Received: 30 May 2023 Revised: 9 October 2023 Accepted: 10 October 2023

DOI: 10.1002/jimd.12687

ORIGINAL ARTICLE

Datamining approaches for examining the low
prevalence of N-acetylglutamate synthase deficiency
and understanding transcriptional regulation of urea
cycle genes

Ljubica Caldovic?© | JulieJ. Ahn?*® | Jacklyn Andricovic’>® |
Veronica M. Balick*® | Mallory Brayer’® | Pamela A. Chansky®® |
Tyson Dawson®’ © | Alex C. Edwards®®*® | SaraE. Felsen®®® |
Karim Ismat'?® | SvetaV.Jagannathan®® | Brendan T.Mann®’® |
Jacob A. Medina®® | Toshio Morizono'®® | Michio Morizono™® |
Shatha Salameh'"'>©® | Neerja Vashist'?® | Emily C. Williams>?® |
Zhe Zhou'* ©® | Hiroki Morizono'”

!Center for Genetic Medicine Research, Children's National Research Institute, Children's National Hospital,
Washington, DC, USA

*Department of Genomics and Precision Medicine, School of Medicine and Health Sciences, The George Washington University, Washington,
DC, USA

3Department of Anatomy and Cell Biology, The George Washington University School of Medicine and Health Sciences, Washington, DC, USA

“Department of Biochemistry and Molecular Medicine, The George Washington University School of Medicine and Health Sciences, Washington,
DC, USA

5 Department of Biological Sciences, The George Washington University, Washington, DC, USA

The Institute for Biomedical Science, School of Medicine and Health Sciences, George Washington University, Washington, DC, USA
7 AMPEL BioSolutions LLC, Charlottesville, Virginia, USA

8Center for Neuroscience Research, Children's National Research Institute, Children's National Hospital, Washington, DC, USA

“Department of Microbiology, Immunology, and Tropical Medicine, School of Medicine and Health Sciences, George Washington University,
Washington, DC, USA

10College of Science and Engineering, University of Minnesota, Minneapolis, Minnesota, USA

""Department of Pharmacology & Physiology, School of Medicine and Health Sciences, George Washington University, Washington, DC, USA
12Gheikh Zayed Institute for Pediatric Surgical Innovation, Children's National Hospital, Washington, DC, USA

BThe George Washington University Cancer Center, School of Medicine and Health Sciences, George Washington University, Washington, DC, USA

“Department of Civil and Environmental Engineering, The George Washington University, Washington, DC, USA

Correspondence
Hiroki Morizono, Center for Genetic Abstract
Medicine Research, Children's National Ammonia, which is toxic to the brain, is converted into non-toxic urea,

Research Institute, 1 Inventa Pl, Silver

Spring, MD 20910, USA. .
Email: hmorizono@childrensnational.org cycle. In this pathway, N-acetylglutamate synthase (NAGS, EC 2.3.1.1) cata-

through a pathway of six enzymatically catalyzed steps known as the urea

lyzes the formation of N-acetylglutamate (NAG) from glutamate and acetyl

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Journal of Inherited Metabolic Disease published by John Wiley & Sons Ltd on behalf of SSIEM.

J Inherit Metab Dis. 2024;47:1175-1193. wileyonlinelibrary.com/journal/jimd 1175


https://orcid.org/0000-0002-9140-5585
https://orcid.org/0000-0001-5168-6717
https://orcid.org/0000-0003-2945-5095
https://orcid.org/0000-0002-7640-3784
https://orcid.org/0009-0002-0133-0784
https://orcid.org/0000-0002-8169-992X
https://orcid.org/0000-0003-4888-9673
https://orcid.org/0000-0001-8608-0133
https://orcid.org/0000-0003-3208-7860
https://orcid.org/0000-0003-4398-0101
https://orcid.org/0000-0001-5393-0162
https://orcid.org/0000-0003-0694-7353
https://orcid.org/0000-0001-9563-4994
https://orcid.org/0009-0005-2375-0685
https://orcid.org/0009-0005-9452-4060
https://orcid.org/0000-0001-9624-4277
https://orcid.org/0000-0002-1887-270X
https://orcid.org/0000-0002-5561-6553
https://orcid.org/0000-0003-3253-6355
https://orcid.org/0000-0002-9678-5564
mailto:hmorizono@childrensnational.org
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/jimd

ws | WiLEY-_JIY

Funding information

Public Health Service, Grant/Award
Number: K01DK076846; National
Institute of Diabetes Digestive and Kidney
Diseases; National Institutes of Health;
Recordati Rare Disease

Communicating Editor: Manuel Schiff

CALDOVIC ET AL.

coenzyme A. NAGS deficiency (NAGSD) is the rarest of the urea cycle disor-
ders, yet is unique in that ureagenesis can be restored with the drug
N-carbamylglutamate (NCG). We investigated whether the rarity of NAGSD
could be due to low sequence variation in the NAGS genomic region, high
NAGS tolerance for amino acid replacements, and alternative sources of NAG
and NCG in the body. We also evaluated whether the small genomic footprint
of the NAGS catalytic domain might play a role. The small number of patients
diagnosed with NAGSD could result from the absence of specific disease bio-
markers and/or short NAGS catalytic domain. We screened for sequence vari-
ants in NAGS regulatory regions in patients suspected of having NAGSD and
found a novel NAGS regulatory element in the first intron of the NAGS gene.
We applied the same datamining approach to identify regulatory elements in
the remaining urea cycle genes. In addition to the known promoters and
enhancers of each gene, we identified several novel regulatory elements in
their upstream regions and first introns. The identification of cis-regulatory ele-
ments of urea cycle genes and their associated transcription factors holds
promise for uncovering shared mechanisms governing urea cycle gene expres-

KEYWORDS

1 | INTRODUCTION

Ammonia, a neurotoxic product of protein and nucleic acid
catabolism is converted in the liver into non-toxic urea by
the urea cycle using six enzymes and two mitochondrial
solute carriers. The conversion starts in the mitochondria
where carbamylphosphate synthetase 1 (CPS1) and
ornithine transcarbamylase (OTC) catalyze the formation
of citrulline from ammonia, bicarbonate, and ornithine.!
Citrulline is then transported to the cytoplasm by ornithine
transporter (ORNT) which is encoded by the SLC25A15
gene." Argininosuccinate synthase 1 (ASS1) catalyzes for-
mation of argininosuccinate from citrulline and aspartate,
which is transported from mitochondria to cytoplasm by
SLC25A13, also known as citrin or ARALAR2." Arginino-
succinate lyase (ASL) and arginase 1 (ARG1) convert argi-
ninosuccinate into urea and ornithine, which is transported
to mitochondria by ORNT to be a substrate of OTC.'
N-acetylglutamate (NAG), produced by NAG synthase
(NAGS) is an essential allosteric activator of CPS1.**
Genetic defects in any of the urea cycle enzymes and trans-
porters can result in hyperammonemia, which if untreated
can cause irreversible brain injury and death.' The
X-linked OTC deficiency affects approx. 1:60 000-70 000
people*” and is the most prevalent urea cycle defect
(UCD). The prevalence of ASS1 and ASL deficiencies,
which have autosomal recessive inheritance, is estimated to

sion and potentially leading to new treatments for urea cycle disorders.

AMPK, NAGS, NAGS deficiency, nitrogen load, transcriptional regulation, urea cycle

be approx. 1:200 000.” The true prevalence of NAGS and
ARG] deficiencies are unknown and have been estimated
to be 1:950 000 and less than 1:2000 000, respectively, based
on the number of reported cases.” Early interventions to
reduce blood ammonia concentration minimize hyperam-
monemic brain damage. Therefore, swiftly diagnosing every
patient with a UCD is critical for good patient outcomes."®
Diagnosing every patient with NAGS deficiency is espe-
cially important since it is the only UCD where a single
drug, N-carbamylglutamate (NCG), can restore ureagen-
esis.”'® Normalization of the blood ammonia concentration
upon administration of NCG can be used to distinguish
NAGS deficiency from other UCDs.*'" The absence of spe-
cific biochemical markers of NAGS deficiency makes the
diagnosis of the disease challenging and heavily dependent
on DNA sequencing.'* For most cases of NAGS deficiency,
the disease is caused by pathogenic sequence variants in
the exons and splice sites."* The small genomic footprint of
the NAGS gene permitted examination of non-coding
regions for pathogenic sequence variants well before whole
genome sequencing became widely available. This led to
discovery of eight deleterious sequence variants in the
NAGS splicing regions and cis-acting regulatory elements
(cCRE)."*'® Although ureagenesis in patients with NAGSD
can be restored with a single drug, because it is the rarest
UCD, we wanted to determine if genetic or biochemical
factors contribute to the low prevalence of the disease or
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whether an absence of specific biomarkers make diagnosis
of the disease difficult.

Patients with clinical and biochemical symptoms of
OTC, CPS1, ASL, and SLC25A13 (citrin) deficiency for
whom pathogenic sequence variants in the coding
regions and canonical splice sites cannot be found'’*
are likely to have the disease due to genetic defects in the
non-coding regions of those genes. In some of these
patients, deep intronic sequence variants that affect
mRNA splicing have been found through sequencing of
cDNA isolated from their fibroblasts.*® Others have path-
ogenic sequence variants in the cCREs that were identi-
fied using either whole genome sequencing®® or targeted
sequencing of known regulatory elements.'*'®*”** Identi-
fication and functional testing of pathogenic sequence var-
iants in the regulatory regions of urea cycle genes requires
an understanding of their transcriptional regulation. Tran-
scription factors that bind promoters and enhancers of
most urea cycle genes have been identified using reporter
gene and DNA binding assays, transgenic and knockout
animals (Table 1 and references therein). More recently, a
novel regulatory element in the first intron of the NAGS
gene has been identified through data mining of the
ENCODE project results.'* Therefore, we queried the
ENCODE database for transcription factors that bind
known and predicted regulatory elements of urea cycle
genes in the human liver. Knowledge of the regulation of
expression of urea cycle genes will aid in diagnosing
patients with non-coding pathogenic sequence variants.

The transcription and translation of urea cycle genes
are known to be coordinately regulated upon changes in
protein catabolism and ammonia production (nitrogen
load) such as amount of dietary protein intake and/or
altered cellular protein degradation due to illness.”* >
Tabulation of transcription factors known to regulate

expression of urea cycle genes (Table 1) does not easily
yield a molecular mechanism for their coordinated
expression. From the ENCODE database, we identified
several transcription factors that bind to regulatory ele-
ments of all eight urea cycle genes that may be factors in
the molecular mechanism responsible for coordinated
expression of urea cycle genes.

2 | RESULTS AND DISCUSSION
2.1 | Pathogenic and common sequence
variants in the NAGS Gene

NAGS deficiency is an extremely rare inborn error of
metabolism. To date, 105 known cases have been
reported. Sequencing of the NAGS gene has been used to
diagnose NAGS deficiency in 78 patients from 58 families
(Table S1). Additional three patients with NAGS defi-
ciency were reported in 2012 but their genotypes and the
method used to diagnose the disease were not
described.’® NAGS deficiency has been reported in an
additional 20 patients from nine families before a conclu-
sive molecular diagnostic test became available.””*’ Of
the 57 sequence variants found in patients with NAGS
deficiency, 12 were small insertions and deletions that
disrupted the NAGS reading frame and caused premature
termination of NAGS translation, three were mutations
that affected splicing, two affected base pairs in the vicin-
ity of canonical splice sites, 6 were in the NAGS regula-
tory elements, four were nonsense, and 29 were missense
variants (Table S1). The majority (69%) of the patients
with NAGS deficiency are homozygous and 31 had neo-
natal onset disease (Table S1). Clinical and biochemical
symptoms of 98 patients with NAGS deficiency have been

Distal enhancer References

HNF-1, NF-Y [14,109,146]
[111-121]
[124-128,147]
[110,148,149]
[150]

[98,128,151,152]

C/EBP, GR, HNF-3, P3
C/EBP, HNF-4, COUP-TF

C/EBP, P1, P2, NF-Y

TABLE 1 Transcription factors that regulate expression of urea cycle genes in adult liver cells.
Transcription factors
Gene Transcription initiation Promoter and proximal enhancer
NAGS SP1 CREB, FXR
CPS1 TATA GR, C/EBP
OTC TATA HNF-4, COUP-TF, SP1, C/EBP
ASS SP1 AP2 CREB
ASL SP1 NF-Y
Argl SP1 C/EBP, NF-Y, NF-1
ORNT = -
Citrin SP1 USF1, HNF3b

= [122,123]

Note: Involvement of transcription factors in regulation of urea cycle genes was examined using reporter gene assays, DNA binding assays, and transgenic and

gene knockout animals.

#Querying PubMed and Google Scholar with ([ornithine transporter OR SLC25A15] AND [enhancer OR promoter]) yielded no results.



ws | WiLEY_[IB

CALDOVIC ET AL.

reviewed recently.'” Query of the gnomAD database™
revealed four common sequence variants (MAF>1%) in
the coding region, introns, and 3'-untranslated region of
the human NAGS gene (Table S2).

Since NAGS deficiency is the only UCD where
ureagenesis can be restored with a single drug, we
considered factors contributing to the small number of
diagnosed patients compared to other UCDs. We hypoth-
esized that these factors might include genetic and bio-
chemical properties of the human NAGS gene and
enzyme such as natural variation of the NAGS locus, tol-
erance of NAGS to amino acid substitutions, the amount
of NAG sulfficient for effective ureagenesis, and/or alter-
native sources of either NAG or NCG. At the same time,
we could not rule out the small number of diagnosed
patients with NAGS deficiency could be due to the
absence of specific biomarkers of the disease and clinical
symptoms such as nausea, vomiting, lethargy, irritability,
and ataxia present in hyperammonemia, which is rare,
but also occur in more frequently seen conditions."*?

2.2 | Natural variation in the NAGS
genomic region

Human NAGS gene and/or the surrounding genomic
region may be more resistant to DNA sequence changes
than other genomic regions resulting in fewer NAGS
sequence variants. We tested this hypothesis in two ways:
by comparing frequencies of sequence variants in geno-
mic regions harboring NAGS, CPS1, and ARGI genes and
by comparing the frequency of synonymous, missense,
and nonsense variants in NAGS, CPS1, and ARGI coding
regions in individuals without known genetic diseases.
The analysis focused on these three urea cycle genes
because their only known function is in the urea cycle
and because of their autosomal locations.*>** To compare

the frequency of sequence variants in genomic regions
harboring NAGS, CPS1, and ARGI, we obtained data
from the 1000 Genomes Project™® using the chromosomal
locations of sequence variants within human NAGS,
CPS1, ARGI, and 50 kb flanking each gene (Table S3).
Each genomic region was then divided into 2500 bp
intervals followed by counting the number of sequence
variants in each 2500 bp interval (Figure S1). The fre-
quencies of sequence variants in genomic regions harbor-
ing NAGS, CPS1, and ARG, reported as the number of
sequence variants in each 2500 bp interval along the
three genomic regions, were similar (Figures 1A and S1).

To compare natural variation within NAGS, CPSI,
and ARGI coding regions, we obtained lists of synony-
mous, missense, and nonsense variants in each protein
from gnomAD* (Tables S4-S6) and mapped their posi-
tions on the protein sequences of NAGS, CPS1, and ARG1
(Figures S2-S4). The frequency of synonymous, missense,
and nonsense variants, calculated as the number of variants
per 100 amino acids were similar for NAGS, CPS1, and
ARG]1 proteins (Figures 1B and S2-S4). The distribution of
synonymous and missense variants was uniform across the
entire length of all three proteins (Figures S2-S4). Addition-
ally, the proportion of NAGS, CPS1, and ARG1 amino acid
positions affected by synonymous, missense and nonsense
variants were similar (Figures 1B and S2-S4).

Given similar rates of natural variation in the NAGS,
CPS1, and ARG1, an explanation for the small number of
patients with NAGS deficiency could be the small size
of the NAGS domain responsible for substrate binding
and catalysis.>* In addition to the mitochondrial targeting
signal and variable segment, NAGS has two structural
domains, the N-acetyltransferase (NAT) domain that
binds substrates and catalyzes NAG formation and the
amino acid kinase (AAK) domain that binds NAGS allo-
steric activator arginine.'>>*">* The mitochondrial target-
ing signal, variable segment, and AAK domain map to

(A) NAGS, CPS1and ARG1 (B)
Variant Frequency Comparison
NAGS | CPS1 | ARG1

100 Number of exons 7 38 8
‘_é’ Protein length 534 1500 332
£ 80+ Missense variants 262 745 186
) Synonymous variants 152 3 72
fg Nonsense variants 14 16 5
% 80 Variants per 100 amino acids:
= * missense 49 50 56
5 40 * synonymous 28 23 22
S Fraction of amino acids
g 2 affected by variants (%) 745 4 751

I I I
NAGS CPS1 ARG1

FIGURE 1

Natural variation of NAGS, CPS1, and ARGI. (A) Number of sequence variants in 2500 bp intervals within genomic regions

harboring NAGS, CPS1, and ARG1 genes. (B) Comparison of the numbers of sequence variants in the coding regions of NAGS, CPS1, and ARGI.
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residues 1-372 or 69.5% of the NAGS sequence while the
NAT domain maps to residues 376-534 or 29.5% of the
NAGS sequence.’>” In gnomAD, missense variants are
uniformly distributed across the length of NAGS;
177 (68%) missense variants map to the mitochondrial
targeting sequence, variable segment, and AAK domain,
while 84 (32%) map to the NAT domain.

The NAT domain is disproportionately affected by
pathogenic missense variants'>%; it harbors 14 of the
28 missense variants found in patients with NAGS defi-
ciency (Table S1). Variants p.L442V, p.W484R, p.S410P,
and p.R414P affect residues that bind NAGS substrates
and catalyze NAG formation.’® Variants p.G457D and
p-L430P reduced solubility of the recombinant bacterial
NAGS homolog>* while p.T431I and p.R509Q variants
reduced enzymatic activity and increased the K, for gluta-
mate in recombinant human NAGS.”” Four of the remain-
ing six variants (p.L319R, p.S398C, p.E433S, and p.E433G)
affect amino acids conserved in eukaryotic and vertebrate-
like bacterial NAGS, while the remaining two (p.Y512C,
and p.A518T) affect residues that are not highly con-
served.’® Variant p.E360D in the AAK domain affects allo-
steric regulation of NAGS due to reduced bunding of
arginine,'>>*° the p.350I variant increased stability while
variants p.V173E, p.P260L, and p.I1291L reduced solubility
and/or stability of the bacterial NAGS homolog.>> Com-
pared to NAGS, the catalytic and regulatory domains of
CPS1 and ARGI1 are 1084 and 322 amino acids long,
respectively.®>®! The larger sizes of CPS1 and ARG1 cata-
lytic domains than the NAGS NAT domain and similar
rates of natural variation of NAGS, CPSI1, and ARGI could
be sufficient to explain the low prevalence of NAGS defi-
ciency compared to CPSI and ARGI deficiencies.

2.3 | Only select NAGS variants result
in NAGS deficiency

Since NAG is an essential allosteric activator of CPS1, a
small amount could suffice to activate CPS1 and initiate
efficient ureagenesis.” In vitro biochemical characteriza-
tion of mutant NAGS proteins found in patients with
NAGS deficiency revealed that residual NAGS activity of
5% can result in milder, late-onset disease in some indi-
viduals.®® Given that such low enzyme activity can result
in late-onset disease suggests that NAGS variants retain-
ing significantly greater specific activity may not result in
a noticeable disease phenotype. We addressed this by
examining the NAGS tolerance to amino acid substitu-
tions and potential for alternative sources of either NAG
or NCG in the body.

Most amino acid replacements in human NAGS may
not result in a marked reduction of its enzymatic activity

and NAGS deficiency because the NAGS protein fold can
tolerate substitutions of amino acids. A corollary to this
would be an expected lower conservation of NAGS
compared to CPS, OTC, and arginase across phyla. We
compared the degree of protein sequence conservation of
NAGS, CPS, OTC, and arginase because their only known
functions in humans are in the urea cycle and arginine bio-
synthesis.”® Protein sequences of NAGS, CPS, OTC, and
arginase were collected from 58 species of bacteria, fungi,
plants, invertebrates, and vertebrates (Table S7) and the per-
cent sequence identity was calculated for all pairs of protein
sequences and visualized as heatmaps (Figure 2). Bacterial
species that were included in the analysis were chosen
because their NAGS proteins were either characterized
biochemically”®®*® or have known three-dimensional
structure®® although the genomes of Neisseria gonor-
rhoeae, Escherichia coli, Pseudomonas aeruginosa, and Ral-
stonia eutropha do not encode an arginase gene. The overall
sequence identity among NAGS proteins across a wide
range of phyla was lower than sequence identities between
either carbamylphosphate synthetase, OTC, or arginase pro-
teins from the same organisms (Figure 2). Conservation of
carbamylphosphate synthetase, OTC, and arginase oligo-
merization states across phyla could contribute to the higher
degree of their sequence conservation. Carbamylphosphate
synthetase from E. coli and human CPS1 can form dimers

through their allosteric domains®*®’; mammalian and bacte-
rial anabolic OTC are trimers®"%; eukaryotic and some bac-
61,74,75

terial arginases are trimers, arginase from Helicobacter
pylori is a monomer’® while arginases from hyperthermo-
philes form hexamers.”””® However, neither H. pylori nor
hyperthermophiles with hexameric arginases have genes
with sequence similarity to E. coli N-acetylglutamate
synthase. The NAGS protein fold appears to be more toler-
ant to changes in amino acid sequence and oligomerization
states than carbamylphosphate synthetase, OTC, and argi-
nase since NAGS monomers from different organisms have
similar three-dimensional structures with only about 20%
sequence identity and can form either hexamers or tetra-
mers.*® 7 This tolerance of NAGS structure to amino acid
substitutions suggests that many NAGS variants may have
sufficient residual activity to avoid hyperammonemia.

The incidence of NAGSD is similar to incidences of
citrin and ORNT deficiencies,” two conditions where other
amino acid transporters may compensate for the defects in
the two transporters. The earliest studies of the urea cycle
postulated that NCG was essential for urea produc-
tion.®>®! Subsequent studies identified N-acetylaspartate
(NAA) as an activator of CPS1%? and NAG as the essential
allosteric activator of CPS1.” If another enzyme could cata-
lyze the formation of either NAG or NCG in hepatocytes,
perhaps as a moonlighting function, NAGS deficiency
would manifest in humans only if both enzymatic
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Conservation of NAGS (A), carbamylphosphate synthetase (CPS; B), OTC (C) and arginase (ARG; D) protein sequences in

58 species of mammals, reptiles, amphibians, fish, invertebrates, fungi, plants, and bacteria. The species names are listed along the x- and
y-axes as well as in Table S7. Genomes of E. coli, P. aeruginosa, R. eutropha, and N. gonorrhoeae do not have arginase genes.

activities are reduced or absent. While it is possible that
humans possess a second enzyme with the ability to cat-
alyze the formation of allosteric activators of CPS1 that
is not present in mice, this is unlikely given the similar
phenotype of other urea cycle disorders in humans
and mice and the Mendelian segregation of NAGS
knockout allele in mice.**® NAA and NAG are brain
metabolites®*®” that have been detected in the blood.***

Therefore, it is possible that circulating NAA and NAG
can enter hepatic mitochondria and activate CPS1,
although cytoplasmic deacetylases® may decrease the
efficiency of this process.

In some bacteria, NCG can be formed by L-hydantoinase
as an intermediate of histidine catabolism” (Figure 3). NCG
has been detected in the metabolomes of the human gut and
oral microbiota.”® ** Therefore, it is possible that NCG could
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be produced by the human microbiota, absorbed, and
transported to the liver to activate CPS1.

2.4 | Under-diagnosis of NAGS
deficiency

While structural and biochemical properties of NAGS
protein could contribute to the small number of patients
diagnosed with NAGS deficiency, we hypothesize that
the difficulty of diagnosis due to the absence of specific
biochemical markers may be the main reason for the
observed low incidence of the disease. Therefore,

o
NWO Histidine
\

Histidine ammonia-lyase

Urocanate

\_NH o

Urocanate hydratase

4-imidazolone-

>‘NH L-hydantoinase 0
NMO HN o 5-Propanoate
) \=

Imidazolone propionase

(0] o}
N-formimino-
o 0 L-glutamate
Formimino glutamase

L-glutamate
o

(o]
(o]
(o]

NH,

N-carbamyl-L-glutamate as a product of histidine catabolism in bacteria. Enzyme names are shown in gray and blue.

increasing awareness that nausea, vomiting, lethargy,
irritability, and ataxia are clinical symptoms of hyperam-
monemia together with increased genetic testing could
lead to an increase in diagnosis of all urea cycle disorders
including NAGS deficiency. Although most of the patho-
genic NAGS sequence variants reside in the coding region
and splice sites, 10% have been found in the NAGS regu-
latory regions through a combination of targeted
sequencing and data mining.'*'*'® Two NAGS regula-
tory elements, located 3 kb upstream of the NAGS tran-
scription start site and in the first intron of NAGS, have
been identified based on the presence of pathogenic
sequence variants in patients with NAGS deficiency.'>'*
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FIGURE 4 Transcriptional regulation of urea cycle genes in human liver tissue. Chromatin accessibility (ATAC-Seq), binding of cohesion
complex subunits CTCF and RAD21, binding of transcription factors HNF4a, SP1, and RXRa, and binding of the 2A subunit of RNA polymerase
I (POLR2A) are shown for the following genomic regions: NAGS (chr17:43994838-44 005 554); CPS1 (chr2:210520320-210 563 758); OTC
(chrX:38335687-38 353 060); ASSI (chr9:130438404-130 446 866); ASL (chr7:66049813-66 078 206); ARG1 (chr6:131533519-131 576 359);
SLC25A15 (chr13:40776255-40 790 513); SLC25A13 (chr7:96320513-96 332 077). Characterized regulatory elements: promoters—tan;
enhancers—gray. Predicted cCRESs: promoters—red, proximal enhancers—orange, distal enhancers—yellow, CTCF binding sites—blue.

However, patients with NAGS deficiency do exist with only

negative effect on NAGS function,” the presence of
pathogenic sequence variants in yet-to-be-discovered regu-
latory elements cannot be ruled out. Specific epigenetic

a single mutant NAGS allele (Table S1). While it is possible
that sequence variants in these patients have a dominant
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histone modifications and binding of transcription factors
are hallmarks of the cis-acting gene regulatory elements
identified in the ENCODE project.”® Since the ENCODE
project has been instrumental in rationalizing a functional
basis for several pathogenic non-coding sequence variants
found in patients with NAGS and OTC deficiencies, we
sought to identify novel regulatory elements in all eight
urea cycle genes by data mining of the ENCODE database.

2.5 | Datamining ENCODE to identify
novel regulatory elements of urea
cycle genes

Since a combination of DNA sequencing and datamining
approaches led to identification of two NAGS regulatory
elements, we queried the UCSC Genome Browser for
candidate cCREs predicted to regulate urea cycle gene
expression and the ENCODE database for transcription
factors that bind to regulatory elements of urea cycle
genes. Our goals were to identify novel regulatory ele-
ments of urea cycle genes and transcription factors that
govern coordinated expression of urea cycle genes in
response to changes in protein catabolism.

Identification of cCREs in the ENCODE project was
based on epigenetic data from cell lines and human tissues
such as the locations of DNase hypersensitive sites, DNA
methylation and histone modifications.”” Some of the
cCREs mapped to known, experimentally identified pro-
moters and enhancers of NAGS, CPS1, OTC, ASS1, ASL,
and SLC25A13 (citrin) genes (Figure 4, gray and tan high-
lights and references in Table 1). Interestingly, none of the
cCREs mapped to the ARGI promoter (Figure 4). This
could be because expression of ARG1 is liver specific”®*’
and the location of the ARG1 promoter could not be pre-
dicted using epigenetic data from cell lines and tissues that
do not express the gene. Next, we queried the ENCODE
database for transcription factor binding and chromatin
accessibility in the regulatory regions of urea cycle genes
in human liver tissue. DNA binding data were available
for 16 transcription factors, CTCF and RAD21 chromatin
modifiers, and RNA polymerase subunit 2A (POLR2A)
(Table 2 and Figures 4 and S5-S12). We also collected
DNase-Seq and ATAC-Seq data about chromatin accessi-
bility in the upstream regulatory regions of urea cycle
genes in the liver. DNase-Seq and ATAC-Seq peaks coin-
cided with some, but not all, cCREs (Figures 4 and
S5-S12). The cCREs that do not coincide with DNase-Seq
and ATAC-Seq peaks may regulate expression of urea
cycle genes in other tissues or indicate aberrant expression
of urea cycle genes in cancer cells and cell lines.'* %

Chromatin modifiers CTCF and RAD21 are compo-
nents of the cohesion complex that binds chromatin
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insulators to regulate chromatin organization into
topologically associating domains'*”'® (TADs). Chromatin
insulators and TADs prevent interactions between pro-
moters and distant regulatory elements from a different
gene.'”'® CTCF and RAD21 bind to predicted chromatin
insulator upstream of the CPSI gene and to predicted
enhancers in the upstream regions of other urea cycle genes
(Figures 4 and S6). It is possible that cCREs that bind CTCF
and RAD21 act as chromatin insulators of urea cycle genes
in the liver but not in other cell types.

Of the 16 transcription factors whose DNA binding
was analyzed in human liver, SP1, CREB, HNF3,
COUP-TF, and HNF-4 were known to bind to, and regu-
late expression of urea cycle genes (Table 1). As expected,
transcription factor SP1 was bound to promoters of
NAGS, ASS1, ASL, ARG1, and SLC25A13 (citrin) genes
that lack the TATA-box motif (Figures 4, S5, S8-S10, and
S12). However, SP1 was also bound to CPSI and OTC
promoters which do have the TATA-box (Figures 4 and
S6, S7) as well as to enhancers of NAGS, CPS1, OTC,
and ASS1 that were not previously known to bind this
transcription factor (Figures 4 and S5-S8). ChIP-Seq
peaks that indicate CREB binding to NAGS promoter®’
and ASSI enhancer''® were absent from the ENCODE
data. This discrepancy could be due to the different
experimental systems used in characterization of NAGS
and ASS1 transcriptional regulation and in the ENCODE
project. Transcriptional regulation of NAGS and ASS1
genes was studied in HepG2 and HuH7 hepatoma cell
lines which recapitulate many, but not all, characteristics
of transcriptional regulation of urea cycle genes in hepa-
tocytes. Transcription factor HNF-3p was bound to CPS1
enhancer (Figure S6) and to SLC25A13 (citrin) promoter
(Figure S12) as expected from previous studies.''’™'**
HNF3p also bound to cCREs located approx. 5.5 and
10 kb upstream of the SLC25A13 (citrin) promoter
(Figure S12). ENCODE data also indicate that transcrip-
tion factors HNF3a and HNF3p regulate expression of
ARGT1 (Figure S10 and Table 2). Both transcription factors
were bound to ARGI promoter and a cCRE located
approx. 25 kb upstream of the ARGI promoter. HNF3«
and HNF3p binding sites were also present approx. 15 kb
and 20 kb upstream of the ARGI promoter in the same
location as DNase-Seq and ATAC-Seq peaks (Figure S10).
COUP-TF is a negative regulator of OTC"** and its bind-
ing was not detected in the human liver tissue (Table 2).
The COUP-TF transcription factor appears to regulate
expression of ASSI and SLC25A15 (ORNT) genes. For
ASS1, COUP-TF bound in two sites, one located at a cCRE
approximately 13 kb and another site approximately 4 kb
upstream of the promoter. The latter COUP-TF binding site
was in the same location as DNAse-Seq and ATAC-Seq
peaks (Figure S8). For SLC25A15 (ORNT), the COUP-TF
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TABLE 2

NAGS CPS1 oTC
ATF3/CREB - +42 +/-°
COUP-TF2 - +/— =
EGRI1Y - +/— -
GABPA - - -
HNF3a - +/— -
HNF3p - ++ =
HNF4a ++ ++ ++
HNF4y +/— = +/—
JUND - ++ ++
MAX +/— ++ =
REST +/- ++ ++
RXRa ++ S ++
SP1 ++ ++ ++
TAF1 +/— +/— =
YY1 +/— ++ +/-
ZBTB33 - +/— =
Data visualization Figure S5 Figure S6 Figure S7

“Fold Change over Control >20.
PFold Change over Control 10-20.
“Fold Change over Control <10.

Transcription factors that bind to experimentally verified and predicted regulatory elements of urea cycle genes.

ASS1 ASL ARG1 ORNT Citrin
- - ++ - +/-
++ - 4= ++ A=
- - +/— +/— +/=
- - - ++ /=
- - ++ - +/=
- 4= ++ IH/= ++
++ ++ ++ ++ ++
/= /= /= - -
+/—- - ++ ++ ++
4= - ++ A= A=
++ +/- ++ - ++
++ ++ ++ ++ ++
++ ++ ++ ++ ++
++ ++ ++ IH/= A=
+/- +/- ++ ++ +/=
- - ++ - A=
Figure S8 Figure S9 Figure S10 Figure S11 Figure S12

dChIP-seq peaks not visualized in Figures S5-S12 because of the low signal in most urea cycle genes.

binding site was approximately 5kb upstream of the
predicted ORNT promoter and in the same location as
DNAse-Seq and ATAC-Seq peaks (Figure S11). HNF-4a was
bound to OTC promoter and enhancer (Figures 4, S7, and
Table 2), which is consistent with the known role of this
transcription factor in regulation of OTC expression.'** '
The ENCODE data also revealed strong binding of JunD,
MAX, REST, TAF, YY1, and ZBTB33 transcription factors to
cCREs in urea cycle genes (Table 2 and Figures S5-S12).
Each of the six transcription factors binds cCREs in subsets
of urea cycle genes and their role in regulation of ureagenesis
remains to be determined. Such studies will require an
improved model system that recapitulates the hepatocyte
nuclear environment more closely than the shortcomings
seen with HepG2 and HuH7 cells.

Since our analysis revealed novel cCREs and involve-
ment of additional transcription factors in regulation of urea
cycle gene expression we next compared expression patterns
of urea cycle genes in human tissues to known expression
patterns in model organisms. RNA-seq and quantitative pro-
teomics data from 19 human tissues were retrieved from
the GTEx database. Tissue-specific expression patterns
between human, mouse, and rat tissues for citrin and six
urea cycle genes that encode urea cycle enzymes were simi-
lar (Figure S13). As for these rodents,””'**** urea cycle
enzymes, and SLC25A13 (citrin) are highly expressed in

human liver (Figure S13). Human and rodent NAGS/Nags,
CPS1/Cpsl, and OTC/Otc mRNA and proteins are expressed
in the small intestine where they function in citrulline
biosynthesis'***** (Figure S13). Expression of human and
rodent ASS1/Assl, ASL/Asl, and SLC25A13/Slc25A13
(citrin) mRNA and proteins in the kidney and small intes-
tine suggests similar functions of the three genes in arginine
biosynthesis®*>'** (Figure S13). The tissue specificity of
ORNT gene expression has only been studied in humans.'*®
Despite some differences in the biochemical symptoms of
patients with ARG1 and citrin deficiencies and phenotype of
Argl and citrin knockout mice,"**'*” similar expression pat-
terns of urea cycle genes suggest conservation of regulatory
mechanisms of gene expression between humans and
rodents. Therefore, cultured cells and animal models could
be used to examine the involvement of JunD, MAX, REST,
TAF, YY1, and ZBTB33 in the regulation of ureagenesis.

2.6 | Molecular mechanisms
coordinating regulation of urea
cycle gene expression

The urea cycle is involved in detoxification of the ammo-
nia produced in the catabolism of proteins and amino
acids which allows them to be used as an energy source.



CALDOVIC ET AL.

ey Wi ]_Eyjﬂ

(A) Protein
Catabolism

NH,
NAGS—, (pg1 l/HCOB_+2ATP

Carbamylphosphate

Ornithine OTC Gitruline

ATP+A
Urea Ass\/ P
ARG1 Argininosuccinate

Arginine\,M\)AMP

AMPK

(B) Increased Expression of PGC-1
;. Gene Chip g qRT-PCR
p=0.0250 p=0.0498
6
57 S
& ) ks
2
5 0
0 30 60 120 0 30 60 120
Time after a meal (min.) Time after a meal (min.)
(C) PGC-1a interactions with transcription factors

HNF4o, RXRa and YY1

Increased expression
of urea cycle genes
and proteins

FIGURE 5 Molecular mechanism of urea cycle adaptation to changing nitrogen load. (A) Increased flux through the urea cycle results
in increased production of AMP by ASS1, which activates AMPK. ARG1, arginase 1; ASL, argininosuccinate lyase; ASS, argininosuccinate
synthase; CPS1, carbamylphosphate synthetase; NAGS, N-acetylglutamate synthase; OTC, ornithine transcarbamylase. (B) Expression of
Pgc-1a mRNA in mice fed either a high (teal) or low (orange) protein diet. The Pgc-1a mRNA abundance was measured using Affymetrix
microarrays (left) and validated using qRT-PCT (right). (C) Interactions between Pgc-1a and transcription factors HNF4a, RXRa, and YY1
could result in increased expression of urea cycle genes and their products.
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In rodents and non-human primates, the changes in
dietary protein intake and in the catabolism of cellular
proteins, commonly referred to as nitrogen load, cause
the expression of urea cycle genes and the abundance of
urea cycle enzymes to adapt in response.”*>* As the flux
through the urea cycle increases, the increased produc-
tion of AMP from the ASS1-catalyzed formation of argini-
nosuccinate has been shown to activate AMP-activated
kinase (AMPK)"*® (Figure 5A). Since the AMPK signaling
cascade affects multiple transcription factors that regulate
expression of genes in carbohydrate and metabolism, we
reasoned the adaptation of the urea cycle to changes in
nitrogen load could involve one or more transcription fac-
tors common to all urea cycle genes. Transcription
factors SP1, RXRa, HNF4a, and YY1 bind to regulatory ele-
ments of all eight urea cycle genes (Table 2 and Figure 4)
and we sought published confirmation of which of these
four transcription factors are targeted by the AMPK signal-
ing cascade. SP1 is a target of AMPK signaling in hepato-
cytes'*® and glioblastoma cells."** Therefore, we hypothesize
that AMPK signaling could upregulate urea cycle genes
through SP1 in response to changing nitrogen load. The
activity of HNF4a in the liver is regulated by AMPK and
mediated by the phosphorylation of peroxisome proliferator-
activated receptor gamma coactivator la (PGC-1ar)."*! Phos-
phorylated PGC-1a interacts with many transcription fac-
tors, including HNF4a, RXRa, and YY1, to regulate genes
involved in the adaptation to changes in cellular state and/or
environment."*''** PGC-1a is also one of the genes in our
experiments that were markedly upregulated in the livers of
mice fed a high protein diet.* Upregulation of Ppargcla
mRNA, which encodes PGCla, was detected using microar-
ray transcriptional profiling and validated by gqRT-PCR
(Figure 5B). Therefore, we propose the following model of
urea cycle adaptation to changing nitrogen load: AMPK reg-
ulates expression of urea cycle genes directly via SP1 and
indirectly via PGC-1a dependent interactions with transcrip-
tion factors HNF4a, RXRa, and/or YY1 (Figure 5C). This
model requires experimental verification using animal
models and cultured cells adapted to different nitrogen
loads. Understanding how the urea cycle genes are coordi-
nately regulated in response to changing nitrogen load can
lead to new therapeutic approaches that will stimulate urea-
genesis in patients with hyperammonemia due to liver fail-
ure and inborn errors of protein catabolism.

3 | CONCLUSIONS

A combination of small sequence length of the NAGS
catalytic domain, non-specific clinical symptoms of
hyperammonemia, biochemical symptoms, elevated
ammonia and glutamine, and low citrulline in the blood,

that are shared with other urea cycle disorders appear to
be the primary basis for the low incidence of NAGS defi-
ciency compared to other urea cycle disorders. Since
NAGS deficiency is the only urea cycle disorder that can
be treated with a single drug, understanding these factors
is important in order to identify every patient with the
disease. Rapid genomic sequencing in combination with
reliable functional testing and annotation of NAGS
sequence variants will aid in making diagnoses. Our
search for cCREs began with two patients with clinical
and biochemical symptoms of urea cycle disorders but no
pathogenic sequence variants in the coding regions and
splice sites of urea cycle genes, which led to the identifi-
cation of two NAGS regulatory regions. This in turn
prompted a wider investigation of urea cycle gene regula-
tion by data mining of the ENCODE database. We identi-
fied four transcription factors that regulate all eight urea
cycle genes, and uncovered a plausible role for AMPK
signaling, upregulation of PGC-la and its interactions
with one or more of the four transcription factors as the
molecular mechanism for adaptation of ureagenesis to
changing nitrogen load.

4 | MATERIALS AND METHODS

41 | Datamining

GnomAD database was queried for NAGS, CPS1, and
ARG]1 missense, synonymous and nonsense variants and
the lists of variants were downloaded as CSV files. Single
nucleotide variants in genomic regions surrounding
NAGS, CPS1, and ARG1 genes were retrieved using the
UCSC Genome Browser Table Browser tool. Lists of sin-
gle nucleotide variants were retrieved from 1000G Ph3
Vars track and tgpPhase3 table for genomic regions
chr17:43954622-44 059 068, chr2:210506599-210 729 107,
and chr6:131523226-131 634 329 of the GRCh38/hg38
human genome assembly. Clustal Omega and default
parameters were used for multiple sequence alignments
of NAGS, CPS, OTC, and arginase proteins from 58 organ-
isms. Percent Identity Matrices, generated by Clustal
Omega, were used to visualize conservation of the four
proteins.

The ENCODE Project Functional Genomics Portal
was queried for the availability of data for DNase sensi-
tivity and hypersensitivity sites, CTCF binding sites, RNA
polymerase II, and transcription factor binding sites in
the human liver. The following filters were applied to
ENCODE Experimental Matrix: DNA binding and DNA
accessibility for assay type; TF-ChIP-seq, DNase-seq, and
ATAC-seq for assay title; Homo sapiens for Organism,; tis-
sue for biosample classification; liver for biosample; liver
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for organ. BigWig fold-change files for biological and
technical replicates for the following ChIP-Seq experi-
ments were down-loaded: CTCF, RAD21, RNAP2A, ATF3,
COUP-TF2, EGR1, GABPA, HNF3a, HNF3p, HNF4a,
HNF4y, JUND, MAX, REST, RXRa, SP1, TAF1, YY1,
ZBTB33 as well as DNase-seq, ATAC-seq. Visualization of
the ChIP-Seq data was carried out using custom Python
scripts, available at https://github.com/MIMORO02/bigwig-
file-vizualizations, as described before.!**

4.2 | Pgc-la gene expression analysis

The Institutional Animal Care and Use Committee of the
Children's National Hospital approved all experimental
procedures involving mice. All institutional and national
guidelines for the care and use of laboratory animals
were followed.

Transcriptional profiling used to determine differen-
tially expressed genes, including Pgc-1a, in the livers of
mice fed high and low protein diets on a restricted feed-
ing schedule (18 h feeding and 6 h fasting) and validation
of the expression changes have been described previ-
ously.”® Four mice per diet were analyzed at each time
point (fasting, 30, 60, and 120 min after a meal) for a total
of 32 animals. RNA was isolated from frozen livers using
TRIzol reagent (Invitrogen), converted into cDNA,
labeled with biotin and hybridized to GeneChip Mouse
Genome 430 2.0 (Affymetrix). Fluorescent images were
scanned and analyzed using Probe Microarray Suite
(MAS) version 5.0. Partek software package (Partek
Incorporated) was used to identify differentially
expressed genes in the livers of mice fed high and low-
protein diets.”® Normalized fluorescence intensities for
the probe set 1456394_at were used to visualize the
Pgc-1a gene expression in Figure 5C.

The Pgc-1a mRNA expression differences in the livers
of mice fed high and low protein diets were validated
using RNA extracted with Trizol Reagent (Invitrogen)
from a separate set of 32 liver samples.” Pgc-la tran-
scripts were quantified using Applied Biosystems 384 cus-
tom gene card array on a 7900HT Fast Real-Time PCR
System (Applied Biosystems, Inc.). The AAC, method'*®
was to calculate the difference in Pgcla gene expression
levels. GraphPad Prism and two-way ANOVA were used
for statistical analysis.
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