D). We found that HLOs treated with the

agonists failed to conjugate bilirubin (control = 2.92 vs. hy-

drocortisone = 2.03 and dexamethasone = 2.28 mg/L)

(Figures 2A and 2B). On the other hand, HLOs treated

with the antagonists remained healthy and conjugated

bilirubin efficiently (control = 3.19 vs. ketoconazole =

4.66 and mifepristone = 4.95 mg/L) (Figures 2C and 2D).

The UGT1A1 gene has a xenobiotic response element

(XRE) 3,000 bp upstream of its promoter region where

several nuclear receptors bind to regulate the expression.

The XRE houses glucocorticoid receptor binding sites in

close proximity to MECP2 binding sites, which can poten-

tially repress the expression of UGT1A1 (Figure 2E). There-

fore, to test our hypothesis, we performed a ChIP-PCR and

ChIP-qPCR for MECP2, a potent transcriptional inhibitor,

and found a significant drop in repression with mifepris-

tone treatment when compared with dexamethasone

treatment (0.5- vs. 2-fold difference) (Figures S3E and

S3F). Furthermore, to test the binding of NR3C1 to

these MECP2 bound sites, we performed a ChIP-reChIP-

PCR and ChIP-reChIP-qPCR for NR3C1 and MECP2

(Figures 2F and 2G). These data suggest that glucocorticoid

receptors can recruit MECP2 for inhibition of UGT1A1

expression, while its antagonists can be used to inhibit

recruitment of MECP2 and rally UGT1A1 expression.

RNA sequencing reveals importance of ROS and

xenobiotic metabolism in bilirubin uptake and

conjugation

We opted to further elucidate the regulation of bilirubin

metabolismwith anRNA sequencing (RNA-seq) experiment

comparing the mifepristone-treated samples with the con-

trol and found that, while xenobiotic metabolism genes

such asUGT1A1, BLVRA, and SOD1were upregulated, trans-

porter proteins such as OATP2, ABCC2, and ABCC3 were

downregulated. In addition, inflammatory and fibrotic

genes such as IL-6, IL-8, IL-1b, and VIM (Figures 3A and

3B). A GSEA (Gene Set Enrichment Analysis)showed that

several important pathways including pigment metabolism

were significantly overexpressed (Figure 3C). However, in

addition to metabolism of xenobiotics and bile secretion,

several other pathways such as fat digestion andmetabolism

and steroid biosynthesis were upregulated (Figure 3D).

While glucocorticoid antagonists enhance bilirubin conju-

gation, this is at the expense of bilirubin uptake through

transporter proteins and induction of inflammatory re-
sponses. Therefore, to identify target genes that can prevent

such off-target responses, we performed a cross-comparison

of xenobiotic and ROS (Reactive Oxygen Species) meta-

bolism in a GSEA (Figure 3E). The GSEA showed that several

important genes were upregulated while some significant

genes were downregulated or not active; however, we iden-

tified NRF2 as the key gene that was involved in both pro-

cesses to be not upregulated (Figure 3F). Most of the other

genes found such as AKR1C3, AOC1, CES2, and CYP46A1

were downstream of NRF2, while most pan-hepatic

genes such as AFP, PROX1, and ALB remain unchanged

(Figures S3G and S3H). Since NRF2 is a known master regu-

lator of detoxification and antioxidant activity in the liver,

there might be a possibility to protect from oxidative stress

in the HLOs while maintaining bilirubin metabolism.

mGULO HLOs conjugate bilirubin using UGT1A1

Vitamin C or ascorbate is a well-known activator of NRF2

signaling, which in turn induces detoxification and antiox-

idant activity that is very important in debilitating diseases

such as hyperbilirubinemia (Kim et al., 2015; Mostafavi-

Pour et al., 2017). VitaminChas been used as a supplement

to treat hyperbilirubinemia with modest benefits (Khadem

al-hosseini et al., 2020). However, due to lack of a func-

tional GULO (L-gulonolactone oxidase) gene in humans

(Cui et al., 2011), ascorbate needs to be taken as a dietary

supplement to reap its benefits. Intracellular absorption

by mammalian cells relies on SVCT and GLUT transporter

proteins, thereby limiting the uptake due to saturation of

the transporter proteins (Savini et al., 2008). Therefore,

we used a synthetic biology approach to knock in the mu-

rine form of active GULO (mGULO) gene with a P2A

mCherry under a Tet ON system into healthy iPSCs to

augment intracellular ascorbate availability. The engi-

neered HLOs (eHLOs) expressed the mGULO gene along

with mCherry and synthesized intracellular vitamin C

upon treatment with doxycycline (Dox) (Figure 4A). Dox-

induced mCherry expression at the HLO stage was about

94% (Figure S2F). Flow cytometric profiling showed 70%

of cells in eHLOs are ALB+ hepatocyte-like cells as was

seen in conventional HLOs from other cell lines

(Figures S2G and S2H). The eHLO cells were stable and ex-

pressed similar levels of AFP to control HLOs while express-

ing high levels ofmGULO (Figures S4A and S4B).With vary-

ing Dox concentrations, we observed marked increase of

bilirubin accumulation in the lumen of the eHLOs (Fig-

ure 4B, top).

Next, we wanted to verify the bilirubin accumulation us-

ing the green fluorescent UnaG probe (Kumagai et al.,

2013), which specifically binds to unconjugated bilirubin,

and observed significant increase in fluorescence

inside the lumen when eHLOs were treated with the

bilirubin (Figure 4B, bottom). This observation was
Stem Cell Reports j Vol. 18 j 2071–2083 j November 14, 2023 2075
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Figure 3. RNA-seq reveals importance of
ROS and xenobiotic metabolism in bili-
rubin uptake and conjugation
(A) Volcano plot for differentially expressed
genes in mifepristone-treated organoids
compared with control after treatment with
bilirubin. Key genes are highlighted.
(B) Heatmap for mifepristone-treated orga-
noids compared with control after treatment
with bilirubin.
(C) GSEA plot depicting enhanced pigment
metabolism in mifepristone-treated orga-
noids.
(D) Enriched pathways in mifepristone-
treated organoids.
(E) Cross comparison of ROS and xenobiotic
metabolism pathway in a GSEA.
(F) Venn diagram depicting NRF2 as a key
gene important for both xenobiotic and ROS
metabolism.
corroborated by the bilirubin assay, which indicated signif-

icant increase in conversion of unconjugated to conjugated

bilirubin when treated with increasing concentration (10–

1,000 ng/mL) of Dox, with 100 ng/mL being the ideal

concentration (conjugated bilirubin = 6.02 ± 0.05 mg/L)

(Figure 4C). Comparatively, no obvious improvement

was observed with 100 ng/mL Dox treatment in wild-

type HLOs (Figure S4C). However, the mCherry+ eHLOs

exhibited expression of NRF2, MRP2, MDR1, ALB,

ASGR1, ECAD, and UGT1A1 in the PROX1+ hepatocytes

(Figures S4D and S4E). In addition, we observed that the

lumen of some eHLOs was not fluorescent even though

they had accumulated significant amounts of bilirubin

indicated by the dark brown coloration. Since UnaG does

not bind conjugated bilirubin, this indicates that the loss
2076 Stem Cell Reports j Vol. 18 j 2071–2083 j November 14, 2023
of fluorescence was due to the accumulation of conjugated

bilirubin (Figure 4D). The HLOs were also able to uptake

fluorescent bile acid readily into their lumen validating

theUnaG results since bile acids are transported in a similar

directionality to bilirubin (Figure S4F). The eHLOs treated

with Dox 100 ng/mL exhibited higher expression of

NRF2 (4.7-fold) and lower expression of IL-6 (0.5-fold),

indicating a more robust xenobiotic response while main-

taining low inflammation (Figure 4E). Finally, wemeasured

the organoid viability and the eHLOs that contained conju-

gated bilirubin and found that Dox treatment significantly

enhanced both viability and conjugation (>75% and

>50%, respectively) (Figure 4F). Therefore, genetic GULO

activation in organoids enhanced bilirubin conjugation

compared with glucocorticoid perturbation.



Figure 4. Active GULO carrying eHLOs conjugate bilirubin more efficiently
(A) Bright-field and fluorescence images of mCherry expression in Dox-treated mGULO HLOs compared with control HLOs. Scale bar,
200 mm.
(B) Bright-field image of mGULO HLOs treated with bilirubin (10 mg/L) and Dox (0–1,000 ng/mL) (top). UnaG assay for mGULO organoids
treated with Dox compared with control (bottom). Scale bars, 200 mm.
(C) Bilirubin assay measuring unconjugated and conjugated bilirubin in mGULO HLOs treated with bilirubin (10 mg/L) and Dox (0–
1,000 ng/mL). n = 9 independent experiments.
(D) UnaG assay shows conjugation of bilirubin indicated by loss of fluorescence even in the presence of dark yellow bilirubin. Scale bar,
200 mm.
(E) qRT-PCR of NRF2 and IL6 gene for mGULO organoids treated with Dox (100 ng/mL) compared with control after treatment with
bilirubin. Data are mean ± SD, n = 9 independent experiments.
(F) Total percentage of viable organoids and organoids carrying conjugated bilirubin in Dox-treated organoids compared with control. n =
9 independent experiments.
ns, p > 0.05, *p % 0.05, **p % 0.01, ***p % 0.001, and ****p % 0.0001.
Orthotopic transplantation of eHLOs alleviates

hyperbilirubinemia in rodents

Finally, we wanted to test whether the eHLOs were func-

tional in an in vivo setting and transplanted them into

the portal vein of Gunn rats to treat them (Figure 5A). In

a time course experiment, we found that the human

albumin in the Gunn rat serum peaked rapidly (527 ±

32 ng/mL) at around 30 days after transplantation and per-

sisted until at least 60 days (Figure 4B). Reduction of

modestly elevated AST and ALT has been observed by

serum biochemistry assays (approximately 8% and 6%

drop) (Figures S5A and S5B). Longitudinal bilirubin mea-
surements showed that there was an almost 30% peak

drop in bilirubin level in Gunn rats transplanted with eH-

LOs at about day 40 and this improvement persisted longer

relative to normal HLOs (Figure 5C). Taken together, ortho-

topic transplantation of eHLOs reduced bilirubin levels in

animals suffering from hyperbilirubinemia.
DISCUSSION

Here, we have developed a new organoid-based platform

for studying the development and disease mechanism for
Stem Cell Reports j Vol. 18 j 2071–2083 j November 14, 2023 2077
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Figure 5. Orthotopic eHLO transplantation alleviates hyperbilirubinemia in rats
(A) Experimental timeline for orthotopic transplantation of HLOs in rats.
(B) Human albumin ELISA on blood serum collected from rats at different time points after transplantation. n = 9 independent experi-
ments.
(C) Bilirubin assay on blood serum collected from rats at different time points after transplantation. n = 9 independent experiments.
ns, p > 0.05, *p % 0.05, **p % 0.01, ***p % 0.001, and ****p % 0.0001.
human bilirubin metabolism. The HLOs express arrays of

proteins such as GCR, SLCO1B1, NCOR, and MRP2,

which are inherent to bilirubin metabolism in the hu-

man liver and some of which are not found in rodents

(Zhang et al., 2007). The HLOs treated with modest bili-

rubin dosage exhibit lower AFP expression compared

with conventional HLOs while maintaining UGT1A1 ac-

tivity at a level of PHH. In support, this UGT1A1 activity

is lacking in the CNS samples using patient-derived cell

lines. The bilirubin-primed HLOs had reduced CDX2

expression, suggesting a shift toward a more hepatic

rather than intestinal character. Our data suggest that

the organoids take up bilirubin in the hepatocytes using

the SLCO1B1 transporter protein (localized to the baso-

lateral outer side of the HLO), which is known to take

up unconjugated bilirubin in the native liver and muta-

tions in the gene results in Rotor syndrome. The bilirubin

is conjugated by UGT1A1 and transported to the lumen

by MRP2 (conjugated bilirubin transporter), while excess

unconjugated bilirubin is sequestered in the lumen of

the organoids via MDR1 (an unconjugated bilirubin

transporter, located on the apical luminal side of HLOs)

(Shinozawa et al., 2021). We have shown that these

liver organoids can be used to model and correct the

CNS phenotype, indicating the functional conjugation
2078 Stem Cell Reports j Vol. 18 j 2071–2083 j November 14, 2023
capability. We also showed the feasibility of mRNA

(UGT1A1) or genetic manipulation (inducible mGULO)

that can modify the bilirubin metabolism pathway in or-

ganoids without affecting the character or cellular diver-

sity of the organoids. Therefore, as the system we have

developed is highly manipulable and tractable, liver orga-

noids will offer a foundation for investigating the impact

of bilirubin on a diverse population of cells with syn-

thetic gene modification.

Glucocorticoids have been linked to bilirubinmetabolism

andUGT1A1 expression for a long time, andKobayashi et al.

(2022) have shown that this effect depends on the concen-

tration of the glucocorticoid agonists. The glucocorticoid re-

ceptor agonist dexamethasone has been shown to act as a

competitive inhibitor of CYP3A4 in a dose-dependent

manner (Relling et al., 1994). In addition, dexamethasone

is involved in the formation of a repression complex consist-

ing of glucocorticoid receptors, MECP2 and HDAC1

(Sharma et al., 2013). Further evidence indicates that inhibi-

tion of NRF2mediated by an increase in HDAC activity and

increased binding of transcriptional repressor MECP2 at

CpG sites at the promoter region is what could lead to

UGT1A1 repression (Khor et al., 2014). In our experimental

system, since the standard organoid culture medium

contains dexamethasone to induce growth and reduce



inflammation ofHLOs; additional supplementation beyond

the equilibrium results in reduced bilirubin conjugation. In

fact, inhibition of glucocorticoid signaling results in

enhancedbilirubin conjugation. To interpret the underlying

mechanism behind these observations, we found that

excess glucocorticoid signaling results in recruitment of

MECP2near theXRE of theUGT1A1glucocorticoid receptor

binding site. This deployment results in transcriptional

repression, but the repression can be overcome by supple-

mentationwith glucocorticoid inhibition, with compounds

such as ketoconazole and mifepristone.

These glucocorticoid antagonists, however, are hepato-

toxic in higher concentration, with a wide range of hor-

monal effects (Bhasin et al., 1986; Sai et al., 2019). Indeed,

in the HLOs, the antagonists seem to induce UGT1A1

expression at the expense of bilirubin transporter proteins

and inflammatory milieu while hepatocyte-specific genes

remain unchanged. To overcome these issues, RNA-seq

analysis of glucocorticoid-inhibited organoids identified

NRF2 as a master regulator of detoxification and antioxi-

dant activity in the liver (Pall and Levine, 2015), which

can be directly activated by vitamin C (Xu et al., 2020),

to enhance xenobiotic metabolism (Martin, 2010; Mit-

suishi et al., 2012). In support, UGT1A1 is known to be

regulated by the activity of NRF2 (Yueh and Tukey,

2007). Alam et al. (2017) have suggested that glucocorti-

coid signaling represses the transcriptional transactivation

mediated by NRF2 by inhibit histone acetylation. Since

NRF2 transactivation is inhibited following high glucocor-

ticoid levels, NRF2 activators such as ascorbate can be

used to lift this suppression of UGT1A1. However, as hu-

man cells do not produce vitamin C, we decided to

generate mGULO-carrying iPSC-derived HLOs to over-

come off-target issues associated with glucocorticoids.

GULO genetic activation increased expression of NRF2

in these engineered HLOs or eHLOs without inflamma-

tory responses. The mCherry+ eHLOs were more efficient

at conjugating bilirubin, while maintaining high viability,

presumably due to the expression of UGT1A1 and the

transporter proteins MDR1 and MRP2. Milder forms of

hyperbilirubinemia such as breast milk jaundice and fast-

ing are known to result in increased systemic glucocorti-

coid concentration. Our data support the hypothesis

that hyperbilirubinemia is caused by this increase in glu-

cocorticoids that mediates NRF2 downregulation. Given

that breastmilk contains high levels of glucocorticoids

and fasting induces increased glucocorticoids immediately

after commencement, the excessive glucocorticoids might

induce suppression of UGT1A1 and eventually neonatal

hyperbilirubinemia (Kim et al., 2021; Pundir et al.,

2020). As HLOs contain both parenchymal and non-

parenchymal lineages (Ouchi et al., 2019; Shinozawa

et al., 2021), cell types other than hepatocytes could
potentially contribute to the glucocorticoid antagonist-

mediated activation of pro-inflammatory and pro-fibrotic

genes. Therefore, the potential role of non-cell-autono-

mous effects demands further investigation to elucidate

the mechanism behind multicellular responses.

The only definitive cure for severe forms of hyperbiliru-

binemia such as CNS is liver transplantation (Tcaciuc

et al., 2021). Several studies have reported the transplanta-

tion of hepatocyte-like cells and there is alleviation of dis-

ease symptoms after 4 weeks (Chen et al., 2015; Fourrier

et al., 2020; Gao et al., 2017; Maerckx et al., 2014; Peter-

son et al., 2019). Our liver organoids are able to survive

for several months while providing the functionality

required for treatment of CNS, and the alleviation of the

disease symptoms starts around 10 days post transplanta-

tion. The eHLOs produce human albumin up to 60 days

after transplantation into an immunocompetent CNS rat

model with a regimen of immunosuppressants. In addi-

tion, the organoids provide therapeutic benefits in

removing excess bilirubin and improving liver functions

initiated upon 10 days of transplantation. Comparatively,

most studies showed a prolonged bilirubin removal up

until 196 days; however, it should be noted that the re-

ports injected 106 to 107 induced hepatocyte-like cells

compared with our injection 5 3 105 HLO cells. Despite

being modest dosing, our results show a similar response

in bilirubin removal (�30% down to 5 mg/dL) until

30 days after transplantation. In terms of bilirubin

removal, the eHLOs performed better when compared

with regular HLOs due to their enhanced redox mainte-

nance which increased survivability of organoids and

enhanced bilirubin metabolism, which peaked at day 40

but was observable even at day 60. The efficacy duration

is, however, weakened beyond day 60, likely aggravated

by a combination of xenorejection and bile autotoxicity.

Therefore, further investigations are required to delineate

the exact mechanism for durable engraftment and to

develop more robust cellular therapies that can evade xen-

orejection and bile autotoxicity. Nevertheless, our data

argue that engineered organoid transplantation can be a

potential bridging option to liver transplantation for se-

vere hyperbilirubinemia diseases.
EXPERIMENTAL PROCEDURES
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Data and code availability

The RNA-seq data reported in this paper have been deposited to

the NCBI Gene Expression Omnibus (GEO) with the following

accession no. GSE222362. Reference codes for bioinformatics ana-

lyses can be found at the following link: https://github.com/

hasanwraeth/RNAseq. All other data supporting the findings of

this study are available from the corresponding author on reason-

able request.

Animals
All animal experiments were conducted with the approval of the

Institutional Review Board (IRB) and Institutional Animal Care

and Use Committee of the Cincinnati Children’s Hospital Medical

Center. Adult Gunn (Gunn-Ugt1a1j/BluHsdRrrc) rats (breeding

pairs, 9–12 weeks old) were obtained from the Rat Resource &

Research Center (RRRC, Columbia, MO). Rats were housed in stan-

dard rat cages with woodchip bedding, maintained at a tempera-

ture of 20�C–24�C and relative humidity of 45%–55%, under a

12 h light/12 h dark cycle. All animals had ad libitum access to stan-

dard chow (Cincinnati Lab Supply, Cincinnati, OH) before study.

All animals were treated in accordance with the guidelines and reg-

ulations of the institution.

mGULO editing
All experiments concerning human agents and subjects were con-

ducted with the approval of Institutional Biosafety Committee

(IBC) and Institutional Review Board (IRB) at CCHMC. Themurine

GULO (L-gulonolactone oxidase) cDNA sequence was retrieved

from NCBI. The 50 linker and Kozak sequence were added to the

start of the sequence, with HA tags to the end of the sequence.

In addition, a P2A-mCherry was added after the HA tag and a 30

linker to the very end. The custom gene was then synthesized

and cloned into the pAAVS1-NDi-CRISPRi (Gen1) PCSF no. 117

vector using the restriction sites AflII and AgeI. The vector has a

TetON systemand aNeor selectablemarker was then inserted using

Gateway technology.

CNS and mGULO iPSC generation and general iPSC

maintenance
The CNS iPSC line was derived from a patient with CNS under IRB

approved by Kyoto University, while the mGULO iPSC line was

generated by inserting the modified GULO sequence into the

AAVS1 site of CuSTOM1 iPSC line. The generation and mainte-

nance of the iPSC lines are described in more detail in supple-

mental information.

Organoid generation
The generation of organoids is described in supplemental

information.

HLO treatment with bilirubin and drugs
The HLOs were primed with 1 mg/L bilirubin on day 22 prior to

further bilirubin treatment for acclimatization. On day 27, the

mature organoids were treated with bilirubin (1–10 mg/L), Dox

(100 ng/mL) (added 3 days prior as well to activate gene expres-

sion), and drugs such as hydrocortisone, dexamethasone, ketoco-
2080 Stem Cell Reports j Vol. 18 j 2071–2083 j November 14, 2023
nazole, andmifepristone (1–2 mMfor each) for 5 days after depriva-

tion of dexamethasone for 2 days before treatment and then

harvested for downstream assays.
Transfection of mRNA into HLOs
For transfection, the CNS HLOs were isolated by breaking up the

Matrigel droplets with a pipette and washed with PBS three times.

TheHLOswere resuspendedwith Lipofectamine 3000 (Invitrogen)

and Opti-MEM I (Gibco) containing 10 mg UGT1A1 and mCherry

mRNA constructs and incubated at 37�C for 2 h. After 2 h, the or-

ganoids were re-embedded in Matrigel and fed with fresh HCM.
Organoid transplantation into the portal vein
The eHLOs and regular HLOs were harvested on day 27 and disso-

ciated into chunks by repeated pipetting, washed with PBS, and

resuspended with HCM containing 2% FBS and CEPT (Chroman

1, Emricasan, Polyamines, and Trans-ISRIB, Bio-Techne) cocktail

to increase viability. The recipient rats were treated with a single

intraperitoneal dose of retrorsine (5 mg/kg) and tacrolimus

(0.8 mg/kg) 4 days before the transplantation. On the day of sur-

gery, an exploratory laparotomy was performed via midline inci-

sion followed by bowel evisceration to expose the portal triad,

including the portal vein. With the portal vein exposed, a 32G

1 inch needle was used to inject 3 3 103 organoids (roughly

5 3 105 cells) in a 200-mL infusion into the portal vein. Bleeding

was controlled by application of a bulldog clamp distal to the site

of injection. This also assisted with preferential flow into the

liver. Excessive blood loss was controlled by application of a

SURGICEL SNoW Absorbable Hemostat (Ethicon). The incision

was then closed in two layers with 5-0 vicryl-coated surgical su-

tures (Ethicon) and GLUture (Zoetis) and buprenorphine

(0.1 mg/kg) was administered as an analgesic. The animal was

then maintained on Dox (20 mg/kg) and tacrolimus injections

every 3–4 days until the day of harvest. Blood was collected regu-

larly by the retro-orbital method as needed.
Quantification and statistical analysis
Statistical analyses were mainly performed using R software

v.4.2.0 with unpaired two-tailed Student’s t test, one-way Anova

and post hoc Tukey’s test, or Welch’s t test. Statistical analyses

for non-normally distributed measurements were performed us-

ing non-parametric Kruskal-Wallis and post hoc Dunn-Holland-

Wolfe tests. For comparisons between unpaired groups, when

groups were independent and the variances were unequal, a

non-parametric Brunner-Munzel test was performed, unless

noted otherwise. p values <0.05 were considered statistically sig-

nificant. n values refer to biologically independent replicates. The

image analyses were non-blinded. Statistical parameters are in the

figures and figure legends, where: ns, p > 0.05, *p % 0.05, **p %

0.01, ***p % 0.001, and ****p % 0.0001. Using G*Power software,

for each experiment, we determined the minimum sample size to

collect the data for using the preliminary effect sizes, a = 0.05 and

power = 0.8. For all experimental data, we also conducted a

post hoc power analysis to determine whether our design had

enough power. We had enough power (power >0.8) for all our

experiments.
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