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Abstract

In mitochondria, carbamoyl-phosphate synthetase 1 activity produces carbamoyl phosphate for urea synthesis, and deficiency
results in hyperammonemia. Cytoplasmic carbamoyl-phosphate synthetase 2, however, is part of a tri-functional enzyme
encoded by CAD; no human disease has been attributed to this gene. The tri-functional enzyme contains carbamoyl-phosphate
synthetase 2 (CPS2), aspartate transcarbamylase (ATCase) and dihydroorotase (DHOase) activities, which comprise the first three
of six reactions required for de novo pyrimidine biosynthesis. Here we characterize an individual who is compound heterozygous
for mutations in different domains of CAD. One mutation, c.1843-1G>A, results in an in-frame deletion of exon 13. The other,
€.6071G>A, causes a missense mutation (p.Arg2024Gln) in a highly conserved residue that is essential for carbamoyl-phosphate
binding. Metabolic flux studies showed impaired aspartate incorporation into RNA and DNA through the de novo synthesis
pathway. In addition, CTP, UTP and nearly all UDP-activated sugars that serve as donors for glycosylation were decreased. Uridine
supplementation rescued these abnormalities, suggesting a potential therapy for this new glycosylation disorder.

Introduction

Six enzymatic reactions are required for de novo pyrimidine
biosynthesis, an essential step in the synthesis of nucleotides
including uridine triphosphate (UTP) and cytosine triphosphate
(CTP) (Fig. 1A). The pyrimidines are mainly utilized for de novo
DNA and RNA synthesis, but UTP is also used to make UDP
nucleotide sugars for glycosylation (1,2).

The first three of six enzymatic steps are carried out by CAD,
which is synthesized as a single large polypeptide with three
highly conserved enzymatic activities: carbamoyl-phosphate
synthetase 2 (CPS2), aspartate transcarbamylase (ATCase) and
dihydroorotase (DHOase) (3-6). The fourth step occurs within
the inner mitochondrial membrane where dihydroorotate de-
hydrogenase (DHODH) catalyzes dihydroorotate into orotate (7).

Uridine monophosphate synthetase (UMPS) is a dual functioning
protein with N-terminal orotate phosphoribosyltransferase ac-
tivity and C-terminal OMP decarboxylase activity (8,9). UMP
then serves as a substrate for subsequent steps that lead to
the synthesis of UDP and ultimately UTP. These substrates can
also be derived directly from uridine via the pyrimidine salvage
pathway (10).

Extremely rare human genetic disorders occur in the last three
steps of the highly regulated, de novo pathway. Miller syndrome
(also known as Genee-Weidemann or postaxial acrofacial dysos-
tosis syndrome) (MIM-263750) was the first Mendelian disorder
solved via whole exome sequencing; causal mutations were iden-
tified in DHODH (MIM-126064) (11). Miller syndrome is character-
ized by postnatal growth deficiency, micrognathia, ear and eye
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Figure 1. Schematic of the de novo pyrimidine biosynthesis pathway. UDP4003 Pedigree and characterization of CDAII/HEMPAS like phenotype. (A) Diagram showing the
de novo pyrimidine biosynthesis pathway with known disorders highlighted with an (X) over the arrow. (B) Peripheral blood smear showing abnormal erythrocytes with
characteristics of varying sizes and abnormal shapes (anisopoikilocytosis), spiked cell membrane (acanthocytes) and fragmented with pointed ends (schistocytes)
resulting in a dyserythropoietic anemia phenotype. (C) Western blot analysis of RBC proteins, RhAG and Band-3, showing slower migration consistent with abnormal

glycosylation.

anomalies, skeletal defects and gastrointestinal problems such as
intestinal malrotation (11-13). Interestingly, individuals with fetal
exposure to methotrexate, a known inhibitor of purine biosyn-
thesis, also have malformations commonly seen in Miller syn-
drome (11). Likewise, treating mice with leflunomide, a specific
inhibitor of DHODH activity, recapitulates the highly penetrant
limb and craniofacial malformations present in Miller syndrome
(13). Co-administration of uridine with leflunomide reverses this
phenotype, butitis unknown if administering uridine can reverse
the any of the phenotypes in Miller syndrome.

Mutations in UMPS (MIM-613891) cause hereditary orotic acid-
uria (MIM-258900), an autosomal recessive disorder characterized
by growth retardation, varying degrees of intellectual disabilities,
megaloblastic anemia and urinary excretion of orotic acid (orotic
acid crystalluria) (14). Importantly, providing exogenous uridine
reduces urinary orotic acid and improves clinical and hemato-
logical abnormalities (15). A bovine model termed ‘DUMPS’, or De-
ficiency of UMP Synthase, containing a homozygous premature
stop codon (p.Arg405%), is stillborn or dies shortly after birth (16).

Here we identify a 4-year-old boy, enrolled in the National In-
stitutes of Health Undiagnosed Diseases Program, with two dam-
aging variants in CAD (MIM-114010).

Results

Clinical presentation

UDP4003 is the younger of two male siblings born to non-consan-
guineous parents and was admitted to the NIH Clinical Center at

4 years of age; his parents gave written, informed consent. Gesta-
tion was normal and delivery occurred at 38 weeks via C-section
due to a history of placenta accrete. Birth weight was 3402 g (25-
-50%); birth length 54.9 cm (75%); OFC 35.6 cm (25%); APGAR
scores were 8 and 9. Diarrhea and poor weight gain led to a
bowel biopsy at age 6 months that revealed pan-disaccharidase
deficiency, treated with probiotics and digestive enzymes.
Renal tubular acidosis was diagnosed at age 1 year and treated
with citrate; it resolved at 21 months. Seizures occurred at 17
months of age.

When first seen at the NIH, his height was 100.2 cm (25%),
weight 14.2 kg (10%), OFC 49 cm (10%). Delays in expressive lan-
guage and fine motor development were recognized; mild hypo-
tonia and a slightly wide-based gait had been noted at 17 months
of age, at which time an MRI/MRS was normal.

Laboratory studies included a peripheral blood smear show-
ing anisopoikilocytosis, acanthocytes and schistocytes; similar
findings were present at 12 months of age. Fanconi and Shwach-
man-Diamond Syndromes (MIM-260400) were excluded. The
bone marrow was dyserythropoietic, resembling Congenital Dys-
erthythropoietic Anemia Type II (MIM-224100) (Fig. 1B), but direct
gene sequencing excluded mutations in SEC23B (MIM-610512).
RBC enzymology was normal, but the RBC proteins RhAG and
to alesser extent Band-3 migrated abnormally on polyacrylamide
gel electrophoresis, suggesting abnormal glycosylation (Fig. 1C).

Urine amino and organic acids, plasma amino acids (specific-
ally no B-alanine abnormalities), uric acid, fasting lipid profile,
lactate, pyruvate, acylcarnitine, free and total carnitine, quanti-
tative analysis of immunoglobulins, vitamin D, vitamin E and
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cerebrospinal fluid examination were normal. Vitamin A was
moderately decreased at 22 mcg/dl (normal, 36-120). Ammonia
levels were 69 and 47 mg/dl (normal, 11-35).

Urine purines and pyrimidines (including uracil, uric acid,
hypoxanthine or xanthine) were normal; previous urine purine
testing for xanthine, inosine, guanosine, adenine, adenosine,
deoxyadenosine and hypoxanthine showed only a mild elevation
of guanosine. Urine orotic acid was normal at the NIH; a moder-
ate decrease had been previously observed on one occasion.

Exome sequencing identifies novel mutations in CAD

Exome sequencing (WES) identified two variants in CAD that
were not present in the Single Nucleotide Polymorphism data-
base, 1000 Genomes, the NHLBI Exome Variant Server (EVS) or
any in-house derived exomes. One variant affects an essential
splice site, c.1843-1G>A, upstream of exon-13 and the other
causes a c.6071G>A change in exon-39 resulting in a missense
variant, p.Arg2024GlIn (Fig. 2A). A more expansive database, The
Exome Aggregation Consortium (ExAC) browser, contained only
a single heterozygous carrier for the p.Arg2024GIn out of 58 967
unrelated individuals (or 117 934 alleles). The c.1843-1G>A was
not reported in those reads that passed filtering validation, how-
ever, a single ‘Non-Pass’ heterozygous carrier was seen out of
60569 unrelated individuals (or 121138 alleles). Each parent
was a carrier for one variant, while the healthy male sibling
was a non-carrier. Both variants were confirmed in a Clinical La-
boratory Improvement Amendments (CLIA) certified lab.

The c.1843-1G>A is predicted to be deleterious according to
American College of Medical Genetics (ACMG) recommendations
for standards for interpretation of sequence variants (17). We
confirmed that the ¢.1843-1G>A mutation affected splicing of

CAD mRNA; cDNA analysis of UDP4003 fibroblasts revealed two
PCR fragments (Fig. 2B). Sanger sequencing confirmed that the
larger fragment was the reference transcript while the smaller,
abnormally spliced fragment, was a transcript with an in-frame
deletion of exon-13. This abnormal splicing results in a 63
amino acid deletion within the CPS2 domain of the CAD protein.
Interestingly, extracts of two control fibroblast lines (GM00038
and GM03348) had small amounts of this in-frame deletion of
exon 13 transcript, while UDP4003 had a significantly increased
amount (Fig. 2B).

The p.Arg2024Gln missense mutation occurs within the
ATCase domain of CAD at a position that is highly conserved
(Fig. 2C). Structural and mutation analysis of E. coli ATCase enzyme
shows that the orthologous p.Argl05 is essential for ATCase ac-
tivity due to direct interactions with the substrate aspartate
and the substrate analog phosphonoactamide (PAM) (18,19).
The p.Arg2024Gln variant is predicted to be damaging by Poly-
phen2 with a HumDiv score of 0.998/1.00 and a HumVar score
of 0.992/1.0. SIFT predicts it to be damaging with a score of 0.

Nucleotide sugar analysis in CHO-G9C and UDP4003

To determine pathogenicity of the CAD variants, we assayed two
important processes of the de novo pyrimidine biosynthesis path-
way: UDP nucleotide sugar levels and metabolic flux of aspartate
into the de novo synthesis of DNA and RNA. One important prod-
uct of the de novo pyrimidine biosynthesis, UTP, is used to form
UDP-glucose (Glc), UDP-N-acetylglucosamine (GlcNAc), UDP-
N-acetylgalactosamine (GalNAc), UDP-galactose (Gal) and UDP-
glucoronic acid (GlcA); we predicted that loss of CAD would
reduce these UDP nucleotide sugars. HPLC analysis of nucleotide
sugars in the uridine-dependent Chinese hamster ovary mutant,
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Figure 2. Characterization of CAD Mutations identified in UDP4003. (A) Schematic for Human CAD (UniProt - P27708) with location of mutations identified by exome
sequencing. The c.1843-1G>A results in an in-frame deletion of 63-amino acid in the CPSase A portion of Carbamoyl-phosphate synthase 2. (B) Abnormal splicing
caused by the ¢.1843-1G>A was analyzed from two controls, GM00038 and GM03348 and UDP4003 using two different sets of primers. In both controls, a minor portion
(4-6%) of CAD transcript lacks exon-13, whereas in UDP4003 there is substantially more (52-61%). (C) Conservation of human Arg2024 across other organisms.



CHO-G9C, confirmed that loss of cad reduced UDP-GIcNAc, UDP-
GalNAc, UDP-Gal, UDP-Glc, as well as UTP and to a lesser extent
CTP (Fig. 3A). Consistent with our model and previous reports of
the pyrimidine pathway, addition of exogenous uridine restored
the nucleotide sugar pools to normal levels (Fig. 3A).

CHO-G9C is a haploid cell line selected to be auxotrophic for
uridine and without exogenous uridine supplementation, will
undergo growth arrest and eventual cell death (20). We opti-
mized cell-culture conditions and treatment times so that
the growth conditions alone did not adversely affect the
outcome.

HPLC analysis of nucleotide sugars from two control fibroblast
lines and UDP4003 fibroblasts showed that the patient’s cells re-
sembled CHO-GIC cells in having reduced levels of UDP-GIcNAc,
UDP-GalNAc, UDP-Glc, UDP-Gal as well as the nucleotides UTP
and CTP (Fig. 3B). Moreover, 30 uM uridine restored all the re-
duced metabolites in UDP4003 fibroblasts to control (n = 2) levels
(Fig. 3B).

Aspartic acid flux in UDP4003

Loss of cad in CHO-G9C disrupts metabolic flux of aspartate
through the de novo pyrimidine biosynthesis pathway (21,22).
UDP4003 cells also showed reduced aspartate flux into RNA and
DNA using two sets of isotopes: labeled *C-'>N-aspartate or
L-[**C(U)-radiolabeled aspartate in combination with either
5,6-*H-uridine for RNA or 6->H thymidine for DNA. In primary
fibroblasts, incorporation of these labels was more efficient for
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RNA than DNA, but the trends were similar (DNA incorporation
data not shown). Both methods revealed significantly less
(>2-fold) labeled aspartate incorporation into the nucleic acids
of UDP4003 fibroblasts compared with control cells (Fig. 4A and
b); the level of reduction was similar to that for cad-deficient
GOC CELls compared with the wild-type CHO-K1.

Expression of CAD mutations and growth
complementation of CHO-G9C

The c.1843-1G>A mutation in CAD causes an in-frame deletion of
63 amino acids, which, surprisingly, exists as an mRNA in normal
tissue. This truncated CAD mRNA is present at low levels in nor-
mal primary fibroblasts, but we could not detect a truncated CAD
protein, probably due to its relatively low abundance. We could
transiently over express the truncated protein in HEK-293T
cells, but its expression was less than that of wild-type CAD
(Fig. 5A). This suggests that the truncated form of CAD is less
stable than the wild-type. We were not able to resolve the
~7 kDa difference between the exon-13 deleted CAD and the
wild-type CAD (~250kDa). We speculate that the truncated
CAD, which lacks the ATP grasp domain located within its
CPS2 portion, may act as a metabolic sensor for regulating the
de novo pyrimidine pathway. In this scenario, the truncated
CAD would reduce cell growth because it binds ATP inefficiently,
decreasing de novo pyrimidine synthesis.

The p.Arg2024Gln mutation changes a highly conserved
amino acid, considered essential for substrate binding based
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Figure 3. Analysis of purified nucleotide sugars by HPLC. (A) Nucleotide sugars were extracted and the purified material from CHO-K1 (wild-type) or CHO-G9C (CAD
defective) cells with or without 30 um uridine treatment were run on HPLC. (B) Nucleotide sugars were extracted in the same manner as above and the purified
material from GM00038, GM03348 and UDP4003 with or without 30 pM uridine treatment was run on HPLC. The control sample represents an average of both GM00038
and GM03348. In both (A) and (B), the bar graph represents the peak area for each metabolite normalized to ATP levels, since ATP were consistently equal in multiple

experiments. Error bars show standard deviation.
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Figure 5. Expression and complementation assays. (A) Western blot analysis of HEK 293T cells transfected with FLAG tagged CAD expression constructs showing reduced
expression of the exon-13 deleted CAD and normal expression of the pR2024Q CAD, when compared with wild-type CAD. (B) CHO-GIC cells transfected with FLAG tagged
CAD constructs showing their ability to rescue the growth defect in the absence of uridine. In the non-rescued samples there is minimal growth, with any detectable

growth is likely due to low levels of uridine with in the serum.

upon structural analyses of several organisms. This missense
mutation does not affect protein expression under physiological
conditions (Fig. 5A), but we cannot exclude the possibility that it
may be thermolabile.

Transient over expression of the exon-13 deleted CAD was un-
able to rescue the defective growth phenotype in CHO-G9C, while
the p.Arg2024Gln mutation partially rescued and, as expected,

the wild-type fully rescued (Fig. 5B). One explanation is that
since CAD is a tri-functional protein with three independent
functions, G9C (which is haploid) likely has a hemizygous defect
in only one of the three domains and complementation can occur
only when the correct domain is expressed. For example, if G9C is
mutated for CPS2, overexpressing wild-type ATCase or DHOase
will have little or no effect.



Glycosylation changes in UDP4003

Finally, we investigated whether the changes in UDP nucleotide
sugar pools affected overall protein glycosylation. Serum/plasma
glycosylated transferrin was normal on several occasions. We did
not see dramatic changes in either N-linked or O-linked glycosy-
lation in fibroblast or serum from UDP4003 (data not shown).
HPLC analysis of N-glycans from RBC ghosts detected only subtle
differences in sialylation between UDP4003 and his non-carrier
unaffected male sibling (data not shown).

Discussion

Nearly 2% of the human genome is estimated to encode glycosy-
lation-related proteins, and mutations in over 100 genes produce
congenital disorders of glycosylation that involve eight distinct
pathways (23). Many of these include defects in precursor biosyn-
thesis, but none of them impair de novo pyrimidine biosynthesis;
CAD mutations do.

CAD expression must be ubiquitous since all cells require
de novo synthesis of RNA and DNA, but there are likely other
factors that contribute to the tissue-specific effects when CAD
function or even UMPS or DHODH is lost. For example, why
does loss of DHODH, but not UMPS or CAD, cause various malfor-
mations and limb defects? Why does loss of UMPS or CAD cause
various forms of anemia, yet DHODH deficiency lacks anemia?
These tissue-specific effects can best be seen in isolated mutants
for several organisms including Drosophila melanogaster, Caenor-
habditis elegans and Danio rerio.

The D. melanogaster CAD mutant rudimentary is lethal when
grown on pyrimidine-deficient media, yet flies grown on pyrimi-
dine containing media survive, but have smaller, abnormally
shaped wings and females are sterile (24). The observation that
uridine corrects this lethality, but not all the phenotypic defects,
hints that certain tissues may have variable reliance on de novo
pyrimidine synthesis versus salvage pathways.

Franks et al. (25) reported a C.elegans mutant with a p.His1602GIn
missense mutation in the DHOase domain of CAD. Approximately
95% of late-stage embryos died, while the surviving 5% had pha-
ryngeal morphogenesis abnormalities and appeared shorter
when compared with wild-type worms (25). The lethality was
avoided by providing exogenous uracil or uridine in the growth
media. The pharyngeal morphogenesis abnormalities were likely
due to disruption of the CAD-dependent synthesis of UDP sugars,
which is critical for heparan sulfate proteoglycan production that
controls morphogenesis (25).

Two independent studies describe zebrafish cad mutants. The
initial mutant, perplexed, contains a missense mutation (p.Me-
t1283Arg) within the CPS2 domain. Embryos homozygous for
this mutation have abnormal retinal development along with
growth and morphogenesis defects of the tectum, jaw and pec-
toral fins; they die at 8-12 days post fertilization (26). The second
mutant, sI23, has a premature stop codon early within the CPS2
domain and a similar phenotype of small eyes and deformed
jaw; they also die at 8-12 days post fertilization. However, the
s123 mutant also displays defects in the cranial sensory circuit
formation (27). These papers show that either loss of UDP sugar
synthesis/transport or blocking N-glycosylation via tunicamycin
treatment recapitulates some of the phenotypic aspects of the
cad-deficient fish.

These model organisms also suggest that homozygous loss of
function or severely reduced activity in only one of the three CAD
domains is not tolerated, since all are lethal. This may explain
why more humans with CAD deficiency have not yet been
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identified. In addition, UDP4003 fibroblasts are not dependent
upon uridine supplementation, as for the CHO-G9C cells or the
cad-deficient model organisms mentioned earlier; this suggests
that the mutations in UDP4003 may be hypomorphic. It should
be noted that with only a single individual to characterize, it is
impossible with absolute certainty, to assign all of UDP4003 clin-
ical phenotypes solely to the loss of CAD activity. We acknow-
ledge that some of these clinical phenotypes maybe due to
other factors.

It is not surprising that there was not a substantial change in
glycosylation, since the primary role of CAD in the de novo pyrimi-
dine biosynthesis pathway is to provide precursors for RNA and
DNA. It is likely that the contributions from the salvage and
de novo pyrimidine biosynthesis pathways vary by cell type and
that overall contributions to the glycosylation pathway are very
small (28).

Biochemical screening typically identifies genetic disorders
involving the purine and pyrimidine biosynthesis pathways.
The accelerated use of next generations sequencing to solve
rare genetic disorders has taught us that different mutations
can influence clinical outcome as well as protein function. In
this case, standard biochemical testing did not identify a pyrimi-
dine disorder, likely because urine pyrimidine metabolites dis-
play a broad range of normal values, reflecting contributions
from diet and cell breakdown. In contrast, WES identified causal
mutations involving a critical component of de novo pyrimidine
biosynthesis, and cellular studies confirmed the biochemical
hallmarks of CAD deficiency. Uridine rescue of the biochemical
defects suggest a potential therapy in CAD-deficient patients.

Methods and Materials

UDP clinical evaluation compliance

Biological parents provided written consent for both a clinical
evaluation as well as whole exome sequencing under the proto-
col #76-HG-0238: diagnosis and Treatment of Patients with In-
born Errors of Metabolism and Other Genetic Disorders.

Exome sequencing

Performed as previously described (29).

cDNA analysis

Total RNA from control fibroblasts GM00038, GM03348 (Coriell
Cell Repository) and UDP4003 was purified using TRIzol reagent
(Life Technologies). cDNA was synthesized using 1 pg of total
RNA and the SuperScript III First-Strand Synthesis System (Life
Technologies). Two separate sets of PCR primers were used to
amplify portions of the CAD mRNA surrounding exon-13.

HPLC analysis of nucleotide sugars

Nucleotide sugars were extracted from control, patient fibroblast,
CHO-K1 and CHO-G9C pellets that had been stored at —20°C. Cell
pellets were thawed on ice then resuspended in 900 ul ice cold
85% ethanol and 120 ul PBS. After brief sonication, cellular debris
was removed by centrifugation at 13000 rpm for 10 min. The
supernatant was evaporated in a SpeedVac concentrator and re-
suspended in 1 ml water. Insoluble material was removed by an
additional centrifugation step and the resulting cleared super-
natant mixed with 50 ul 0.2 M NH4HCO3. The sample was further
purified using an Envi-Carb carbon column according to the
method of Rabina et al. (30). Nucleotide sugar pools were
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measured by reverse phase HPLC on an Inertsil ODS-4 column ac-
cording to Nakajima et al. (31).

Aspartic acid flux
As previously described (21,22).

Expression and western blot analysis of CAD
mutations in HEK-293T cells

HEK 293T cells were transfected with either 2 pg of the expression
vectors pcmv6 - empty vector, FLAG hCAD wild-type, FLAG hCAD
del Exon-13 or FLAG hCAD p.R2024Q in six-well plates and col-
lected after 48 h post transfection. Cells were lyzed in 62.5 mm
Tris pH 6.8, 10% glycerol and 2% SDS and boiled at 100°C for
15 min. Normalized extracts were separated on a 6% SDS-PAGE
gel and FLAG-proteins were detected using a monoclonal M2
FLAG antibody (SIGMA). Western blot analysis with a monoclonal
antibody against alpha tubulin (12G10) (Developmental Studies
Hybridoma Bank University of lowa) was used to confirm equal
loading.

Growth defect complementation of CHO-G9C cells

CHO-GOC cells plated at 5000 cells per well and allowed to attach
overnight before being transfected in 12-well plates with 1.5 pg of
appropriate expression plasmid for 48 h in the presence of 5 pm
uridine. Each data point was done in biological duplicates. After
the initial 48 h period, cells were washed and grown with or with-
out uridine for 72 h. Cell growth was measured by counting total
cell number for each well.

Web Resources

1000 Genomes Project, http:/www.1000genomes.org/

Exome Aggregation Consortium (EXAC), Cambridge, MA,
http:/exac.broadinstitute.org (November, 2014)

NHLBI Exome Sequencing Project (ESP) Exome Variant Server,
http://evs.gs.washington.edu/EVS

Online Mendelian Inheritance in Man (OMIM), http:/www.
omim.org/

The Single Nucleotide Polymorphism database (dbSNP),
http:/www.ncbi.nlm.nih.gov/SNP/.
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