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Purpose: Biallelic CAD variants underlie CAD deficiency (or early
infantile epileptic encephalopathy-50, [EIEE-50]), an error of
pyrimidine de novo biosynthesis amenable to treatment via the
uridine salvage pathway. We further define the genotype and
phenotype with a focus on treatment.

Methods: Retrospective case series of 20 patients.

Results: Our study confirms CAD deficiency as a progressive EIEE
with recurrent status epilepticus, loss of skills, and dyserythropoietic
anemia. We further refine the phenotype by reporting a movement
disorder as a frequent feature, and add that milder courses
with isolated developmental delay/intellectual disability can occur
as well as onset with neonatal seizures. With no biomarker available,
the diagnosis relies on genetic testing and functional validation in
patient-derived fibroblasts. Underlying pathogenic variants are often
rated as variants of unknown significance, which could lead to

underrecognition of this treatable disorder. Supplementation with
uridine, uridine monophosphate, or uridine triacetate in ten patients
was safe and led to significant clinical improvement in most patients.

Conclusion: We advise a trial with uridine (monophosphate) in all
patients with developmental delay/intellectual disability, epilepsy,
and anemia; all patients with status epilepticus; and all patients with
neonatal seizures until (genetically) proven otherwise or proven
unsuccessful after 6 months. CAD deficiency might represent a
condition for genetic newborn screening.
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INTRODUCTION
Pyrimidine nucleotides play a pivotal role in nucleic acids,
protein glycosylation, lipid metabolism, polysaccharide bio-
synthesis, signal transduction, and proliferation. Uridine 5’-
monophosphate (UMP) is the central metabolite in pyrimi-
dine metabolism from which all other pyrimidines are
derived.1

The multifunctional protein CAD, encoded by CAD,
contains four highly conserved enzymatic activities (gluta-
mine amidotransferase, carbamoyl-phosphate synthetase 2,
aspartate transcarbamylase and dihydroorotase) and catalyzes
the first three steps of the de novo UMP biosynthesis.
The consecutive steps are catalyzed by dihydroorotate
dehydrogenase (DHODH) and UMPS (containing orotate
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phosphoribosyltransferase and orotidine 5’-phosphate dec-
arboxylase). Alternatively, UMP can be synthesized from
uridine via the salvage pathway (Fig. 1a).
Three inborn errors of metabolism (IEMs) due to deficiency

of the three consecutive enzymes of this pathway are known:
UMPS deficiency (orotic aciduria, MIM 258900), DHODH
deficiency (Miller syndrome, MIM 263750), and the recently
described CAD deficiency (early infantile epileptic encephalo-
pathy 50, EIEE-50, MIM 114010).2–5 CAD deficiency is
characterized by global developmental delay (GDD), loss of
skills, therapy refractory epilepsy, brain atrophy, and
dyserythropoietic anemia. Oral supplementation with uridine
or UMP was shown to reverse anemia, control seizures, and
improve development in three CAD-deficient patients.2,6

The pathophysiologic cellular mechanisms by which
pyrimidine metabolism defects cause central nervous system
(CNS) pathology are still largely unknown. In epileptic
encephalopathy, epileptic activity contributes significantly to
cognitive and behavioral impairment regardless of etiology,
type of epilepsy, and age; successful treatment of epileptic
activity may improve cognitive impairment in an epileptic
encephalopathy.7 Dyserythropoiesis might be due to shortage
of pyrimidine-dependent nucleotide–lipid cofactors required
for erythrocyte membrane synthesis.8

The diagnosis of CAD deficiency is hampered by the lack of
biomarkers and relies entirely on genetic testing, with its
pitfalls of variant interpretation as made poignantly clear by
del Caño-Ochoa et al.9

Using CRISPR/Cas9, del Caño-Ochoa et al. generated a
human CAD-knockout cell line that requires uridine supple-
ments for survival. Transient transfection of the knockout
cells with recombinant CAD restores growth in absence of
uridine. This system determines missense variants that
inactivate CAD and do not rescue the growth phenotype.9

The lack of additional and follow-up data on efficacy and
safety hampers the treatment of seriously ill patients and
prevents reimbursement for therapy. Therefore, we performed
a twofold study including an international cohort study and a
literature review to describe the clinical presentations of 20
CAD-deficient patients, the details of uridine supplementa-
tion therapy, and patient outcomes.

MATERIALS AND METHODS
This is a case series of individuals who have undergone
individual treatment with an over-the-counter food supple-
ment and one individual treated off-label with uridine
triacetate.

Patient cohort
All health-care providers who had previously contacted the
authors (J.K., S.B.W.) concerning CAD-deficient individuals
and uridine treatment were invited to contribute their cases to
this case series. Patients were included if they had confirmed
biallelic CAD variants and were not previously published.
Data were collected retrospectively by clinicians in each center
using a standardized questionnaire. All available magnetic
resonance images (MRIs) were reviewed by the same
investigator (E.B.). Additionally, to identify all reported
CAD patients a search for relevant publications was
performed in PubMed with filters for English language
publications and human species (search completed 17
March 2020).

Functional investigations in patient-derived fibroblasts
Nucleotide sugars in primary fibroblasts were analyzed by
ion-pair reversed-phase ultraperformance liquid chromato-
graphy as described previously after growth on standard and
uridine-enriched culture media.2

Ethics statement
The study was performed in compliance with the Declaration
of Helsinki and conforming to the laws and regulations of the
respective countries and institutes. All individuals gave
written—by proxy—informed consent for genetic investiga-
tions and functional investigations in fibroblasts as well as for
publication of data; this part of the study was approved by the
local ethics committees, either Technical University München
(TUM), Munich, Germany (5360/12 S) or Land Salzburg,
Salzburg, Austria (415-E/2552/10-2019) as appropriate.
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Fig. 1 Pyrimidine synthesis: de novo versus salvage pathway and
Neuroimaging in CAD-deficiency. (a) Pyrimidine synthesis: de novo
versus salvage pathway. De novo synthesis of uridine monophosphate
involving three enzymes localized in two cellular compartments. Cyto-
plasmic CAD (glutamine aminotransferase, carbamoyl phosphate synthase,
aspartate transcarbamylase, dihydroorotase) catalyzes the first four steps,
dihydroorotate dehydrogenase (DHODH) the subsequent reduction of
dihydroorotate in mitochondria, and UMPS (uridine 5’-monophosphate
synthase, orotidine 5’-phosphate decarboxylase) the final two steps in the
cytoplasm. UMP can also be formed in a single step from uridine by uridine
kinase, as part of the pyrimidine recycling pathway. OXPHOS oxidative
phosphorylation, PRPP 5-phospho-alpha-D-ribose 1-diphosphate, UMP uri-
dine monophosphate. (b, c) Neuroimaging in CAD deficiency. Coronal T2-
weighted magnetic resonance image (MRI): (b) dilated folial fissures indi-
cating cerebellar atrophy (patient UP4, age 4 years). (c) Cerebellar and
cerebral atrophy demonstrated by dilated lateral ventricles and extracerebral
space (patient UP5, age 5.5 years).

ARTICLE RYMEN et al

12
34

56
78

9
0(
):,
;

1590 Volume 22 | Number 10 | October 2020 | GENETICS in MEDICINE



RESULTS
Patient cohort
Via international collaboration 17 patients were included.
Four patients (F1:II.2, F1:II.3, F2:II.2, and F3:II.4) were
previously published, the other 13 (UPX) were unpublished
(of note, UP8 is also included in the functional testing
presented in del Cano-Ochoa et al.)2,9 The patients were
treated at hospitals in Austria, France, Germany, Greece, Iran,
Switzerland, and the United States. The data of three
additional patients were extracted from the literature
(UPD4003, F9, FiN), making a total of 20 patients from 13
families with CAD deficiency.6,10,11

Genetic patient characteristics
Sixteen individuals were diagnosed via proband-only,
proband–parent trio exome sequencing, or multigene panel;
three siblings (F1:II.3, UP3.2, UP6.2) were identified via Sanger
sequencing following local protocols.12,13 Using exome or Sanger
sequencing all parents were proven to carry one variant each. A
total of 19 different variants in CAD (NM_004341) were found
of which 7 were previously published. These were 6 loss-of-
function (LoF) variants and 13 missense variants. Table 1 and
Fig. 2 give an overview of all variants, the conservation, the
predicted protein change, the American College of Medical
Genetics and Genomics (ACMG) classification (manually
adjusted at http://wintervar.wglab.org) and the frequencies in
the Genome Aggregation Database (gnomAD). In the Supple-
mentary data we provide the detailed prediction of pathogenicity

for all missense variants with several prediction programs
(https://varsome.com) and the additional genetic investigations
in UP5.
The previously reported variant c.98T>G, p.Met33Arg was

found in four families originating from Serbia, Croatia, and
Bulgaria arguing for the possibility that this disease allele
might be more frequently observed in these populations. Its
functional relevance was shown in del Caño-Ochoa et al.9

Four of the variants that we have detected in our cohort and
one of the published variants were classified as variants of
unknown significance (VUS), and one as benign. The VUS
c.2995G>A, p.Val999Met was shown to have functional
relevance in del Caño-Ochoa et al.9 We also consider the
other VUS as pathogenic based on the prediction data, the
absence in homozygous state from gnomAD, the matching
clinical phenotype (F9), as well as the effect of treatment
(UP7, UP10). In UP5 we found a deep intronic variant
c.4397-209T>G, Pro1465_Gly1466ins40 that leads to a new
cryptic exon termed exon 27a that inserts 120 bp (40 amino
acids) after exon 27. This additional exon 27a was also
observed in two controls but only in minor amount. Insertion
of exon 27a does not change the reading frame and results in
a stable messenger RNA (mRNA) transcript (see Supplemen-
tary data for details).

Functional investigations in patient-derived fibroblasts
In vitro studies show a decreased concentration of pyrimidine
nucleotides in CAD-deficient fibroblasts (F2:II.2, UP1.1,

Table 1 Details on genetic variants.

Individual Nucleotide change

NM_004341.5

Predicted

protein change

ACMG rating gnomAD allele

frequencya

F1:II.2, F1:II.3, F3:II.4, UP3.1,

UP3.2, UP4

c.98T>G p.Met33Arg LPTH 4.1e-6

FiN c.108delC p.Tyr36Tyrfs*15 PTH Not listed

UP10 c.178T>C p.Tyr60His VUS Not listed

UP9 c.223-2A>G p.? PTH Not listed

UDP4003 c.1843-1G>A p.? PTH Not listed

F2:II.2 c.1843-3C>T p? PTH Not listed

UP1.1, UP1.2 c.2900A>G p.Tyr967Cys PTH 4.38e-5

UP7 c.2284G>A p.Val762Ile VUS 3.98e-6

UP2 c.2617_2620delGACA p.Asp873Asnfs*8 PTH Not listed

UP7 c.2843G>A p.Ser948Asn VUS 3.98e-6

UP8 c.2995G>A p.Val999Met VUS Not listed

UP6.1, UP6.2 c.3194G>A p.Trp1065* PTH Not listed

FiN c.3775G>A p.Val1259Met LPTH Not listed

UP5 c.4397-209T>G p.Pro1465_Gly1466ins40 LPTH Not listed

F2:II.2 c.5365C>T p.Arg1789* PTH 1.06e-5

F9 c.5366G>A p.Arg1789Gln VUS Not listed

UP2, UP9 c.5429G>A p.Arg1810Gln LPTH 3.52e-4

UP6.1, UP6.2 c.5860G>A p.Glu1954Lys LPTH Not listed

UP5, UDP4003 c.6071G>A p.Arg2024Gln LPTH 1.43e-5
ACMG American College of Medical Genetics and Genomics, LPTH likely pathogenic, PTH pathogenic, VUS variant of unknown significance.
aNone of the listed variants were found in homozygous state.
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UP5). Uridine supplementation of the culture medium
corrects the decreased levels of pyrimidine nucleotides in
these cells (Fig. 2b, c). This implies that the pyrimidine
salvage pathway is able to completely replenish the pyrimi-
dine nucleotide pools and should restore the biochemical
processes dependent on pyrimidine metabolites. Noteworthy
is that CAD cells show a decrease in adenosine triphosphate
(ATP) content of 15–20% upon supplementation with
uridine. The decrease in ATP could be caused by depletion
of ATP due to phosphorylation of uridine to UMP.

Clinical patient characteristics
Key clinical data are summarized in Table 2, and the detailed
case reports can be found in the Supplementary data. The
individuals (9 females, 11 males, 18 Caucasian, 2 Asian)
presented at a median age of 15 months (range 3 days to 7
years) with GDD (12/20; 60%); seizures (10/20; 50%); anemia
(2/20; 10%); and regression, ataxia, muscular hypotonia,

autistic features, and failure to thrive (each 1/20; 5%). The
median age at last follow-up was 6 years (range 9 months to
43 years), and three individuals were deceased at a median age
of 5 years (range 4 to 9 years). During the course of disease,
GDD and/or intellectual disability (ID) were seen in all
patients and seizures were seen in all but two patients (18/20;
90%). Anemia was seen in all patients with exception of UP8,
which might be attributable to his young age of 9 months.
Eight of the previously unpublished individuals (UP2,

UP3.1, UP4, UP5, UP7-10) showed essentially the same
course as four of the previously published individuals (F1:II.3,
F2:II.2, F3:II.4, FiN) with delayed development, progressive
epileptic encephalopathy with difficult to control seizures and/
or recurrent (super-refractory) status epilepticus, and loss of
skills (12/20 [60%]). Of note, two individuals (UP1.1, UP1.2)
showed isolated DD/ID without seizures during the follow-up
of 8 and 2 years, respectively. For two individuals (UP6.1,
UP6.2), the diagnosis was made at the age of 41 and 43 years,

NM_004341.5

c.9
8T>G, p

.M
et33Arg

c.1
78T>C, p

.Ty
r60His

c.2
23-2A>G, p

.?

c.1
843-3C>T, 

p.?

c.1
843-1G>A, p

.?

c.2
284G>A, p

.Val762IIe

c.2
335G>T, 

p.A
la779Ser

c.2
843G>A, p

.S
we948Asn

c.2
900A>G, p

.Ty
r967Cys

c.2
995G>A, p

.Val999Met

c.3
194G>A, p

.Tr
p1065*

c.3
775G>A, p

.Val1259Met

c.5
164C>T, 

p.A
rg1722Trp

c.5
365C>T, 

p.A
rg1789*

c.5
366G>A, p

.A
rg1789Gln

c.5
429G>A, p

.A
rg1810Gln

c.5
860G>A, p

.G
lu1954Ly

s

c.6
071G>A, p

.A
rg2024Gln

c.4
397-209T>G,

p.P
ro1465_G

ly1
466ins4

0

c.2
617_2

620delG
ACA, p

.A
sp

873Asn
fs*

8

5′

Exon

NP_0043332.2

20
400%

Changes upon uridine supplementation

350%

300%

250%

150%

100%

50%

0%

200%

UDP-Glc

UDP-GlcNac

CTP

UTP

UDP-Glc UDP-GlcNac CTPUDPCDPUMP UTP

15

10

5

0
-Urd

N
uc

le
ot

id
e 

co
nt

en
t [

μm
ol

/g
 p

ro
te

in
]

+Urd -Urd +Urd -Urd +Urd -Urd +Urd

control F1:II.3 UP1.1 UPS control F1:II.3 UP1.1 UPS

GATase
2-365

CPSaseA
395-933

CPSaseB
934-1455

DHOase
1456-1788

ATCase
1918-2225

2

1

3 13 15 16 17 18 19 20 23 27a 32 3334 38 39 44

2225

3′

a

b c

Fig. 2 Distribution of novel and known variants in the CAD gene and The effect of supplementing the growth medium with uridine. (a)
Distribution of novel and known variants in the CAD gene. The open reading frame and known domains of the CAD protein (NP_0043332.2) are shown as
well as the evolutionary conservation of amino acid residues affected by missense changes. (b, c) The effect of supplementing the growth medium with
uridine. Cells were cultured with and without 5 µM uridine. Patient cell lines (F2:II.2, UP1.1, UP5) were compared with controls (n= 2).

ARTICLE RYMEN et al

1592 Volume 22 | Number 10 | October 2020 | GENETICS in MEDICINE



respectively; both females were followed for ID/DD, ataxia,
seizures, and variable anemia. They lost the ability to walk and
became wheelchair dependent due to ataxia by the age of 38
and 21 years, respectively. They never experienced a status
epilepticus but their seizures were at times difficult to control.
In our initial report we did not mention the hyperkinetic

movements of individuals F1:I.:3 and F3:II.4 as we attributed
them to the terminal phase of disease.2 Within the entire
cohort we found ataxia in 6/20 (30%) of patients and tremor
in 3/20 (19%); in three additional children an unsteady broad
based gait was seen.
Individual UP10 was prenatally found to have a complex

brain malformation with hydrocephalus. As these kinds of
congenital anomalies are very uncommon in IEMs, we
consider this a separate disorder in a child with a highly
consanguineous background and assume that CAD deficiency
related findings presented at the age of 2 months, when the
first epileptic seizure occurred.

Genotype–phenotype correlations
Within the cohort no genotype–phenotype correlations could
be established, neither when correlating age of onset or age of
the death with LoF or non-LoF variants (data not shown).
Significant phenotypic variability, even within one family, was
seen for the c.98T>G, p.Met33Arg variant. This might be
attributable to environmental factors, especially the uridine
content of the diet.

Neuroimaging characteristics
MRIs for re-evaluation were available from ten individuals
(F1:II.2, F2:II.2, UP3.1, UP3.2, UP4, UP5, UP7–UP10);
follow-up MRIs were available for all but UP8. Neuroimaging
of one infant (UP8) investigated at 9 months was normal. The
individuals UP3.1 and UP4 had cerebellar atrophy aged 3.3
and 4 years (Fig. 1b); five subjects had marked cerebellar and
less pronounced cerebral atrophy at 3.2 years (UP9), 3.5 years
(F1:II.2), 5 years (UP4), and 5.5 years (F2:II.2, UP5, Fig. 1c),
respectively. Remarkably, the MRI was normal in individual
UP7 at the age of 3.7 and in UP3.2 at the age of 10.6 years.
The MRIs of the published patients were not available for
reanalysis, but were reported as unremarkable (1.4 years,
UPD4003) and as showing progressive cerebellar and cerebral
atrophy (3.6 and 5.5 years, FiN), respectively.6,10 It seems that
increasing age correlates with more brain atrophy. The
cerebellum seems to be affected first. Caution, however, is
advised in drawing general conclusions in view of the limited
number of available MRIs.

Treatment with UMP, uridine, and uridine triacetate
UMP is the central metabolite in pyrimidine metabolism
(Fig. 1a). CAD deficiency impairs the de novo biosynthesis of
UMP, but UMP can alternatively be synthesized from uridine
via the salvage pathway.1 Uridine triacetate (UT, Xuriden) is a
triacetylated prodrug of uridine and FDA-approved for
UMPS deficiency (orotic aciduria, MIM 258900), the enzyme
downstream of CAD in the pyrimidine biosynthesis.Ta
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Consumption of 2 g UMP by human adults raised plasma
uridine levels by threefold (from 6.0 to 21.9 μM) for
5–6 hours.14 Circulating uridine crosses the blood–brain
barrier via an adenosine transporter (CNT2) that is
unsaturated at physiologic plasma uridine concentrations (as
reviewed in Cansev et al.).14

The individuals F1:II.2 and F2:II.2 were prescribed uridine
(Audor, Leppersdorf, Germany). Due to the shortage of
uridine on the world market, currently all other patients
except F1:II.2 and UP4 are treated with UMP as over-the-
counter food supplement from various sources (e.g., Focus
supplements, Jarrow). Given the molecular masses of uridine
(244.20) and UMP (324.18), one should give 132.8 mg of
UMP to provide 100 mg of uridine.
Uridine costs €0.2/kg/day at an assumed starting dose of

100 mg/kg/day; for UMP the approximate costs are €0.5/kg/
day. UT costs $22.5/kg/d at a starting dose of 60 mg/kg/day.
UP4 receives 120 mg/kg/day, which is currently 3.6 g/day and
treatment costs of 1500 $/day as two capsules of 2 g have to be
opened and 0.4 g has to be discarded every day.

Treatment outcome
In general, the response of the patients receiving UMP was
comparable with the previously reported effect of uridine in
F1:II.3 and F2:II.2. No difference was seen in the beneficial
treatment response when F2:II.2 and UP10 were switched
from uridine to UMP after 2 years or 3 months, respectively.
The response to UT in UP4 was satisfying for correction of
hematological issues, while there was only a transient
improvement in seizure control and virtually no effect on
development. All data are summarized in Table 3.
Data on treatment with uridine or UMP were available for 9

individuals. These are 6 previously unpublished individuals
(UP3.1, UP3.2, UP5, UP7, UP9, UP10) plus an update for two
previously published individuals (F1:II.3, F2:II.2) and data on
one individual in the literature (FiN).
The median age at start of treatment was five years.

Prescribed doses ranged between 67 and 150 mg/kg/day
uridine, divided in three daily doses. Individual treatment
duration ranged from 5 to 48 months (median 15.5 months);
the cumulative treatment duration is 14.3 patient-years. No
side effects were reported in any of the treated individuals,
especially no clinical signs suggesting hyperglycemia (as
reported in mice with long-term 400 mg/kg/day uridine
feeding).15

Anemia and anisopoikilocytosis resolved in eight individuals
within three months, only in UP7 is there still some anemia/
anisopoikilocytosis after 6 months of treatment, and no follow-
up blood smear was available for UP9. Improved seizure
control was achieved in seven patients; in the other two, seizure
control with antiepileptic drugs (AED) was already achieved
before the start of treatment. Importantly, in four patients with
recurrent, up to weekly, status epilepticus requiring extensive
and frequent hospital admission before treatment, not a single
status epilepticus was seen during treatment. In six of the
individuals, AEDs could be tapered off after uridine

supplementation was started. The developmental improvement
varied; in individuals FiN, UP3.1, UP5, and UP7 an impressive
improvement was seen. These individuals regained the ability to
walk independently and especially also made improvements in
communication by learning to speak in sentences of more than
three words. In UP3.2, the brother of UP3.1 with a milder
course of DD/ID and controlled seizures, only very little
improvement of attention span and alertness was seen. The
same holds for individual UP9. For F1:II.3 and F2:II.2, we can
report the follow-up of 48 months of treatment. F1:II.3 (7 years)
still is seizure free on uridine supplementation only. While she
is progressing in all areas, her performance is below peers. She
is able to walk, run, and communicate with sentences, but
attends a school for children with special needs. However, her
brother F1:II.2 died aged four years in a refractory status
epilepticus in a minimal conscious state. While F2:II.2 initially
showed an impressive improvement in seizure frequency
(>100 seizures per month to seizure free), she still suffers
seizures occasionally and needs three different AEDs from the
earlier five, while two were stopped. She regained the ability to
do some steps with a walker, has improved balance, and
regained the ability to swallow and is completely fed orally.
However, she seems to lack interest and motivation in learning
more skills and “stays in her own world.”
Obviously, it is impossible to draw conclusions from one

patient. Nevertheless, it seems that uridine triacetate did not
outperform the uridine or UMP treatment strategies.

DISCUSSION
Here we have shown that biallelic CAD variants typically lead
to GDD/ID, a progressive epileptic encephalopathy with
difficult to control seizures and/or recurrent (super-refrac-
tory) status epilepticus and loss of skills. Additionally to this
relatively homogeneous phenotype in 60% of the patients, we
did observe notable phenotypic heterogeneity within the
cohort. The initial report suggested a lethal course without
uridine supplementation. When overlooking a bigger cohort,
we can now report that indeed 15% of patients did not survive
beyond the age of 4.5–9 years, but we can also report
individuals showing a milder course of disease, including two
untreated females with a notably longer survival of up to 43
years. Incomplete penetrance of neurological features is
commonly seen in other IEMs with epilepsy and ID/DD.16

Our study further broadens the phenotypic spectrum of
CAD deficiency by reporting two individuals with isolated ID
without seizures up to the age of eight years. Additionally, we
can add ataxia and tremor to the clinical features of CAD
deficiency. This is in line with the neuroimaging features
(Fig. 1b) showing that increasing age correlates with more
atrophic changes, affecting the cerebellum first.
We have previously speculated about a possible correlation

between breastfeeding (poor uridine source) versus bottle
feeding (fortified with UMP) and the onset of seizures
(6 months versus 20–24 months), as well as the influence of
tube feeding formulas (fortified with UMP) on anemia.2,17

The same would hold for frequent consumption of
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pyrimidine-rich food like yeast-based products or organ meat.
Here we report one patient who already presented neonatal
onset of seizures. For him no data concerning early nutrition
are available. Two siblings died in infancy with the same
course of disease without a confirmed genetic diagnosis. For
the majority of the other patients no data on (early) nutrition
were available, which makes it impossible to further comment
on this topic. Our data set does not allow concluding a better
outcome in patients receiving uridine supplementation at an
earlier age or with a milder course of disease. However, it
seems logical that in an IEM leading to the lack of the pivotal
metabolite UMP the earliest possible treatment, even before
the onset of clinical signs and symptoms, could lead to a
better outcome. Moreover, vice versa, delayed treatment will
not be able to reverse all previous damage. CAD deficiency
might represent a potential condition for genetic newborn
screening.18,19

Dyserythropoietic anemia is a distinctive feature of CAD
deficiency. One should be aware that this anemia is per
definition normocytic, but the abnormal size distribution and
morphology lead to an abnormal red cell distribution width
(RCDW), a parameter included in every automated blood
count. While anemia is mostly not present at the onset of
seizures, it develops during the course of the disease in all
patients. The anemia can be mild and nutritional uridine may
correct the anemia but the anisopoikilocytosis only resolved
after oral uridine supplementation. Anisopoikilocytosis with
or without anemia in a patient with epilepsy may be an
important indication to suspect CAD deficiency.
No biomarker is available for screening or follow-up of

CAD deficiency and the final diagnosis relies on genetic
testing. Of note, five of the variants in this cohort were
classified as VUS. This may partly explain why only two
additional patients have been reported since the original
reports in 2015 and 2016.2,6,10,11,14 The assay presented by del
Caño-Ochoa et al. using a CAD-knockout cell line generated
by CRISP/Cas9 should largely circumvent this problem as
they demonstrate the superiority of their cell-based assay over
pathogenicity prediction software.9 With regard to the
functional assays, there is a difference in approach. Our
in vitro experiments were designed to assess the effect of
uridine on the intracellular pyrimidine nucleotide concentra-
tions. Both assays aim to predict clinical response. Our work
complements that of del Caño-Ochoa et al., who demonstrate
loss of CAD functionality by means of a complementation
assay that allows to assess the detrimental effect of single CAD
variants. However, they do not show intracellular metabolites
or rescue of CAD-transfected variants by uridine supplemen-
tation. Together, the newly presented work of both research
groups now provides us both with the possibility to assess the
effect of genetic CAD variants and predict the clinical
response to treatment with uridine or UMP. Nonetheless,
CAD deficiency is yet another excellent example that a
meaningful diagnosis relies on the collaboration between the
(phenotyping) physician and the (variant-interpreting)
genetic laboratory specialists. Further, we would like to

suggest that “response to pathomechanism based treatment”
should be added as an additional factor for pathogenicity to
the ACMG criteria.
Treatment with the uridine supplementation in CAD

deficiency is unlicensed but was shown to be successful and
without side effects in ten patients. As uridine is currently
unavailable on the world market, it is important to underline
that treatment with UMP was as effective. Obviously, it is
impossible to draw conclusions from one patient. Never-
theless, it seems that UT, which is about 45-fold more
expensive, did not outperform the uridine or UMP treatment
strategies.
Anemia resolved in all but one patient who showed near

normalization. Clear improvement of seizure control, espe-
cially the ending of the frequently recurring status epilepticus
requiring long hospital admissions, was seen in 80% of
patients. In the remaining patients, seizure control was already
achieved before the start of uridine. Uridine supplementation
further enabled sparing of AEDs in at least half of the patients.
The effect on the motor, language, and intellectual skills is
more difficult to summarize and interpret. While regaining of
motor or language skills was impressive in at least six patients
in our study, less effect was seen in other patients. One could
speculate that this might indicate a genotype–phenotype
relationship or that it is dependent on the age at start of
treatment, but we cannot conclude this from our data set.
In conclusion, CAD deficiency is a treatable IEM that

typically presents as a progressive early infantile epileptic
encephalopathy with recurrent status epilepticus, loss of skills,
movement disorder, and dyserythropoietic anemia. Milder
courses of DD/ID without epilepsy can occur as well as onset
with neonatal seizures. No biomarker is available for screen-
ing and diagnosis relies on genetic testing. Underlying disease
causing variants might be rated as VUS when following the
ACMG criteria, which could lead to underrecognition of this
treatable disorder. Supplementation with uridine is safe and
leads to significant clinical improvement in most of the
patients. We therefore advice a 6-month trial of uridine or
UMP supplementation in all patients with ID/DD, epilepsy,
and anemia; all patients with status epilepticus; and all
patients with neonatal seizures until genetically proven
otherwise or proven unsuccessful during 6 months. Further-
more, CAD deficiency might represent a potential condition
for genetic newborn screening.18,19
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