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Abstract
Background and Aims: Patient- derived human- induced pluripotent stem 
cells (hiPSCs) differentiated into hepatocytes (hiPSC- Heps) have facilitated 
the study of rare genetic liver diseases. Here, we aimed to establish an in vitro 
liver disease model of the urea cycle disorder ornithine transcarbamylase 
deficiency (OTCD) using patient- derived hiPSC- Heps.
Approach and Results: Before modeling OTCD, we addressed the ques-
tion of why hiPSC- Heps generally secrete less urea than adult primary 
human hepatocytes (PHHs). Because hiPSC- Heps are not completely dif-
ferentiated and maintain some characteristics of fetal PHHs, we compared 
gene- expression levels in human fetal and adult liver tissue to identify genes 
responsible for reduced urea secretion in hiPSC- Heps. We found lack of 
aquaporin 9 (AQP9) expression in fetal liver tissue as well as in hiPSC- Heps, 
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INTRODUCTION

Human- induced pluripotent stem cell (hiPSC)– derived 
hepatocytes (hiPSC- Heps) generated from patients 
with genetically encoded liver diseases have been used 
successfully to model liver diseases in vitro, leading to 
a better understanding of disease mechanisms and the 
identification of new therapeutic agents.[1]

Urea cycle disorders (UCDs) are a group of eight in-
born errors of metabolism that can be life- threatening 
and for which treatment options are limited.[2,3] Urea 
is the waste product arising from ammonia (NH4

+) 
detoxification in the urea cycle, which consists of five 
urea cycle enzymes (UCEs) located in mitochondria 
(carbamoylphosphate synthetase 1 [CPS1] and or-
nithine transcarbamylase [OTC]) or cytoplasm (argi-
ninosuccinate synthetase [ASS], argininosuccinate 
lyase [ASL], and arginase 1 [ARG1]) of hepatocytes 
(Figure 1A). An additional UCD is caused by deficiency 
of N- acetylglutamate synthase (NAGS), which is re-
quired for CPS1 activation. The two remaining UCDs 
are caused by defects in mitochondrial citrin and or-
nithine transporters, leading to citrin deficiency and 
hyperornithinemia- hyperammonemia- homocitrullinuria 
syndrome, respectively.

To date, only ARG1 deficiency, ASS deficiency, and 
citrin deficiency have been modeled using hiPSC- 
Heps.[4– 6] A hiPSC- Hep- based model of OTC defi-
ciency (OTCD) has yet to be reported. Although OTCD 
is the most common UCD,[7] resulting in substantial 
clinical experience, its prognosis is unpredictable be-
cause disease onset and severity are affected by a 
large number of different mutations[8] and variable ef-
fects of X- chromosome inactivation in women.[9] The 
current treatment, consisting of low- protein diet and 

supplementation of essential amino acid mixtures,[10] is 
challenging and often fails to prevent adverse outcomes 
in patients,[11] leading to a high mortality rate.[12] A faith-
ful disease model would help to better understand the 
relationship between gene defect and disease mani-
festation, allowing prediction of the disease course in 
individual patients, and could be used to develop novel 
therapeutics.

A potential reason for the lack of a hiPSC- Hep model 
of OTCD is that ureagenesis is generally low in hiPSC- 
Heps, both in hiPSC- Heps derived from normal con-
trols and in hiPSC- Heps, in which the genetic defect 
causing the UCD was corrected.[4– 6,13] This functional 
deficiency is consistent with the general notion that 
hiPSC- Heps generated with current protocols are not 
as differentiated as adult primary human hepatocytes 
(PHHs) but retain some fetal characteristics.[14]

We overcame this roadblock by identifying lack of 
expression of aquaporin 9 (AQP9), a membrane chan-
nel protein that mediates passage of water, glycerol, 
and urea,[15,16] as the reason for low ureagenesis in 
hiPSC- Heps. Taking advantage of this insight to es-
tablish functional urea metabolism in hiPSC- Heps, we 
developed an in vitro model of genotype- specific man-
ifestation of OTCD.

MATERIALS AND METHODS

Patients

Written informed consent was obtained from all study 
subjects. These studies were approved by the local 
ethics committee in Bern, Switzerland (project ID: 
2020- 02979).

and showed that forced expression of AQP9 in hiPSC- Heps restores urea 
secretion and normalizes the response to ammonia challenge by increasing 
ureagenesis. Furthermore, we proved functional ureagenesis by challenging 
AQP9- expressing hiPSC- Heps with ammonium chloride labeled with the sta-
ble isotope [15N] (15NH4Cl) and by assessing enrichment of [15N]- labeled urea. 
Finally, using hiPSC- Heps derived from patients with OTCD, we generated a 
liver disease model that recapitulates the hepatic manifestation of the human 
disease. Restoring OTC expression— together with AQP9— was effective in 
fully correcting OTC activity and normalizing ureagenesis as assessed by 
15NH4Cl stable- isotope challenge.
Conclusion: Our results identify a critical role for AQP9 in functional urea 
metabolism and establish the feasibility of in vitro modeling of OTCD with 
hiPSC- Heps. By facilitating studies of OTCD genotype/phenotype correlation 
and drug screens, our model has potential for improving the therapy of OTCD.
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F I G U R E  1  Urea metabolism is impaired in patient- derived human- induced pluripotent stem cells (hiPSCs) differentiated into 
hepatocytes (hiPSC- Heps). (A) Scheme showing the urea cycle detoxifying ammonia (NH4

+) into nontoxic urea in five consecutive urea 
cycle enzyme (UCE)– mediated reactions in mitochondria in hepatocytes. (B) Urea secretion in four control hiPSC- Hep lines (Ctrl_1- 4) as 
compared with PHHs. Data represent the average of 4 to 12 independent biological samples. (C,D) Relative mRNA and protein expression 
of UCEs analyzed by real- time quantitative PCR (C) and western blot (D) in Ctrl_1 hiPSCs and hiPSC- Heps compared with primary human 
hepatocytes (PHHs). All samples shown were loaded on the same gel. The line indicates that the image was cropped. Data represent the 
average of two to four independent biological samples. One- way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Error bars 
represent SEM. (E) Immunofluorescent images showing abundant mitochondrial expression and co- localization of carbamoyl phosphate 
synthetase 1 (CPS1) and ornithine transcarbamylase (OTC) in Ctrl_1 hiPSC- Heps. Nuclei are labeled with DAPI. Scale bar = 100 µM. 
Inset in merged image shown as bottom- right image. ARG1, arginase 1; ASL, argininosuccinate lyase; ASS, argininosuccinate synthetase; 
GAPDH, glyceraldehyde 3- phosphate dehydrogenase; n.s., not significant
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Reprogramming of fibroblasts into 
hiPSCs and directed differentiation of 
hiPSCs into hiPSC- Heps

hiPSCs were generated and cultured as previously de-
scribed.[17] Hepatocyte differentiation of hiPSCs reca-
pitulating critical stages of development was performed 
as we previously described for Ctrl_1 line[18] (see 
Supporting Methods).

Cell culture and origin of PHHs

PHHs were purchased from BioIVT (catalog number 
M00995- P; lot numbers BVI, FLO, and JFC). Biological 
replicates were generated using all three PHH lots. Cells 
were plated on rat tail collagen type I– coated plates at 
a density of 6.0 × 104 cells/cm2 in Dulbecco’s minimum 
essential medium supplemented with 10% fetal bovine 
serum, glutaMax, 50 U/ml penicillin, 50 μg/ml streptomy-
cin, and 1 μmol/l dexamethasone and insulin. After over-
night culture, the medium was replaced by serum- free 
Williams E medium containing the same concentrations 
of penicillin/streptomycin, dexamethasone, and insulin.

Urea assay and albumin ELISA

To assess cellular urea and/or albumin (ALB) secre-
tion, we collected cell culture supernatants at the indi-
cated time points (usually after 24 h), centrifuged them 
at 700 g for 5 min at 4°C and either directly meas-
ured or stored samples at −80°C and later determined 
urea and/or ALB concentration with the Quantichrom 
Urea Assay Kit (Bioassay Systems) and/or ALB ELISA 
(Bethyl Laboratories). The absolute amount of se-
creted urea and/or ALB was expressed in pg/cell/24 h.

Quantitative PCR

For RNA isolation we used the RNAeasy Mini Kit 
(Qiagen). All samples were treated with DNAse. 
Reverse transcription was performed using qScript 
cDNA Supermix (Quanta Biosciences). Quantitative 
PCR was performed using a SYBR Green Supermix 
(Affymetrix) on an Applied Biosciences ViiA7 Real- Time 
PCR System (Thermo Fisher Scientific). Reactions 
were performed in triplicate, and expression was nor-
malized to glyceraldehyde 3- phosphate dehydrogenase 
or 18S gene expression and quantified using the ΔΔCt 
method. Primers are listed in the Supporting Methods.

Western blot

Western blot was performed using 10% sodium do-
decyl sulfate– polyacrylamide gel electrophoresis as 

described previously.[19] Further details and antibodies 
are given in the Supporting Methods.

Immunofluorescence

Immunofluorescence imaging was performed as de-
scribed previously.[20] Further details and antibodies 
are given in the Supporting Methods.

Relative mRNA expression in liver 
tissue and in hiPSC- Heps

A microarray data set previously published by 
Bonder et al.,[21] deposited in the National Center for 
Biotechnology Information gene expression omnibus 
(GEO) database under accession number GSE61279, 
was analyzed for relative mRNA expression of AQP9 
and other enzymes and transporters involved in am-
monia detoxification and urea metabolism in fetal and 
adult human liver tissue.

In addition, expression of these genes in hiPSC- 
Heps and PHHs was assessed in four additional data 
sets deposited in the GEO database.[22– 25] More infor-
mation about these data sets is given in the Supporting 
Methods.

Lentiviral transduction

Lentiviral vectors were custom- designed at and pur-
chased from VectorBuilder. All lentiviral vectors had 
viral titers of at least 5 × 108 TU/ml and expressed 
AQP9 (vector ID: VB180418- 1015mqd), OTC (vector 
ID: VB191009- 1069yvq), or green fluorescent protein 
(GFP) (vector ID: VB180418- 1016dym). The genes 
were under the control of the ubiquitously active EF1A 
promoter. Vector details are available at https://en.vecto 
rbuil der.com. Cells were transduced on day 18 of the 
hiPSC- Heps differentiation protocol using a multiplicity 
of infection of 20 in hepatocyte culture medium (HCM) 
(Lonza; for details see Supporting Methods) supple-
mented with 10 µg/ml polybrene. After overnight trans-
duction, cells were washed with PBS and HCM was 
added.

15NH4Cl challenge and isotopic  
[15N]Urea enrichment

One- molar aqueous stock solutions of NH4Cl and 
15NH4Cl (Sigma Aldrich) were prepared and filter- 
sterilized before use in cell cultures at working con-
centrations of 0, 1, 2, and 10 mM. Samples of the cell 
culture supernatants were taken at 2 h and 24 h. Isotopic 
[15N]urea enrichment and semi- quantitative amino acid 
concentrations were measured by adjustment for cell 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc%3DGSE61279
https://en.vectorbuilder.com
https://en.vectorbuilder.com
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culture supernatants using a previously described 
method.[26]

Ornithine transcarbamylase activity assay

An adapted version of a previously established OTC 
activity assay[27] was performed to determine OTC ac-
tivity in cell culture lysates. Briefly, 25- 50 µg of whole 
cell lysates were used to assess OTC activity. The sub-
strates ornithine and carbamoylphosphate were added 
in excess to the lysates. Citrulline, which is produced 
in the OTC enzyme reaction, was measured spectro-
photometrically after a color reaction with diacetylmon-
oxim/antipyrin/Fe. The intensity of the absorption is 
proportional to the amount of produced citrulline, which 
is proportional to the OTC enzyme activity.

Statistical analysis

All experiments were repeated at least twice with a min-
imum of two biological replicates. Student t test or or-
dinary one- way ANOVA was used to compare groups, 
with significance set at p < 0.05. Data are expressed as 
the mean, and error bars represent SEM.

RESULTS

Urea metabolism is impaired in hiPSC- 
Heps

Although hiPSC- Heps express many functions of ma-
ture adult PHHs. They also exhibit characteristics of 
immature fetal PHHs, including reduced capacity to se-
crete urea.[14] Therefore, as the first step toward using 
patient- derived hiPSC- Heps to create an in vitro model 
of OTCD, we investigated ammonia detoxification and 
urea metabolism in hiPSC- Heps derived from normal 
controls. We generated four hiPSC lines from nor-
mal controls and differentiated them into hiPSC- Heps 
(Ctrl_1- 4 hiPSC- Heps) using our step- wise hepato-
cyte differentiation protocol (Figure S1A; for details 
see Supporting Methods and Lee- Montiel et al.[18]). 
Ctrl_1 hiPSC- Heps showed characteristic hepatocyte 
morphology (Figure S1A) and well- developed hepato-
cyte functions, including ALB secretion (Figure S1B), 
CYP3A4- mediated drug metabolism (Figure S1C), 
LDL receptor– mediated LDL uptake (Figure S1D), and 
ALB and hepatocyte nuclear factor 4 mRNA expres-
sion (Figure S1E). However, Ctrl_1- 4 hiPSC- Heps 
showed significantly lower urea secretion than PHHs 
(Figure 1B). Analysis of mRNA and protein expres-
sion in Ctrl_1 hiPSC- Heps showed that the five UCEs 
were expressed, some at similar levels and some at 
lower levels than in PHHs (Figure 1C,D). As expected, 

UCE expression in hiPSCs was very low or absent. 
Immunofluorescent staining of the two most abundant 
UCEs CPS1 and OTC showed mitochondrial localiza-
tion as expected (Figure 1E and Figure S1F).

These results confirmed that hiPSC- Heps secrete 
lower amounts of urea than PHHs. The overall reduc-
tion in UCE expression likely contributed to the de-
creased urea secretion found in hiPSC- Heps, but the 
extent to which urea secretion was impaired in hiPSC- 
Heps suggested the contribution of factors beyond the 
UCEs.

Urea metabolism is impaired in  
hiPSC- Heps due to lack of AQP9

Considering that hiPSC- Heps maintain many charac-
teristics of fetal hepatocytes, such as alpha- fetoprotein 
(AFP) mRNA expression (Figure S1E), we reasoned 
that comparing mRNA expression in human fetal and 
adult liver tissue will reveal genes responsible for low 
urea secretion in hiPSC- Heps. For this, we analyzed 
published mRNA expression profiling of 14 fetal and 
92 adult human liver tissue samples (GSE62179)[21] 
(Figure 2A). mRNA expression of the five UCEs, 
NAGS, and two mitochondrial transporters (encoded 
by SLC25A13 and SLC25A15) involved in ureagenesis 
showed little variation between fetal and adult human 
liver tissue samples (Figure 2A). However, expanding 
the analysis revealed AQP9 as one of the most dif-
ferentially expressed genes in GSE62179 (p < 1.0−07), 
exhibiting higher abundance in adult (≥ 70- fold higher 
expression) than in fetal liver (Figure 2A).

AQP9 is located in the hepatocyte plasma mem-
brane and is required for urea transport across this 
membrane.[28,29] As in human fetal liver, comparison 
to PHHs showed that AQP9 expression was lacking 
in hiPSC- Heps, as evidenced not only by analysis 
of hiPSC- Heps generated with our current protocol 
(Figure 2B) but also hiPSC- Heps generated with a pre-
vious version of our protocol (GSE52309)[25] or three 
additional gene- expression profiles of hiPSC- Heps 
generated in other laboratories[22– 24] (Figure S2A and 
Supporting Methods).

If lack of AQP9 expression was contributing to 
low ureagenesis in hiPSC- Heps, urea should be ac-
cumulating intracellularly. Indeed, intracellular urea 
levels were higher in hiPSC- Heps than in PHHs 
(Figure 2C). Moreover, lentiviral expression of AQP9 
in hiPSC- Heps (Figure S2B) restored urea secretion 
(Figure 2B,D) and decreased intracellular urea levels 
(Figure 2E). To further study ammonia detoxification 
and urea metabolism in hiPSC- Heps, we challenged 
the cells with ammonium chloride (NH4Cl). In contrast 
to PHHs, hiPSC- Heps failed to increase urea secretion 
in response to NH4Cl (Figure S2C). However, lentivi-
ral AQP9 expression in hiPSC- Heps normalized the 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc%3DGSE62179
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc%3DGSE62179
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc%3DGSE52309
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F I G U R E  2  Urea metabolism is impaired in hiPSC- Heps due to lack of aquaporin 9 (AQP9). (A) Comparison of log2 fold change (FC) 
in relative mRNA expression in 14 fetal and 92 adult human liver- tissue samples as compared with average fetal human liver expression. 
AQP9 is one of the most differentially expressed genes between adult and fetal human liver tissue. (B) Relative mRNA expression of AQP9 
in hiPSC- Heps transduced with lentiviruses expressing AQP9 or green fluorescent protein (GFP; negative control) and PHHs (positive 
control). Data represent the average of three to seven independent biological samples. (C) Intracellular urea levels are significantly 
higher in hiPSC- Heps than in PHHs. Data represent the average of three (hiPSC- Heps) and six (PHHs) independent biological samples. 
(D,E) hiPSC- Heps were transduced with lentiviruses expressing AQP9 or GFP, and relative urea secretion (D) and intracellular urea 
concentration (E) were determined. Data represent the average of two independent experiments. (F) Seven days after transduction 
with lentiviruses expressing AQP9 or GFP, hiPSC- Heps were challenged with 1 or 10 mM NH4Cl for 24 h. Relative urea secretion was 
determined in the supernatant and compared with the nonchallenged (0 mM NH4Cl) GFP- transduced negative control. Data represent the 
average of two independent experiments. One- way ANOVA (A,B) or Student’s t test (C- F); *p < 0.05, **p < 0.01, and ****p < 0.0001. Error 
bars represent SEM. AFP, alpha fetoprotein; ALB, albumin; AQP8, aquaporin 8; CYP3A4, cytochrome P450 family 3 subfamily A member 
4; GLS, glutaminase; GLUL, glutamate- ammonia ligase; HNF4A, hepatocyte nuclear factor 4 alpha; NAGS, N- acetylglutamate synthase; 
SLC25A13, solute carrier family 25 member 13; SLC25A15, solute carrier family 25 member 15; XIST, X inactive specific transcript
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response to NH4Cl challenge (i.e., increased urea se-
cretion) (Figure 2F). Taken together, our findings show 
that hiPSC- Heps generated with current protocols lack 
AQP9 expression, and its restoration normalizes basal 
and ammonia- induced urea secretion.

AQP9 expression normalizes response of 
hiPSC- Heps to ammonia challenge

To further characterize ammonium detoxification and 
urea metabolism and to demonstrate functional ure-
agenesis in AQP9- expressing hiPSC- Heps, we chal-
lenged the cells with NH4Cl labeled with the stable 
isotope [15N] (15NH4Cl) to measure the enrichment of 
secreted [15N]- labeled urea (Figure 3A,B). If ureagen-
esis is functional, three different isotopes of urea are 
detectable after such a challenge: nonlabeled urea, 
mono- labeled urea, and double- labeled urea. Mono- 
labeled urea receives the labeled [15N]- atom from 
NH4

+ in carbamoylphosphate or aspartate. Double- 
labeled urea receives one [15N]- atom from carba-
moylphosphate and one [15N]- atom from aspartate 
(Figure 3A). Challenging the AQP9- expressing hiPSC- 
Heps with 1, 2, or 10 mM of 15NH4Cl led to an increase of  
[15N]- mono- labeled and double- labeled urea when 
compared with untreated (0 mM) cells, which demon-
strated functional ureagenesis (Figure 3B).

Further analysis of amino acid concentrations in 
the cell culture supernatants revealed glutamine and 
alanine as the two most abundant amino acids (lev-
els between approximately 700 µM and 2200 µM) 
(Figure S3). After hiPSC- Heps were challenged with 
1 mM of NH4Cl for 24 h, glutamine concentrations  
increased by a factor of approximately 1.6 (from  
700 µM to 1200 µM) (Figure S3), consistent with glu-
tamine acting as an ammonia- scavenging back- up 
system as observed in vivo.[30]

Taken together, these results show that expression of 
AQP9 in hiPSC- Heps normalized the reaction to ammo-
nia challenge (i.e., ammonia conversion into urea and 
its secretion out of the cells into the culture medium). In 
addition to demonstrating functional ureagenesis, these 
results show physiological ammonia flux into urea and 
amino acid changes in AQP9- expressing hiPSC- Heps.

Generation of hiPSC- Heps from patients 
with ornithine transcarbamylase deficiency

We generated hiPSC lines from fibroblasts of 2 patients 
who died from OTCD.[31] Analysis of OCT3/4 and NANOG 
mRNA (Figure S4A) and OCT3/4 and SSEA4 protein ex-
pression (Figure S4B) confirmed the cells’ pluripotency. 
One patient, designated OTCD_1, was male and died in 
the neonatal period. Mutational analysis of the patient`s 
fibroblasts revealed a previously described hemizygous 

mutation in the OTC gene, which is located on the X 
chromosome (exon 6; c.548A>G [p.Tyr183Cys]).[32] We 
confirmed the presence of the mutation in hiPSC- Heps 
generated from the patient’s fibroblasts (Figure 4A). Due 
to the X- chromosomal inheritance of OTCD, male pa-
tients often suffer from a fatal disease course; in female 
patients, the disease course is affected by X inactiva-
tion and therefore more variable. The second patient 
(OTCD_2) was female and developed fatal acute liver 
failure at the age of 6 years, suggesting skewed X inac-
tivation strongly favoring the mutated allele. She had a 
previously described heterozygous stop mutation in the 
OTC gene (exon 3; c.274C>T [p.Arg92*]),[33] which we 
confirmed to be present heterozygously in genomic DNA 
(gDNA) in hiPSC- Heps (Figure 4A). Analysis of OTC 
mRNA in hiPSC- Heps revealed complete inactivation of 
the normal allele of the OTC gene, leading to only the 
mutated allele being expressed, which is in line with the 
skewed X inactivation found in the patient (Figure 4A,B).

Differentiation of OTCD hiPSCs using our stan-
dard protocol (Figure S1A) produced hiPSC- Heps with 
hepatocyte- specific morphology (Figure 4C), albumin 
secretion (Figure S5A) and mRNA (Figure S5B) and 
protein (Figure S5C) expression.

Modeling ornithine transcarbamylase 
deficiency with patient- derived hiPSC- Heps

OTCD_1 and OTCD_2 hiPSC- Heps transduced with 
lentiviruses expressing AQP9 showed significantly re-
duced urea secretion compared with AQP9- expressing 
Ctrl_1 hiPSC- Heps (Figure 5A). Analysis of mRNA 
(Figure 5B) and protein expression (Figure 5C) of the 
five UCEs showed complete absence of OTC protein in 
both OTCD_1 and OTCD_2 hiPSC- Heps (Figure 5C). 
The other UCEs were expressed at normal levels in 
OTCD_1 hiPSC- Heps; in OTCD_2 hiPSC- Heps, the 
UCE protein levels were generally lower than in Ctrl_1 
and OTCD_1 hiPSC- Heps (Figure 5C). Relative OTC 
activity was significantly decreased in OTCD_1 and 
nearly absent in OTCD_2 hiPSC- Heps, respectively 
(Figure 5D). In agreement, OTC protein expression 
was abundant in Ctrl_1 hiPSC- Heps but undetect-
able by immunofluorescence in OTCD_1 and OTCD_2 
hiPSC- Heps (Figure 5E). Together, these results show 
that OTCD patient– derived hiPSC- Heps replicate the 
disease as evidenced by reduced/absent OTC expres-
sion and activity, leading to impaired urea secretion.

OTC and AQP9 co- expression restores 
ureagenesis in OTC- deficient patient- 
derived hiPSC- Heps

To correct the OTCD phenotype, we co- transduced 
patient- derived hiPSC- Heps with lentiviruses 
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F I G U R E  3  Demonstration of fully functional ureagenesis in AQP9- expressing hiPSC- Heps. (A) Schematic depicting the enzyme 
reactions in the urea cycle. 15NH4

+ (yellow) enters the urea cycle and is converted to carbamoylphosphate by CPS1. Next, OTC converts 
carbamoylphosphate and ornithine to citrulline, which further reacts with aspartate, the donor of the second amino group found in urea, in 
the ASS enzyme reaction to produce argininosuccinate. ASL cleaves off fumarate from argininosuccinate to build up arginine. In the last 
step of the urea cycle, ARG1 cleaves arginine to urea and ornithine, which reenters the urea cycle. After challenge of AQP9- expressing 
hiPSC- Heps with 15NH4Cl, three different isotopes of urea are found: nonlabeled urea, mono- labeled urea, and double- labeled urea. (B) 
Mono- labeled and double- labeled urea was detected in supernatants of AQP9- expressing hiPSC- Heps following challenge with 15NH4Cl 
(0, 1, 2 and 10 mM) after 2 h (left panel) or 24 h (right panel). Ureagenesis is most pronounced when cells are challenged with 1 and 2 mM 
15NH4Cl for 24 h, resulting in a [15N]- enrichment of approximately 11% and 15%, respectively (expressed as percentage of 15- N- labeled 
urea over total urea). Data represent the average of three independent biological samples. One- way ANOVA; ****p < 0.0001. Error bars 
represent SEM
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F I G U R E  4  Generation of OTC- deficient patient- derived hiPSC- Heps. (A) Mutational analysis confirmed presence of OTC mutations in 
genomic DNA (gDNA) and mRNA of hiPSC- Heps. OTCD_1 is a male patient, and his mutation was confirmed at the gDNA level. OTCD_2 
is a female patient with one normal allele (c.274C) and one mutated allele (c.274T) at the gDNA level. The patient’s sequence on top shows 
a Y for the two pyrimidine bases C and T. At the mRNA level only, the mutated allele was expressed due to X- chromosome inactivation– 
mediated silencing of the normal allele. (B) Scheme of X chromosome inactivation in epiblast and hiPSCs in female OTCD_2 patient. (C) 
Brightfield microscopy showing representative images of the differentiation process (for details see Supporting Methods) from hiPSCs to 
hiPSC- Heps for Ctrl_1 and OTCD_1 and OTCD_2. Scale bars = 100 µM
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F I G U R E  5  Modeling ornithine transcarbamylase deficiency with patient- derived hiPSC- Heps. (A) Relative urea secretion is significantly 
impaired in AQP9- expressing OTCD_1 and OTCD_2 hiPSC- Heps compared with AQP9- expressing Ctrl_1 hiPSC- Heps. Data represent 
the average of 7 to 11 independent biological samples. (B) Relative mRNA expression of UCEs by real- time quantitative PCR in OTCD_1 
and OTCD_2 hiPSCs and hiPSC- Heps compared with Ctrl_1 hiPSC- Heps. Data represent the average of two to four independent biological 
samples. (C) Western blot of UCE in Ctrl_1, OTCD_1 and OTCD_2 hiPSC- Heps and quantification of relative protein expression of two 
independent biological samples each. Double arrows indicate the two bands detected for ARG1. (D) Relative OTC enzyme activity in 
OTCD_1 and OTCD_2 hiPSC- Heps compared with Ctrl_1 hiPSC- Heps. Data represent the average of three to five independent biological 
samples. (E) Representative immunofluorescent images showing abundant OTC expression in Ctrl_1 and absent expression in OTCD_1 
and OTCD_2 hiPSC- Heps. Nuclei are labeled with DAPI. Scale bars = 100 µM. One- way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001. Error bars represent SEM
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expressing OTC and AQP9. OTC expression was as-
sessed by western blot (Figure 6A) and analysis of OTC 
activity (Figure 6B), and both significantly increased 
upon OTC transduction. We also measured citrulline— 
the product of the OTC- mediated transcarbamylation 
of ornithine— in cell culture supernatant. Its abundance 
significantly increased following OTC expression in 
Ctrl_1, OTCD_1 and OTCD_2 hiPSC- Heps (Figure 6C). 

In accord, ureagenesis in OTCD_1 and OTCD_2 
hiPSC- Heps increased significantly following OTC 
transduction (Figure 6D). Whereas in OTCD_1 hiPSC- 
Heps ureagenesis was normalized and reached levels 
comparable to Ctrl_1 hiPSC- Heps, restoration was less 
pronounced in OTCD_2 hiPSC- Heps (Figure 6D). This 
deficiency was likely due to the low levels of distal UCE 
expression (ASS and ASL) in OTCD_2 hiPSC- Heps 

F I G U R E  6  OTC and AQP9 co- expression corrects the disease phenotype in OTC- deficient patient- derived hiPSC- Heps and restores 
ureagenesis. (A,B) Rescue of OTC deficiency by lentiviral OTC gene correction in AQP9- expressing Ctrl_1, OTCD_1 and OTCD_2 hiPSC- 
Heps as assessed by western blot (A) and OTC enzyme activity assay (B). (C) Semi- quantitative determination of extracellular citrulline 
concentrations after cell treatment as in (A) and (B). (D) Determination of mono- labeled and double- labeled urea in cell culture supernatants 
following a challenge with 1 mM of 15NH4Cl for 24 h in cells treated as in (A)- (C). Data in (B)- (D) represent the average of each three 
independent biological samples. Student’s t test; ***p < 0.001 and ****p < 0.0001. Error bars represent SEM
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(Figure 5C). Thus, co- transduction of AQP9 and OTC 
resulted in correction of OTC expression and activity as 
well as in significant increases of citrulline as the direct 
product of the OTC reaction and ureagenesis in hiPSC- 
Heps from both patients with OTCD.

Finally, we explored induction of endogenous AQP9 
expression as a physiological alternative to lentiviral 
overexpression. Previous findings of a glucocorticoid- 
responsive element motif in the AQP9 promoter sug-
gest that AQP9 is regulated by the catabolic hormones 
glucagon and glucocorticoids.[16] In agreement, we 
found that glucagon and the potent glucocorticoid 
dexamethasone induce AQP9 expression and urea se-
cretion in hiPSC- Heps (Figure S6A- D).

DISCUSSION

UCDs are rare inborn errors of metabolism caused by 
mutations in one of the UCEs.[34] Affected patients suf-
fer from recurrent and life- threatening hyperammone-
mic decompensations and from severe neurological 
sequelae.[35] In addition to the neurological phenotype 
found in all UCDs, involvement of the liver in the form 
of acute organ failure or chronic hepatic disease is par-
ticularly common in OTCD.[31,36] It has been suggested 
that high ammonia levels contribute to acute liver failure 
observed in more than 50% of patients with OTCD.[31] In 
fact, acute liver failure accounts for a substantial num-
ber of deaths among patients with OTCD, as seen in 
our OTCD_2 patient.[31] Current treatment strategies in-
cluding dietary protein restriction, nitrogen scavengers, 
and avoidance of catabolism are unfortunately not suf-
ficient to fully suppress recurrent metabolic crises and 
the resulting morbidity.[34] Although another therapeutic 
option, liver transplantation, is curative, this approach 
is not only invasive but has several important limita-
tions such as liver donor shortage and requirement of 
life- long immunosuppressive therapy.[37] Thus, alterna-
tive strategies for the treatment of UCDs are needed, 
especially for patients with severe disease and early 
life- threatening hyperammonemic crises. One such ap-
proach could be gene addition or gene editing, and in-
deed adeno- associated viruses were shown to correct 
OTCD in preclinical animal models[38– 40] and are cur-
rently being investigated in clinical trials in adult human 
subjects suffering from mild OTCD (NCT02991144).

In the preclinical phase of treatment development, 
cellular or animal models of the target disease are es-
sential, which prompted us to develop a model of OTCD 
based on patient- derived hiPSC- Heps. By accurately 
replicating the disease at the genetic and functional 
level, such a model would facilitate detailed analyses 
of patient- specific pathophysiology that could inform 
individual risk assessment and disease management, 
including genotype- phenotype correlation. In addi-
tion, a faithful in vitro model of OTCD could be used 

to identify (patient- specific) drugs by high- throughput 
screening.

The gold standard for determining differences in 
urea cycle activity in OTCD and other UCDs is to as-
sess enrichment of secreted [15N]- labeled urea after 
challenging cells with NH4Cl labeled with the stable iso-
tope [15N].[26,41] However, to be able to apply this sen-
sitive assay to OTCD patient- derived hiPSC- Heps, we 
first had to address the question of why hiPSC- Heps 
from normal controls secrete less urea than PHHs.

Human iPSC- Heps resemble fetal rather than mature 
adult hepatocytes.[14] Therefore, we analyzed published 
gene- expression profiles of fetal and adult human liver 
tissues[21] to identify differentially expressed genes 
that could explain the difference in urea secretion be-
tween hiPSC- Heps and PHHs. Although some UCEs 
were expressed at lower levels in hiPSC- Heps than in 
PHHs, their activity appeared sufficient for ammonia 
detoxification. In contrast, we found that AQP9, which 
is required for hepatocyte urea secretion[15,16,29,42– 44] 
and virtually absent in human fetal liver tissue, is insuf-
ficiently expressed in hiPSC- Heps.

Our results demonstrate that lack of AQP9 in hiPSC- 
Heps causes reduced urea secretion and intracellu-
lar accumulation of urea. Overexpression of AQP9 
facilitates urea secretion and normalizes the cellular 
response to ammonia challenge as confirmed by [15N]- 
ureagenesis assay. Thus, normalizing AQP9 expres-
sion facilitates faithful modeling of OTCD and other 
UCDs in hiPSC- Heps in vitro. This finding has impli-
cations for other research fields, as urea secretion is 
commonly used as a marker of hepatocyte function of 
hiPSC- Heps.[1] To search for a potential role of AQP9 
on ammonia metabolism in vivo, we investigated 10 
human liver- tissue samples from patients suffering from 
hyperammonemia of unknown origin. In contrast to 
hiPSC- Heps, AQP9 was highly expressed in all of these 
liver tissue samples. Moreover, no possibly pathogenic 
AQP9 variants were detected in these patients or in the 
HGMD Professional database (QIAGEN) (Figure S7). 
Thus, impaired AQP9 expression is a technical limita-
tion of hiPSC- Heps in vitro but not an obvious disease- 
causing factor in patients.

After overcoming the obstacle of reduced urea se-
cretion in hiPSC- Heps caused by lack of AQP9 expres-
sion, we focused on developing a hiPSC- Hep- based 
model of OTCD. Using hiPSCs from 2 patients with 
OTCD, we found that the characteristic hepatic disease 
phenotype of OTCD, including reduced OTC expres-
sion and activity and diminished ureagenesis, could be 
recapitulated in hiPSC- Heps. We also observed differ-
ences in phenotypical severity between OTCD patient– 
derived hiPSC- Heps, potentially reflecting the complex 
genetics of OTCD, including the impact of X inactivation 
in female patients.[12,34] In addition to low expression 
levels of several UCEs in hiPSC- Heps, hiPSCs from 
the female patient with OTCD appeared more fragile 
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during hepatocyte differentiation and contained more 
vacuoles, suggesting cell toxicity (data not shown). We 
confirmed skewed X inactivation, leading to exclusive 
expression of the mutated OTC gene,[45] in hiPSC- 
Heps generated from two different hiPSC clones (data 
not shown). Thus, the severity of the OTCD phenotype 
in this patient— leading to death from acute liver failure 
at the age of 6 years— was recapitulated in our hiPSC- 
Hep- based disease model.

In OTCD, over 400 mutations have been identified 
that explain the broad spectrum of disease severity.[8] 
Many of the identified mutations are point mutations 
causing reduced enzyme activity. Mutated OTC pro-
tein could be stabilized by small molecule compounds 
functioning as pharmacological chaperones. We re-
cently performed a high- throughput screen in a noncel-
lular system for compounds interacting and stabilizing 
human OTC protein (unpublished data). Our OTCD 
model using patient- derived hiPSC- Heps could be 
used to assess the therapeutic efficacy of the top hits 
from this screen.

In summary, our study identified AQP9 expression 
as a missing factor in urea metabolism in hiPSC- Heps. 
By addressing this roadblock, we established the effi-
cacy for modeling of OTCD of hiPSCs generated from 
patient- derived fibroblasts, which are routinely banked 
in the clinical setting. Our results pave the way for stud-
ies aiming to tailor disease management to individual 
patients with OTCD and develop much- needed new 
drugs.
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