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Deoxyguanosine kinase deficiency: natural
history and liver transplant outcome
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Autosomal recessive pathogenetic variants in the DGUOK gene cause deficiency of deoxyguanosine kinase activity and mitochondrial
deoxynucleotides pool imbalance, consequently, leading to quantitative and/or qualitative impairment of mitochondrial DNA
synthesis. Typically, patients present early-onset liver failure with or without neurological involvement and a clinical course rapidly
progressing to death.

This is an international multicentre study aiming to provide a retrospective natural history of deoxyguanosine kinase deficient
patients. A systematic literature review from January 2001 to June 2023 was conducted. Physicians of research centres or clinicians
all around the world caring for previously reported patients were contacted to provide followup information or additional clinical,
biochemical, histological/histochemical, and molecular genetics data for unreported cases with a confirmed molecular diagnosis of
deoxyguanosine kinase deficiency.

A cohort of 202 genetically confirmed patients, 36 unreported, and 166 from a systematic literature review, were analyzed. Patients
had a neonatal onset (< 1 month) in 55.7% of cases, infantile (>1 month and < 1 year) in 32.3%, pediatric (>1 year and <18 years) in
2.5% and adult (>18 years) in 9.5%. Kaplan-Meier analysis showed statistically different survival rates (P < 0.0001) among the four
age groups with the highest mortality for neonatal onset. Based on the clinical phenotype, we defined four different clinical subtypes:
hepatocerebral (58.8%), isolated hepatopathy (21.9%), hepatomyoencephalopathy (9.6 %), and isolated myopathy (9.6%). Muscle
involvement was predominant in adult-onset cases whereas liver dysfunction causes morbidity and mortality in early-onset patients
with a median survival of less than 1 year. No genotype—phenotype correlation was identified. Liver transplant significantly modified
the survival rate in 26 treated patients when compared with untreated. Only six patients had additional mild neurological signs after
liver transplant.

In conclusion, deoxyguanosine kinase deficiency is a disease spectrum with a prevalent liver and brain tissue specificity in neonatal
and infantile-onset patients and muscle tissue specificity in adult-onset cases. Our study provides clinical, molecular genetics and
biochemical data for early diagnosis, clinical trial planning and immediate intervention with liver transplant and/or nucleoside

supplementation.
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Introduction

Mitochondrial DNA (mtDNA) is a circular double-stranded
molecule of 16.6 kb present in multiple copies in cells and
encoding for 13 protein subunits of the respiratory chain
complexes, 2 rRNAs and 22 tRNAs.! The maintenance of
mtDNA requires a set of nuclear DNA (nDNA) encoded
proteins, distinct from the nuclear replication machinery,
responsible for the synthesis of the novel molecule, the sup-
ply of the deoxynucleotides (ANTP) pool through de novo
synthesis or salvage pathway, the regulation and the pack-
aging into the nucleoids.? Defects in mtDNA maintenance
are defined as defects of inter-genomics communication
since pathogenic variants in nDNA genes affect quantita-
tively (depletion) and/or qualitatively (multiple deletions
and points mutations) the integrity and copy number of
mtDNA. Biochemically, they lead to reduced biosynthesis of
mtDNA-encoded respiratory chain subunits and, consequently,

to multiple oxidative phosphorylation (OXPHOS) activity de-
fects. Clinically, they manifest as a spectrum of disorders going
from tissue-specific diseases mainly affecting the liver, brain
and muscle, to complex multi-organs disorders.”
Deoxyguanosine kinase (dGk) deficiency is one of the
most common causes of hepatocerebral mtDNA depletion
syndrome. Encoded by the nuclear gene DGUOK,
Deoxyguanosine kinase (dGk) (OMIM #601465) is an en-
zyme of the mitochondrial ANTP pool salvage pathways
that catalyzes the phosphorylation of deoxyguanosine (dG)
and deoxyadenosine (dA) into their monophosphates.
Those nucleotides are then converted into triphosphates
(dGTP and dATP) and incorporated into the novel synthe-
sized mtDNA molecule.> Autosomal recessive pathogenetic
variants in the DGUOK gene cause a lack of dGk enzyme ac-
tivity and consequently unbalanced dNTP pool for the reduc-
tion of deoxy purines versus deoxy pyrimidines, ultimately
leading to mtDNA depletion and/or multiple deletions.*
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dGk deficiency was first described in 2001 by Mandel
et al.,’ in 19 patients from three Druze kindreds, present-
ing an early onset (from birth to six months of age) of liver
failure, severe failure to thrive, rotatory nystagmus, lactic
acidosis, hypoglycemia, and neurological abnormalities.
The disease was rapidly progressing to premature death
before one year of age.’ Further case reports and case ser-
ies studies contribute to identifying additional clinical pre-
sentations with early-onset isolated hepatopathy and
mtDNA depletion®” or myopathy and mtDNA multiple
deletions.® There is no standard treatment for this devas-
tating disorder. Liver transplant (LTx) has been contro-
versial because of the complications related to the
procedure, the risk of disease progression into multiorgan
disease, and uncertainty about the development of a severe
neurological phenotype despite liver transplantation. A
comprehensive analysis of LTx outcomes is needed for iden-
tifying prognostic factors and giving recommendations based
on evidence. Supplementation with nucleosides has been de-
monstrated safe and effective in vivo and in vitro models for
nucleotides pool imbalance disorders®*'° giving the promise
for translation to humans in clinical trials. In this view, natural
history data are essential for identifying clinical endpoints,
biomarkers, and parameters for trial design and readiness.

Our study aims to retrospectively analyze the largest co-
hort of dGk deficient patients including unpublished cases,
for characterizing the clinical syndromes of dGk deficiency,
identifying biochemical, molecular genetics, and histological/
histochemical parameters for early diagnosis and prognosis,
and understanding L'Tx outcome.

Material and methods

This is a multicentre retrospective study focusing on patients
affected by dGk deficiency. The study was conducted in ac-
cordance with both the Declarations of Helsinki and
Istanbul. A systematic literature review was conducted using
the terms ‘DGUOK’, ‘Deoxyguanosine kinase’, ‘dGk’
‘Deoxyguanosine kinase deficiency’, ‘dGk deficiency’,
‘Mitochondrial DNA maintenance defects’ ‘Mitochondrial
DNA depletion’ and ‘Mitochondrial deoxynucleotide pools
imbalance’ from January 2001 to June 2023*>7:%11-5% on
PubMed. Manuscripts with available full text in English
were considered. Physicians of research centres all around
the world and clinicians caring for already reported patients
were contacted to provide follow-up information or add-
itional unreported cases with a confirmed molecular diagno-
sis of dGk deficiency. Informed consent for the anonymous
publication of the patients’ clinical, biochemical, histologic-
al/histochemical and molecular genetics data was obtained
from all study participants under the local ethics committee
approval of the referring clinical centre at the time of the diag-
nostic workup. Collaborators from research centres in
Austria (two), Croatia (two), France (four), Germany (three),
Israel (one), Italy (nine), Japan (one), the UK (two) and the
USA (one) were study contributors. Data collected include:
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demographics, survival, cause of death, age at onset and at
the last follow-up, symptoms/signs of liver (jaundice, choles-
tasis, hepatomegaly, ascites), central and peripheral nervous
system (central hypotonia, psychomotor delay, nystagmus,
lethargy and peripheral neuropathy) or neuromuscular in-
volvement (weakness/fatigue, ptosis, ophthalmoplegia, my-
algia, dysphonia and dysphagia), systemic features (feeding
difficulties, hypothermia and others), complications during
the clinical course and need of medical/surgical procedures
(ventilatory support, nutrition through nasogastric tube/
gastrostomy and LTx), laboratory tests (transaminases
levels, plasma ammonium and lactic acids, creatine phospho-
kinase (CK)), glycemia, plasma amino acids), molecular gen-
etics results (DGUOK gene variants, mtDNA copy number
and multiple deletions), electromyography (EMG) and nerve
conduction (NCV) studies, brain magnetic resonance im-
aging (MRI) and brain spectroscopy (MRS), liver ultrasound
and histological, biochemical and histochemical data from
muscle and liver biological samples.

Molecular genetic studies of the DGUOK (NM_080916.3)
gene were performed in reference centres by direct Sanger se-
quencing or next-generation sequencing of whole-exome or
targeted genes panel library as previously described.’*¢%-!
Long PCR or Southern blot analysis was performed in
DNA extracted from muscle homogenate to detect multiple
mtDNA deletions and quantitative PCR for mtDNA copy
number in available tissues (liver, muscle).®>®* dGk activity
was measured in muscle or liver homogenate.>’

All statistical analyses were performed using GraphPad
Prism 8.0. Results were expressed as a ratio and percentage
of available data. Clinical subgroup comparison and survival
analysis were obtained by using the log-rank Mantel-Cox
test.

Results

A cohort of 202 patients having a genetically confirmed diag-
nosis of dGk deficiency (88 male, 96 females, 18 not disclosed
information) was studied (Supplementary Table 1). Data for
36 patients were not previously reported in the literature and
were provided by study collaborators. Age at disease onset
was available for 158 patients (44 N/A) ranging from birth
to 69 years of age (median age: 7.2 months). Patients were
stratified into four groups based on age at onset: 88/158
(55.7%) had a neonatal onset (<1 month); 51/158 (32.3%)
had an infantile-onset (>1 month and <1 year); 4/158
(2.5%) had a pediatric onset (>1 year and <18 years); and
15/158 (9.5%) had an adult-onset (>18 years).

The main organs/tissues affected by dGk deficiency were
liver, central nervous system and muscle showing a different
prevalence based on the age at onset. Liver involvement
was more frequent in neonatal and infantile-onset while a
tissue-specific muscle disease is associated with adult onset.
CNS involvement was exclusively present in the early onset
patients (Fig. 1A; Supplementary Table 2).
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Signs and symptoms at onset and during the clinical course
are graphically summarized in Fig. 1B and C. In detail,
141/160 (88.1%) presented liver involvement at onset and
the most prominent sign was an increased level of alanine
and aspartate transaminases (ALT/AST) described in
116/160 (72.5%) (ALT increase from 1.1-fold to 55.3;
AST from 1.1 to 200.2). Patients also experienced cholestasis
(92/160, 57.5%), jaundice (94/160, 58.8%), hepatomegaly
(73/160, 45.6%), ascites (26/160, 16.3%) and liver failure
(5/160, 3.1%). Data on liver signs/symptoms were not avail-
able for 42 patients. Liver ultrasound showed abnormalities
in 40/50 patients: hepatomegaly in 15/40 (37.5%), hypere-
chogenicity in 10/40 (25%), ascites in 7/40 (17.5%), liver
steatosis in 4/40 (10%), solid tumour in 4/40 (10%), patent
abdominal vasculature in 2/40 (5%), other abnormalities not
specified (globular or nodular morphology) in 5/40 (12.5%).
In 10/50 cases liver ultrasound was normal.

Early central nervous system (CNS) symptoms were man-
ifested in 123/181 (68%) presenting central hypotonia in
87/181 (48.1%), nystagmus in 59/181 (32.6%), psycho-
motor delay in 43/181 (23.8%) and lethargy in 14/181
(7.7%). In 58/181 cases there was no CNS involvement at
disease onset. Data were not available in 21 patients. Brain
MRI showed abnormal patterns in 25 out of 65 patients
(38.5%). Specifically, cortical/subcortical atrophy was re-
ported in 8/25 (32%), cerebellar atrophy in 3/25 (12%),
white matter abnormalities in 9/25 (36%), focal lesions in
4/25 (16%), vasogenic pattern and cerebral edema in 3/25
(12%), grey matter abnormalities in 2/25 (8%). Brain
MRS analysis showed a lactate peak in 6/8 patients.

Neuromuscular function was affected in 38/159 (23.9%)
patients at disease onset. Data were not available in 43 cases.
Weakness or fatigue was reported in 33/159 patients
(20.8%), ptosisin 22/159 (13.8 %), progressive external oph-
thalmoplegia in 14/159 (8.8%), myalgia in 12/159 (7.5%),
dysphagia in 12/159 (7.5%) and dysphonia in 8/159
(5.0%). Electromyography (EMG) and nerve conduction vel-
ocity test (NCV) were normal in 6/19 (31.6%) while 10/19
(52.6%) showed a myogenic pattern and 3/19 (15.8%) a
neurogenic pattern (only one with peripheral neuropathy).

Data on additional signs/symptoms at disease onset were
available in 159/202 (47 N/A) and they were feeding difficulties
(49/159,30.8%), hypothermia (16/159,10.1%), hypoglycemia
(17/159, 10.7%) failure to thrive (42/159, 26.4%), metabolic
acidosis (9/159, 5.7%), cardiomyopathy (1/159, 0,6 %), cardio-
megaly (1/159, 0,6 %), retinal blindness (1/159, 0,6%), lactic
acidosis (8/159, 5%) and neuropathy (3/159, 1.9%).

Follow-up data on the clinical course were available in
181/202 (21 N/A) showing disease progression in most
cases. Metabolic acidosis complicated the clinical course in
106/181 (58.6%). The liver disease progressed into liver fail-
ure in 152/181 (84%). An increased number of patients pre-
sented psychomotor delay (61/181, 33.7%) and nystagmus
(74/181, 40.9%). Renal involvement complicated the clinic-
al course in 15/181 (8.3%). Ventilatory support was neces-
sary for 9/181 (5%) patients and nutritional support was
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Figure | Clinical manifestations of dGk deficient patients.
(A) Percentage of patients with muscular, central nervous system,
or liver signs/symptoms at age of onset. Data were available for:
85/88 neonatal patients, 49/51 infantile patients, 4/4 pediatric
patients and |5/15 adult patients. (B, C) Prevalence of symptoms in
different organs or tissues at the disease onset (B) and during the
clinical progression (C) expressed as a percentage. Data availability:
160/202 patients for liver symptoms, 181/202 patients for CNS
symptoms, 159/202 patients for muscular symptoms. Follow-up
data on the clinical course were available in 181/202. CNS: central
nervous system.

needed in 24/181 (13.2%) patients with a nasogastric tube
in nineteen and gastrostomy in five.
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Metabolic laboratory tests confirmed metabolic acidosis
in 106/202 (52.5%) and hypoglycemia in 100/202 (49.5%)
cases. Plasma amino acids showed abnormalities in 75 pa-
tients (37.1%, 127 N/A). Specifically, plasma tyrosine level
was increased in 48/75 (64 %), alanine in 21/75 (28%), me-
thionine in 14/75 (18.7%), phenylalanine in 4/75 (5.3%)
and glutamine in 3/75 (4%).

CK was increased from 1.2 to 11.8 fold in 25/48 (154 N/A).
In addition, in two cases, one with the isolated hepatopathy
and one with the hepatomyocerebral form, levels of
13 000 IU/L were reported during rhabdomyolysis episodes.
Excluding those two patients, CK was increased from 1.4 to
6 fold in the hepatomyocerebral form, from 1.2 to 11.8 fold
in the isolated myopathy, from 2.4 to 2.7 fold in the hepato-
cerebral, from 2.3 to 9.2 fold in isolated hepatopathy.

A total of 187 patients (15 N/A) were classified based on their
clinical symptoms at-onset and during the disease course into
the following four clinical subgroups: (i) hepatocerebral: pa-
tients showed signs/symptoms of the liver (jaundice, cholesta-
sis, hepatomegaly, ascites, elevated transaminases, liver
failure) and brain (central hypotonia, psychomotor delay,
nystagmus, lethargy) involvement; (ii) hepatomyocerebral:
in case of liver, brain and muscle involvement (weakness/
fatigue, ptosis, ophthalmoplegia, myalgia, dysphonia, dys-
phagia); (iii) hepatic: isolated involvement of the liver;
(iv) myopathic: isolated involvement of the muscle.

In our cohort of patients, 110/187 (58.8%) had a hepato-
cerebral form: 77/110 (70%) have had the complete form
since the disease onset; 27/110 (24.5%) presented with
neurological symptoms at onset and they further show signs
of liver involvement; 6/110 (5.5%) presented with liver in-
volvement and they further manifested neurological symp-
toms. The age of onset was only available for 83 patients
in this subgroup (27 N/A). All of them had an early onset:
neonatal in 54/83 (65.1%) while infantile in 29/83
(34.9%). Additional symptoms were: metabolic acidosis in
75/110 (68.2%), hypoglycemia in 67/110 (60.9%), failure
to thrive in 40/110 (36.4%), feeding difficulties in 33/110
(30%), renal involvement in 10/110 (9.1%), hypothermia
in10/110 (9.1%), neuropathy in 2/110 (1.8 %), cardiomyop-
athy in 1/110 (0.9%), cardiomegaly in 1/110 (0.9%), retinal
blindness in 1/110 (0.9%). Data on mortality revealed that
99/106 (93.4%) (4 N/A) patients died at an average age of
6.79 months (ranging from less than one month to 1.5 years),
while 7/106 (6.6 %) were still alive at the last follow-up, with
an age that ranged from less than a month to seventeen years.
Data on mortality were not available in four patients.

Isolated liver involvement (hepatic form) was reported in
41/187 (21.9%) cases. Age of onset was ranging from neo-
natal (20/39, 51.3%) to infantile (17/39, 43.6%) to
pediatric-onset (2/39, 5.1%). No adult onset was recorded
(2 N/A). Additional symptoms were: hypoglycemia in
19/40 (47.5 %), metabolic acidosis in 14/40 (35 %), feeding dif-
ficulties in 3/40 (7.5%), renal involvement in 3/40 (7.5%),
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hypothermia in 3/40 (7.5%), failure to thrive in 1/40 (2.5%)
(1 N/A). Data on mortality were available for 40 individuals
(1 N/A): 25/40 (62.5%) died at an average age of 6.2 months
(ranged from less than 1 month to 2.58 years), while 15/40
(37.5%) survived at an average age of 6 years (range from 1
month to 19 years).

Hepatomyocerebral form was present in 18/187 (9.6%)
patients: 14/18 (77.8%) had a neonatal onset and 4/18
(22.2%) had an infantile onset. Additional symptoms
were: metabolic acidosis in 16/18 (88.9%), hypoglycemia
in 14/18 (77.8%), feeding difficulties in 11/18 (61.1%),
hypothermia in 3/18 (16.7%), renal involvement in 2/18
(11.1%), failure to thrive in 1/18 (5.6 %). The clinical course
was rapidly progressing to premature death in 13 out of 18
(72.2%) at an average age of 6.8 months whereas 5/18
(27.8%) patients were still alive at the last follow-up (age
range from 4 months to 26 years).

The myopathic form was present in 18/187 (9.6 %) cases:
15/18 (83.3%) had an adult-onset, 2/18 had a pediatric on-
set (11.1%) and 1/18 (5.6%) presented an infantile-onset.
Additional symptoms were: feeding difficulties in 2/18
(11.1%), metabolic acidosis in 1/18 (5.6%), neuropathy
in 1/18 (5.6%), and parkinsonism in 1/18 (5.6%). At the
last follow-up, 12/14 (85.7%) subjects were still alive (aver-
age age 51.1 years). Two patients (14.3%) died respectively
at the age of 65 and 69 years (4 N/A).

Additional data are summarized in Supplementary
Table 3.

At the last follow-up, 139 patients were deceased (data not
available for 24 patients).

Kaplan-Meier analysis showed a statistically significant
difference in the survival rate among the age-at-onset sub-
groups (158/202 censored data, 44 N/A) (P <0.0001 by
Mantel-Cox test) with the highest mortality for the neo-
natal group (Fig. 2A). Median survival was 0.5 years for
the neonatal onset, 1.17 years for the infantile-onset and
67 years for the adult-onset group. Median survival for
the pediatric-onset was not directly estimable because of
the low number of censored patients.

Kaplan-Meier analysis comparing the survival rate of the
different clinical forms (187/202) (Fig. 2B) showed a statistic-
ally significant difference between the myopathic form and all
other clinical phenotypes (P < 0.0001 by Mantel-Cox test).
The median survival was less than 1.0 years for the hepato-
myocerebral (0.50), the hepatocerebral (0.42) and the hepat-
ic form (0.75), while for the myopathic form was 67 years.

We analyzed the presence of neurological signs/symptoms
as a negative predictor for survival in a total cohort of pa-
tients. Among 119 patients who had neurological signs/
symptoms, 106 patients were deceased at the last follow-up
(89.1%). The difference between patients with and without
neurological signs was statistically significant (P < 0.0001,
by Mantel-Cox test, Fig. 2C). The median survival was
0.5 years for patients with neurological involvement and
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Figure 2 Kaplan-Meier analysis of dGk deficiency
mortality. (A) Survival curve stratified for age at onset (n = 149)
and (B) clinical forms (n = 178); (C) Survival curve in dGk deficient
patients with or without CNS involvement (n = 172). Survival
analysis was assessed by log-rank Mantel-Cox test. Numbers at risk
are specified below each panel. When statistically significant,
P values are indicated in the figure. CNS: central nervous system.

1.75 years for patients without neurological symptoms.
However, this data include patients with isolated myopathy
who had a normal life span compared to other patients’ sub-
groups. There was no difference in survival rate when com-
paring patients with normal brain MRI versus patients
presenting abnormalities (Supplementary Fig. 1).

Data on the cause of death were available in 112 out of 139
deceased patients (27 N/A). The most frequent cause of death
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was liver failure, reported in 81/112 patients (72.3%), fol-
lowed by multi-organ failure (MOF) in 12/112 (10.7%), en-
cephalopathy in 5/112 (4.5%), cardiac arrest in 4/112
(3.6%), gastrointestinal bleeding in 5/112 (4.5%), pulmon-
ary arterial hypertensionin4/112 (3.6%), LTx complications
in 2/112 (1.8%), shock in 2/112 (1.8 %), peritonitis in 1/112
(0.9%), hypertensive crisis in 1/112 (0.9%), meningococcus
meningitis in 1/112 (0.9%), Non-Hodgkin lymphoma in
1/112 (0.9%) and metabolic acidosis in 1/112 (0.9%).

LTx was performed in 26 patients: 14 with the hepatocereb-
ral form, 9 with isolated hepatopathy, and 3 with hepato-
myocerebral form. Kaplan-Meier analysis demonstrated
a statistically significant difference in survival time when
comparing treated versus untreated patients (P <0.0001)
(Fig. 3A). The median survival was 1.92 years in the overall
cohort of transplanted patients (ranging from 1 month to
26 years) versus 0.5 years in untreated patients (ranging
from 1.4 months to 6 months). Five patients died soon after
the procedure. At one year of follow-up post-transplant
data were available in 8 patients that were alive and among
them four patients had a long-term survival of 10 years; 5 pa-
tients were reported alive after the transplant but the length
of survival is not available. Neurological symptoms were
recorded in 17/26 (65.4%) transplanted patients. We com-
pared the survival rate of individuals with or without neuro-
logical involvement but there was no statistically significant
difference (Kaplan-Meier, P=0.5410) (Fig. 3B). We en-
quired if the presence of MRI abnormalities or specific
signs/symptoms such as nystagmus, central hypotonia or psy-
chomotor delay was a negative predictor for survival
after LTx and Kaplan-Meier analysis showed no difference
in patients with MRI abnormalities, psychomotor delay,
or central hypotonia at disease onset in survival after
LTx (Supplementary Fig. 2A-C). However, patients with
nystagmus at disease onset had a negative outcome after
LTx with a statistically significant difference in survival rate
(Kaplan-Meier, P=0.0275) (Fig. 3C). We reviewed the
neurological outcome among survivors: six patients devel-
oped additional neurological signs after LTx which were psy-
chomotor delay (4), nystagmus (3), and hyposthenia (1). An
improvement in neurological involvement was recorded in
one. Causes of death in transplanted patients were pulmon-
ary hypertension in 4/13 (30.8%), LTx complications in
2/13 (15.4%), MOF in 1/13 patients (7.7%), hypertensive
crisis in 1/13 patients (7.7%), peritonitis in 1/13 patients
(7.7%), cardiac arrest in 1/13 patients (7.7 %), cardiac tam-
ponade in 1/13 patients (7.7 %), liver failure in 1/13 patients
(7.7%), encephalopathy in 1/13 patients (7.7%).

mtDNA copy number was measured in DNA extracted from
liver biopsy samples in 58/202 patients (141 N/A) (median
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Figure 3 LTx outcome: (A) Survival curves comparing LTx versus
untreated patients (n = 128). (B) Survival curve comparing subgroups
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the figure. CNS, central nervous system; LTx, liver transplant.
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value: 15.8% ranging from 0% to 98 %) presenting early on-
set of hepatocerebral form in 31/58 (53.4%), hepatopathy in
16/58 (27.6%), hepatomyocerebral in 10/56 (17.2%) (1 N/A).
mtDNA depletion was found in all of them.

mtDNA copy number was measured in DNA extracted from
muscle biopsy samples in 30/202. Depletion was found in
20/30 (66.7%) (median value: 30.7% ranging from 6% to
89%) presenting an hepatocerebral form in 9/20 (45%), hepa-
tomyocerebral in 6/20 (30%), hepatopathy in 4/20 (20%) and
myopathy in 1/20 (5%). Normal mtDNA copy number was
found instead in 4/10 patients with hepatocerebral form,
5/10 with myopathy and 1/10 with isolated hepatopathy.
The presence of multiple mtDNA deletions was analyzed in
58 patients: 13 cases with myopathic phenotype and one
with hepatopathy had multiple deletions. Only one case had
both depletion and deletions with adult-onset myopathy.'!

Genetic analyses allow the identification of 82 pathogenic
variants (Fig. 4). There was no clear genotype—phenotype
correlation. The most frequent variants were: a) ¢.255del
(p.Ala86Profs*13), located in exon 2, and identified in
21/202 (10.4%) patients from five unrelated families, present-
ing the hepatocerebral form in 20 cases and the hepatomyo-
cerebral form in one case; b) ¢.3G> A (p.Metllle), located
in exon 1 and identified in 20/202 (9.9 %) patients from 19 un-
related families; ¢) ¢.763_766dupGATT (p.Phe256%), located
in exon 6 and identified in 18/202 (8.9%) patients from 12 un-
related families (3 N/A). There was no specific clinical syn-
drome associated with these latter variants.

Data on histological analysis of liver and muscle biopsy sam-
ples were collected respectively for 87 and 45 patients. Liver
specimen analyses revealed steatosis in 61/87 (70.1%) pa-
tients, cholestasis in 52/87 (59.8%), fibrosis in 49/87
(56.3%), cirrhosis in 29/87 (33.3%), siderosis in 23/87
(26.4%) and necrosis in 16/87 (18.4%). Muscle biopsy ana-
lyses demonstrated atrophic myofibres in 4/45 (8.9%) pa-
tients, sarcolemmal mitochondrial aggregates in 3/45
(6.7%), rare central nuclei and splitting in 2/45 (4.4%), fi-
brosis in 1/45 (2.2%). Histochemical analysis of muscle bi-
opsy showed cytochrome ¢ oxidase (COX) deficient
muscular fibres in 19/45 (42.2%) patients, ragged red fibres
in 13/45 (28.9%), lipid storage in 6/45 (13.3%) and succin-
ate dehydrogenase (SDH) positive fibres in 7/45 (15.6%).
Biochemical analysis of respiratory chain complex activities
in liver biopsy samples was available in 64 patients: 59/64
(92.2%) had multiple OXPHOS defects, one patient had iso-
lated Complex I deficiency (1.6%), one patient had isolated
Complex III deficiency (1.6 %), two isolated Complex IV defi-
ciency (3.1%) and two had normal activities (3.1%). Citrate
synthase level was available in 15 patients and was increased
in 13/15 (86.7%), normal in the remaining two patients.
Biochemical analysis of respiratory chain complex
activities in muscle homogenate was available in 44/202
(21.8%). Multiple OXPHOS deficiency was present in
14/44 (31.8%) patients, isolated Complex I deficiency in
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4/44 (9.1%), isolated Complex IV deficiency in 4/44 (9.1%),
isolated Complex V deficiency in 1/44 (2.3 %), normal activity
in 21/44 (47.75%). Citrate synthase level was available in
11 patients and was increased in 7/11 (63.6%) and reduced
in 2/11 (22.2%), while it was normal in two patients (22.2%).

Biochemical analysis of respiratory chain complex activ-
ities in patients’ fibroblast cell lines was available in 9/202
(4.46%) revealing multiple OXPHOS deficiency in 4/9
(44.4%) patients, isolated complex IV deficiency in 1/9
(11.1%) and normal activities in 4/9 (44.4%).

dGk activity was measured in muscle in 4 patients and
liver in 2 patients showing a range of residual activity
respectively from 19% to 45% and from 0.5% to 27%.

Discussion

Mitochondrial disorders associated with mtDNA instability
are due to autosomal recessive (ABAT, AGK, ANTI,
ATAD3A, DGUOK, DNA2, DNMI1L, DTYMK, FBXL4,
MFN2, MGME1, MPV17, MSTO1, OPAl, POLGI,
POLG2, RNASEH1, RRM2B, SSBP1, SUCLA2,
SUCLG1, TFAM, TK2, TYMP, TWNK) or dominant
(ANT1, ATAD3A, DNA2, DNMI1L, SSBP1, OPAI,
POLG1, POLG2, RRM2B, TWNK) variants in nDNA
genes encoding proteins playing role in the maintenance
pathway.®*®® The molecular genetics hallmark of all defects
is a severe reduction of mtDNA copy number (depletion)
in early-onset cases or the presence of multiple mtDNA
deletions in adult-onset cases.® The coexistence of mtDNA
depletion, multiple deletions, and point mutations is an ex-
clusive characteristic of mitochondrial neuro gastrointestinal
encephalomyopathy (MNGIE)®® while a moderate reduction
of mtDNA copy number together with mtDNA multiple
deletions has been demonstrated in juvenile-onset thymidine
kinase 2 deficiency (TK2) myopathy.”® Clinically, they mani-
fest with a prevalent tissue-specificity in early onset cases to
liver (DGUOK, MPV17, POLG1, POLG2, TEAM), brain
(ABAT, DNMI1L, DTYMK, POLG1, SUCLA2, SUCLG1),
heart (AGK, ANT1) and muscle (TK2), although a multior-
gan involvement is also described.®®”! Adult-onset syndrome
is mainly characterized by progressive external ophthalmo-
plegia with/without proximal or respiratory muscle weak-
ness (ANT1, DGUOK, DNA2, MGMEI1, POLGI,
POLG2, RNASEH1, RRM2B, TK2, TWNK).”!

Autosomal recessive variants in the DGUOK gene cause
dGk deficiency and consequently an unbalanced supply of
purine to mtDNA synthesis. Although dGk deficiency is a
rare disease it represents a frequent metabolic cause of liver
failure in infancy. A previous study by Al-Hussaini et al.”
in 2014 demonstrated that DGUOK defect was the cause
of liver failure and cholestasis in 22% of a cohort of 450 in-
fantile patients and it was associated with poor prognosis.
Here we presented data on the largest cohort of 202 patients
genetically confirmed dGk deficient, 36 of which were not
previously reported in the literature.

Our study demonstrated that dGk deficiency is predomin-
antly an early-onset liver and brain tissue-specific disorder.

E. Manzoni et al.

Liver disease was present in 88% of patients presenting jaun-
dice, elevated transaminase, hepatomegaly or ascites before
one year of age and 84% of patients progressed to liver failure
within a few weeks or months. Neurological signs were
also present in 68% of patients and characterized by a variable
association of central hypotonia, psychomotor delay and nys-
tagmus. However, it is not possible to exclude that those symp-
toms were secondary to the liver disease, general metabolic
condition or chronic illness and associated hospitalizations of
the patients. Brain MRI investigation was normal in more
than 50% (40/65) and showed variable abnormalities in others
as cortical/subcortical atrophy (8/25, 32%), cerebellar atrophy
(3/25, 12%), white matter abnormalities (9/25, 36 %), focal le-
sions (4/25, 16%), vasogenic pattern and cerebral edema (3/25,
12%) and grey matter abnormalities (2/25, 8%). CNS involve-
ment was not progressive during the clinical course in all pa-
tients except three who died of encephalopathy.

Pediatric-onset was sporadic with only four patients (2.5%)
presenting symptoms between one and eighteen years of age.
An adult-onset disease instead was reported in 9.5% of patients
with a muscle tissue-specificity mainly characterized by prox-
imal muscle weakness and fatigue with/without progressive ex-
ternal ophthalmoplegia (PEO). Interestingly, in one case a
neurological involvement with parkinsonism was reported.'!

Patients presented additional symptoms related to the
general metabolic condition such as failure to thrive, hypo-
glycemia, and hypothermia. Additional organs/tissues com-
prised 15 patients with renal involvement, two cases with
cardiomyopathy, and one case with retinal blindness.
Metabolic acidosis was an acute event in the clinical course
of 52.5% of patients. Feeding difficulties were reported in
30.8% of patients but required nutritional support in only
13.2% of patients with a nasogastric tube in 19 cases and
gastrostomy in 5 cases. Respiratory insufficiency was not a
major cause of morbidity in our cohort with only nine pa-
tients requiring ventilator support (5%).

Diagnosis of dGk deficiency is challenged by clinical,
histological and biochemical features overlapping other
metabolic and mitochondrial disorders. In our cohort of pa-
tients plasma amino acids revealed a high level of tyrosine in
64% of cases posing differential diagnosis with Tyrosinemia
type 1, a rare autosomal recessive disorder characterized
by progressive liver disease and a secondary renal tubular
dysfunction.”” Succinylacetone was reported in trace or ab-
sent in urine when measured.'>1%2%273¢ However, a diet re-
stricted from tyrosine and phenylalanine was considered in
some cases before the genetic diagnosis.'**® Genetic tests
of the DGUOK gene in patients presenting a high level of
tyrosine at newborn screening should be considered for pre-
venting disease progression with early intervention with
LTx and/or nucleoside supplementation. Liver ultrasound
and histological analyses revealed in 26.4% of patients the
presence of iron deposit/overload leading to misdiagnosis
of hemochromatosis.'>* In a limited number of cases, there
were also increased levels of plasma ferritin®'>'5*® and one
patient was treated with iron chelant."® Hepatosplenomegaly
and hypoglycemia were responsible for a misdiagnosis of
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glycogen storage disease in a 4-month-old Turkish patient.””
Other differential diagnoses that have been considered in
the diagnostic workup were: homocystinuria, 2-CH3-3-
hydroxybutyric aciduria, galactosemia, hereditary fructose in-
tolerance, citrullinemia type II, biotinidase deficiency, Wilson
disease and lysosomal storage disorders.'* Adult myopathy
may instead overlap with oculopharyngeal myopathy, myasthe-
nia gravis, and other genetically inherited progressive external
ophthalmoplegia. Differential diagnosis should also be consid-
ered with other mitochondrial disorders causing liver failure
(MPV17, POLGI1, POLG2, TFAM, TWNK, TRMU).
Genetics tests with either targeted gene panels or whole exome
sequencing and, whenever possible, tissue-specific mtDNA
quantity and integrity analysis should be performed to achieve
the diagnosis of dGk deficiency.

Important features enable us to stratify patients regarding
the disease morbidity and mortality: age at onset, main
tissue/organ presenting signs and symptoms, and survival.
Patients with neonatal and infantile-onset onset had the
highest mortality with a median survival respectively of 0.5
and 1.2 years whereas adult-onset patients had a normal
life span with a median survival of 67 years. We have con-
firmed the phenotypic heterogeneity of dGk deficiency and
classified the disease into four major clinical forms (hepato-
cerebral, hepatomyocerebral, isolated hepatopathy, and iso-
lated myopathy) presenting as a continuum spectrum from
the neonatal to the adult onset. The most frequent clinical
forms were hepatocebral in 58.8% of patients and isolated
hepatopathy in 21.9%. Only a small subgroup of patients
presented muscle symptoms: 9.6% with hepatomyocerebral
form and 9.6% with isolated myopathy. This latter clinical
form might be underdiagnosed since it has been described
more recently and clinical symptoms are mild and overlap-
ping with other mitochondrial neuromuscular disorders.
We have observed a similar phenomenon in TK2 deficiency,
in which the late-onset adult form had an increased preva-
lence when the disease classification was reported.”%”?

Our data demonstrated that the hepatocerebral form had
the highest mortality with 93.4% of patients dying at an aver-
age age of 6.85 months (ranging from less than one month to
5.3 years). Patients with isolated myopathy had a better out-
come with 85.7% of patients still alive at the last follow-up
(average age 51.1 years) and only two patients died at the
age of 65 and 69 years. We enquired if the presence of brain
MRI abnormalities was a negative prognostic factor, but we
found no difference in the survival rate.

The most common cause of death was liver failure in 72.3%
of patients followed by MOF in 10.7% of cases. Other causes
of death were sporadic: encephalopathy (5), cardiac arrest (4),
gastrointestinal bleeding (5), pulmonary arterial hypertension
(4), LTx complications (2), shock (2), peritonitis (1), hyperten-
sive crisis (1), meningococcus meningitis (1), Non-Hodgkin
lymphoma (1), metabolic acidosis (1).

Molecular genetics studies demonstrated that mtDNA de-
pletion was present in all liver samples analyzed in patients
presenting signs/symptoms of hepatic disease whereas mus-
cle samples analysis showed a reduction of mtDNA copy
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number in only 66% of the cases. The level of mtDNA
copy number in muscle can vary from normal to severely de-
creased in patients with hepatopathy as already indicated by
Al-Hussaini et al.” in 2014. Additionally, it might change
during the follow-up while the disease progresses to muscle
involvement as reported since the first report by Mandel
et al.’ in 2001. Our data together with the literature review
suggest that the most affected tissue should be analyzed for
the diagnosis. Multiple deletions of mtDNA were found in-
stead in 14 out of 58 muscle samples of our cohort and asso-
ciated with adult myopathy in all except for one patient with
isolated hepatopathy. Reduction in mtDNA copy number
around 50-60% and multiple deletions were reported in
two patients.'! Data on the coexistence of moderate reduc-
tion in mtDNA copy number and multiple deletions might
be underestimated since muscle samples were not analyzed
for both defects in all late-onset patients. Taken together
our results confirmed the tissue-specificity of dGk deficiency
also at the molecular-genetics level. This highlights that mus-
cle biopsy is not informative in patients with hepatopathy
and it suggests that mtDNA copy number analysis is the
gold standard for the diagnosis in liver biopsy in patients
with hepatopathy as well as the mtDNA multiple deletions
in muscle patients with isolated myopathy.

Mitochondrial respiratory chain activities confirmed the
presence of multiple deficiencies in liver and muscle hom-
ogenate in most patients. Only sporadic cases showed iso-
lated complex L, III, IV or V deficiency.

A total of 82 distinct pathogenic variants have been found in
the DGUOK gene with hot-spot regions in exons 1,
2, and 6. The most frequent variants were c.255del
(p.Ala86Profs*13), identified in 10.4% of patients presenting
hepatocerebral form; ¢.3G > A (p.Metllle) identified in 9.4%
of patients and ¢.763_766dupGATT (p.Phe256%) in 8.9% pa-
tients, both not associated with a specific clinical syndrome. We
did not find any genotype—phenotype correlation, contrary to a
previous study by Dimmock et al.* in 2008. Similar to other dis-
eases in the same pathways, there was inter- and intrafamilial
variability for the type and severity of clinical symptoms.

Inborn errors of metabolism are the second most common
indication for LTx in the pediatric population with an excel-
lent survival outcome (>95% at one year, between 80% and
90% at 10 years).”* In mitochondrial hepatopathies, LTx has
been considered controversial due to unpredictable outcomes
and ethical problems in allocating resources to children that
might present extrahepatic involvement and/or possible
neurological deterioration. A first preliminary study in a co-
hort of dGk deficient patients by Dimmock et al.”* in 2008
suggests a long-term survival in the absence of profound cen-
tral hypotonia, significant psychomotor retardation or nys-
tagmus but further case reports or series studies argue the
benefit of LTx even in the presence of mild neurological
symptoms.”* Al-Hussaini et al.” in 2014 reported four pa-
tients that had LTx and developed neurologically normal
after 2-4.5 years after the transplant.” Ronchi et al.® in
2012 identified a patient who had LTx at an infantile
age and was free from symptoms up to adult age when
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she presented mild myopathy with isolated episodes of
rhabdomyolysis.® In 2020, Jankowska et al.** analyzed a co-
hort of 20 patients, two not previously reported and 18 from
the literature review that had LTx at the age of 1-18 months
and the survival rate was 50% with the cause of death related
to procedure complications in all the patients. Neurological
outcome was overall positive in five patients with good
psychomotor development and/or mild central hypotonia
2.5-17 years after LTx, one patient with moderate cognitive
impairment and recurrent episodic rhabdomyolysis, and only
one patient with severe psychomotor retardation one year
after LTx. The authors concluded that LTx was not contrain-
dicated in patients without or with minimal neurologic
abnormalities.”* We contributed to this analysis and in our
cohort, 26 patients underwent LTx. Kaplan-Meier analysis
of survival rate demonstrated a statistically significant differ-
ence among treated and untreated patients with a survival
rate ranging from 1 month to 26 years in transplanted
patients whereas it ranged from one to 6 months in non-
transplanted patients. The number of patients that died
because of the procedures was higher than other metabolic
disorders but the outcome at one year in the survival popula-
tion was consistently good. The presence of neurological in-
volvement was not a negative predictor of survival rate.
However, when we analysed psychomotor delay or central
hypotonia or nystagmus alone, we found a statistically sig-
nificant difference in survival in patients presenting nystag-
mus at disease onset. We can speculate that nystagmus is a
sign of a more progressive disorder but further observation
in a prospective study is needed to support this hypothesis in-
cluding a more extensive investigation of its aetiology.
Therefore, although our data suggest nystagmus as a negative
predictor for the LTx outcome, caution must be posed in de-
termining the decision on only a single sign. Encephalopathy
was the cause of death in only one case out of 26 patients.
Among survivors, six patients developed additional mild
neurological signs which were psychomotor delay (4), nys-
tagmus (3) and hyposthenia (1). An improvement in neuro-
logical involvement was recorded in one case.

Overall, our data suggest that dGk-deficient patients may
benefit from LTx and the decision should be made on the risk
assessments of the potential complications related to the
procedures or the general conditions of the patients. LTx
may save patients from premature death and make them eli-
gible for further treatment approaches such as nucleoside
supplementation therapies. In vivo and in vitro data on nu-
cleoside supplementation have demonstrated phenotypical-
ly, molecular genetics, and biochemically efficacy and
safety in mitochondrial ANTP pool imbalance disorders.>*’
Zebrafish dguok—/— model reproduces the human disease
showing a lack of enzyme activity and mtDNA depletion,
the latter rescued by purine supplementation in adult
fish.'® Nucleoside treatment has been already translated
in Phase 2 open-label clinical trials (NCT03845712,
NCT03701568) for compassionate use in patients with
TK2 deficiency with a dramatic impact on the natural history
of the disease.”® Nucleosides can cross the blood-brain
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barrier and could have an impact on CNS involvement.
Therefore, a combination of LTx and nucleoside supplemen-
tation may be a potentially effective therapy for dGk-
deficient patients presenting with liver disease. Gene therapy
with adeno-associated viral vector transduction or gene edit-
ing with CRISPR/Cas9 technology holds the promise to treat
rare genetic diseases but no data are currently available in
pre-clinical dGk deficient models.

In conclusion, dGk deficiency is a tissue-specific mtDNA
maintenance defect manifesting with rapid and progressive
liver disease in early-onset patients and mild myopathy in
adult-onset patients. Our study provides diagnostic clinical
and molecular genetic criteria of the disease clinical forms,
identifies morbidity and mortality predictors and describes
LTx outcomes. Early recognition may prompt immediate
intervention before the disease progresses with LTx and/or
nucleoside supplementation.

Supplementary material

Supplementary material is available at Brain Communications
online.
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