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Objective: Mitochondrial DNA (mtDNA) depletion/deletions syndrome (MDDS) comprises a group of diseases caused
by primary autosomal defects of mtDNA maintenance. Our objective was to study the etiology of MDDS in 4 patients
who lack pathogenic variants in known genetic causes.

Methods: Whole exome sequencing of the probands was performed to identify pathogenic variants. We validated the
mitochondrial defect by analyzing mtDNA, mitochondrial dNTP pools, respiratory chain activities, and GUK1 activity.
To confirm pathogenicity of GUK1 deficiency, we expressed 2 GUK1 isoforms in patient cells.

Results: We identified biallelic GUK7 pathogenic variants in all 4 probands who presented with ptosis,
ophthalmoparesis, and myopathic proximal limb weakness, as well as variable hepatopathy and altered T-lymphocyte
profiles. Muscle biopsies from all probands showed mtDNA depletion, deletions, or both, as well as reduced activities
of mitochondrial respiratory chain enzymes. GUK1 encodes guanylate kinase, originally identified as a cytosolic
enzyme. Long and short isoforms of GUK1 exist. We observed that the long isoform is intramitochondrial and the short
is cytosolic. In probands’ fibroblasts, we noted decreased GUK1 activity causing unbalanced mitochondrial dNTP pools
and mtDNA depletion in both replicating and quiescent fibroblasts indicating that GUK1 deficiency impairs de novo
and salvage nucleotide pathways. Proband fibroblasts treated with deoxyguanosine and/or forodesine, a purine phos-
phatase inhibitor, ameliorated mtDNA depletion, indicating potential pharmacological therapies.

Interpretation: Primary GUK1 deficiency is a new and potentially treatable cause of MDDS. The cytosolic isoform of

GUK1 may contribute to the T-lymphocyte abnormality, which has not been observed in other MDDS disorders.

itochondrial DNA (mtDNA) depletion/deletions
M syndrome (MDDS) is characterized by a substantial
decrease in full-length mtDNA in one or more tissues."”
Clinically, they present as myopathic, encephalomyopathic,
hepatocerebral, or neurogastrointestinal disorders. The most
severe forms of MDDS manifest in early childhood with
multisystemic phenotypes, such as Alpers hepatocerebral
syndrome, and mtDNA depletion in affected tissues. In
contrast, adult-onset  chronic  progressive  external
ophthalmoplegia (CPEO) typically shows exclusively multi-
ple deletions of mtDNA in skeletal muscle.** In many
cases of MDDS, both depletion and deletions of miDNA
are detected.

Maintenance of mtDNA through high-fidelity repli-
cation and repair requires a balanced supply of
deoxynucleoside triphosphates (dNTPs). The major
nucleos(t)ide synthesis pathways are the de novo and the
salvage pathways. In replicating cells, the cytosolic de novo
pathway is upregulated due to increased dNTPs require-
ments for nuclear DNA (nDNA) synthesis.S In contrast,
in postmitotic cells, the de novo pathway is suppressed,
and cytosolic and mitochondrial salvage pathways are
required to generate dNTPs for mtDNA replication,
which occurs constitutively.’

Initially, autosomal recessive defects of the mito-
chondrial salvage pathway enzymes thymidine kinase
2 (TK2) and deoxyguanosine kinase (dGK) were linked
to myopathic and hepatocerebral forms of MDDS.
Subsequent identification of autosomal dominant and
recessive pathogenic variants in RRM1 and RRM2B sub-
units of ribonucleotide reductase in multisystemic and
myopathic forms of MDDS has revealed the importance
of the de novo pathway in mtDNA maintenance. Addi-
tional genes, such as 7YMP, ABAT, and GMPR, are
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also required for dNTP pool balance and, when
mutated, cause MDDS.% 13

Guanylate kinase, encoded by GUKI, is a nucleo-
tide monophosphate kinase (NMPK) that catalyzes the
phosphorylation of guanosine and deoxyguanosine
monophosphates (GMP and dGMP [(d)GMP]) to gua-
nosine and deoxyguanosine diphosphate (GDP and
dGDP [(d)GDP]). Since the initial isolation of human
GUKI1 from erythrocytes in the 1970s,"*" its struc-
ture, function, and substrate specificity have been
extensively studied as potential targets for antiviral and
anticancer treatments.'*!° Although subcellular locali-
zation of other NMPKs, such as adenylate kinase,
which has 9 isoforms, including 3 mitochondrial
isoforms,'””'® have been studied in detail, the intracel-
lular localization of GUKI1 has not been investigated.
The two major GUKI isoforms are a 218 amino acid
long isoform (hereafter isoform A) and 197 amino acid
short isoform (hereafter isoform B). The cytosolic con-
version of (d)GMP to (d)GDP has been attributed to
GUK1 and a presumed analogous mitochondrial
enzyme. Alternatively, dGDP required for proper main-
tenance of mtDNA may be synthesized in the cytosol
by GUKI1 and transported into mitochondria through
purine transporters.'> > A third scenario invokes
GUKI1 as the sole enzyme responsible for this reaction
in both the cytosol and mitochondria.

Here, we report a novel MDDS, in 4 probands from
3 families, due to autosomal recessive GUKI1 deficiency
that impairs NMPK leading to MDDS. In addition, we
have identified effective in vitro therapeutic strategies to
potentially treat this disorder. Our studies also reveal that
the long GUKI1 isoform is intra-mitochondrial, whereas
the short GUKI isoform is cytosolic.
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Material and Methods
Study Approval

Informed consent for anonymous publication of patient
clinical features and analyses of DNA/RNA samples, skin-
derived fibroblasts, and excess clinical samples of muscle
tissues were obtained from study participants under
Columbia University Irving Medical Center Institutional
Review Board approved protocols or with local ethics
committee approval of the Hospital Clinic de Barcelona-
IDIBAPS, Barcelona, Spain, or the University of Milan.

Variant Identification

Exome sequencing of the probands or trio exome sequenc-
ing was performed on peripheral blood in the routine clin-
ical evaluation of the patients, and potential pathogenic
variants as well as autosomal recessive inheritance from
the healthy parents were confirmed by Sanger DNA
sequencing,.

Cell Culture and Cell Assays

Skin fibroblasts were obtained by punch biopsies from
human controls and patients. GUKI pathogenic variants
were confirmed by Sanger DNA sequencing. Cells were
grown to promote proliferative or quiescence conditions,
as previously described."’ Controls and patients were
treated with 1 pM dG and/or 1 pM forodesine for 5 days.
For inhibition of GUKI activity, we treated control cells
with 1 pM of P1-(5'-adenosyl) P5-(5'-guanosyl) pen-
taphosphate (Ap5G; Jena Bioscience) dissolved in sterile
phosphate buffer solution (PBS) prior to addition to cul-
ture medium for 5 days. The cells were collected and ana-
lyzed after treatments. For overexpression of GUKI
isoforms, patients’ and controls’ fibroblasts were electro-
porated with the commercial myc-DDK tagged,
pCMV6-Entry plasmids GUKI1 218aa long isoform
(NM_001159390), GUK1 197aa isoform short isoform
(NM_001242839), and pCMV6-Entry empty vector
(Origene), using the Amaxa Nucleofector II (Lonza) and
Amaxa NHDF nucleofector kits (Lonza, #VPD-1001).
After electroporation, the cells were transferred to culture
medium and plated in 6-well plates. Five days after

nucleofection, the cells were collected for the analyses.

Muscle Histopathology

Muscle biopsies were obtained from quadriceps, during
routine clinical diagnostic evaluations of the patients. Tis-
sues were fixed in formalin, or unfixed and immediately
frozen in isopentane-liquid nitrogen. Hematoxylin and
eosin (H&E), succinate dehydrogenase (SDH), and cyto-
chrome ¢ oxidase (COX) staining were performed as pre-
viously described.”?

December 2024

mtDNA Quantitation

Copy number of mtDNA was assessed by real-time poly-
merase chain reaction (PCR) using a QuantStudio 3 Real-
Time PCR system (Applied Biosystem) with TagMan
MGB probes. Multiplex quantitative PCR in muscle biop-
sies, blood cells, and fibroblasts were performed for both
mtDNA and nDNA using 12S rRNA (Thermo Fisher)
and RNase P probes (Applied Biosystems). The relative
proportion of mtDNA to nDNA in probands was com-
pared with controls tested at the same time.

Gene Expression Analyses

RNA from skin fibroblasts was extracted using Real
NucleoSpin  RNA  Mini kit for RNA purification
(MACHEREY-NAGEL). Total RNA was used to generate
cDNA. GUKI transcripts A and B share 7 exons; how-
ever, transcript A contains an additional initial exon,
which encodes the mitochondrial targeting sequence
(Supplementary Fig S1). To measure the total levels of
transcripts A and B, we have used a pair of primers against
a shared exon (primer pair 1 that amplifies a segment of
exon 5 in transcript A and exon 4 in transcript B). To
assess the level of only transcript A, we have used a pair of
primers that amplifies an only segment of exon 1 of tran-
script A (primers pair 2). To determine the level of
transcript B, we have subtracted the amount of transcript
A from the total transcript. Amplification of human
GUK1 isoforms and B-ACTIN as a loading control
was performed using iTaq Universal SYBR Green
Supermix (Bio-Rad) and quantitative real-time PCR
using a QuantStudio 3 Real-Time PCR system (Applied
Biosystem).

Western Blot Analysis of Whole Cell Extracts and
Mitochondrial Fractions

Western blot and mitochondria isolation were processed
as previously described.”**> Band quantification was car-
ried out using a ¢300 Image Station (Azure Biosystems)
and Image] software (National Institutes of Health
[NIH]). The following primary antibodies were used:
anti-GUK1 (Abcam), anti-DDK (Origene), anti-vinculin
(Abcam), anti-B-actin (Sigma), and anti-VDACI1 (Abcam).

Immunofluorescence

Fibroblasts were grown in 35-mm glass-bottom dishes
(MatTek Corporation, P35G-1.5-14-C). Forty-eight
hours after transfection, the cells were stained for
30 minutes with 100 nM MitoTracker DeepRed FM
(Thermo Fisher Scientific) at 37°C. The immunofluores-
cence assay was performed as previously described.*®
Primary antibodies (DKK, Origene, and Tomm?20;
Abcam) fluorescence-labeled secondary Alexa Fluor 594 or
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488 (Invitrogen), and DAPI for nuclear staining

were used.

GUKT Activity

GUKI1 activity was assessed by incubating total cell
extracts in the presence of excessive GMP and ATP and
measuring the amount of GDP + GTP formed. Under
these conditions, GUKI catalyzes the phosphorylation
of GMP to GDP and the nucleoside diphosphate
kinases, further phosphorylates the formed GDP
to GTP.

For total GUK activity in fibroblasts, a confluent
152 cm” culture dish was pelleted and the cells lysed using
a 30-gauge needle. The pellets were discarded, and protein
concentrations in the supernatants (total cell extract) were
determined.

For the measurement of GUK activity, 20 pg of pro-
tein was from each total extract was used. GDP and GTP
were quantified using liquid chromatography coupled to
tandem mass spectrometry (LC-MS/MS), as previously
described.””

dNTPs Measurement
Mitochondrial dNTPs were extracted by acidic precipita-
tion, as previously described.”*

Mitochondrial dNTPs were quantified following a
primer extension assay using a previously designed short
common primer oligonucleotide annealed to a longer-

hanging template oligonucleotide.28

Statistical Analysis

Statistical analyses were performed using Prism 9 scientific
software. Data are expressed as the mean £ SD of 3 to
16 replicates per group. The experimental groups were
evaluated against controls using the Mann—Whitney (non-
parametric) test. A p value of < 0.05 was considered to be
statistically significant. For analysis of skeletal muscle vari-
ant allele frequencies, skeletal muscle whole exome
sequencing (WES) data were processed and summarized
into percents of variants below cutoffs for allele frequen-
cies ranging from 0 to 1 at 0.001 intervals. We then sum-
marized individual sample level whole exon sequence data
using areas under the curve and compared the areas

between probands and controls using the 2-sample # test.

Results

Clinical Presentations

Proband 1 is a 33-year-old man who was born to healthy
non-consanguineous parents with a low birthweight of 5.3
(first  percentile; Table).
10 months, revealed low weight (10th percentile), cutane-

pounds Evaluation at age
ous telangiectasia, hepatomegaly, and elevated serum
transaminases. After discontinuing nursing and beginning
cow’s milk, both weight and liver abnormalities improved.
At age 11 years old, abdominal pain prompted a com-
puted tomography (CT) scan that revealed hepatomegaly.
Liver transaminases (aspartate transaminase [AST] 81 U/L
[normal 5—40] and alanine transaminase [ALT] 211 U/L
[normal 5-40]) and triglycerides (212 mg/dL [normal
60-135]) were elevated. Liver biopsy revealed hepatic

TABLE. Clinical, Histological, and Molecular Genetic Characteristics of Patients With GUK1 Pathogenic Variant
[Color table can be viewed at www.annalsofneurology.org]
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&
- g
4 £
. 5
& g g . ¢ =
9 . 5 5 ] 3 o
g v & £ E ] g g z g 2 2 E E
< ., =53 g2 ., & E g -} iz % oz & g -eh
K] 3 v 8 22 5 % S 8 o g 5 g + 8 £ § E & S g K
2 8 o, 2 5 9§ uz=>ca.c_5.=«,gz.=5 2 EgE& = § o =
8 § g8 § B 59 E2fzE <£TELEE g > 8 58 & § £ s &
w 8 & X 5 o o € 2 R FE =2 & & 2§ 8k 88 o« & ‘Eag‘iba‘.’g,o - | e el
@ 8 & o e & T T g o v £ & ;uggvm = e B 2 2
O EE 5 g 2 TEZ2=AAQ S B - g8 O 2 & £ &
] S 5 § 10155.2‘?‘uuu<< Ezg-uuu"’muﬁa-u-u‘é'u_.s 9 <
5 I §Ef 8222 i85 22 4 SisiEEiaiiss oot g ®
S w = 2 3 E 58 EE S S =R 9. | o2 o= 8 £% 8 8 8 ¥ § 32 = =
£ 338 E8623588825 858 £5388622fz2aa88 & 2 S S E:
1 M 33 0 Hepaomegdly + + + + + + + + + + + + + + + T e e +
2 F 31 O Falluretothive + — + + + + — + + + — + + + —  + + — — — — — + - + + + o+ - -
3 F 37 6 Drosis I T I - -
4 F 34 16 Prosis ++++ -+ -+ ++F -+ ++ - - - === === T == = = = = =
GI = gastrointestinal; MRI = magnetic resonance imaging.

1212

Volume 96, No. 6

85UB017 SUOWILIOD 3A R0 8|l dde 8Ly Ag pauienoh a8 saolie YO ‘SN 40 S3|NU 04 ARIq1T 8UIUQ /8|1 UO (SUORIPUOD-PUR-SLLBYWI0D" A8 1M A RRIq 1 BUTIUO//SANY) SUORIPUOD PUe SWIB L 83U} 89S *[202/TT /2] uo ARiqi aulluo A8 |IM BielieueIL00D AQ T20/2Ue/200T OT/I0pAW0d A3 |Im AIq I Ul O/ SARY WOy papeo|umod ‘9 ‘¥20Z ‘6Z8TEST



Hidalgo-Gutierrez et al: GUK1 Deficiency: A New Mitochondrial Disease

steatosis. In addition, his arms and legs were notably thin
relative to his face and trunk.

At age 15 years, a psychiatrist diagnosed him with
autism spectrum disorder. Although he performed well on
academic testing, he was unable to attend school full-time
due to chronic insomnia and fatigue. In addition to prom-
inent muscle atrophy and weakness in the proximal arms
and legs, he had kyphoscoliosis and parotid swelling.
Laboratory tests revealed elevations of venous lactate
(3.3 mM [normal 0.5-2.2]) and creatine kinase (CK;
8,383 U/L [normal 35-230]). The following year, he
developed recurrent infections, heat intolerance, difficulty
urinating, ptosis, ophthalmoparesis, dysphagia, and
decreased tendon reflexes. Immunological evaluation rev-
ealed a low CD4 T lymphocyte count (251 cells/mm?;
[normal 300-1,400]) with normal absolute lymphocyte,
CD8, B-cell, and natural killer cell counts, resulting in a
low CD4 to CD8 T-cell ratio (0.62 [normal 1.0-3.6]),
indicating an immunodeficiency, consistent with his his-
tory of recurrent infections.

Muscle biopsy showed 20% ragged-red fibers by
modified Gomori trichrome stain and ~ 25%
COX-deficient fibers with mildly increased central nuclei,
indicating mitochondrial myopathy (Fig 1A). Electron
microscopy  identified  excessive and  structurally
abnormal mitochondria with paracrystalline inclusions,
abnormal cristae, and large electron dense bodies in the
matrix. Biochemical tests of skeletal muscle, revealed low
activities of mitochondrial complexes I, I + III, IT + III,
and III, with elevated activities of complex II and citrate
synthase (Supplementary Table S1). Muscle mtDNA
depletion (18% relative to control muscle) but no dele-
tions were detected. Depletion of mtDNA was also
detected in blood monocytes, neutrophils, lymphocytes,
and platelets (Fig 1C) and primary skin fibroblasts
(55% relative to control fibroblasts; see Fig 1C).

Proband 2, the 31-year-old sister of proband 1, had
a low birthweight of 4.7 pounds (first percentile) and had
frequent infections through childhood and adolescence.
During early childhood, she developed migraine head-
aches, proximal limb weakness, and heat and exercise
intolerance, as well as elevated serum CK and transami-
nases (see Table). By age 11 years, depression and tremors
developed. At age 16 years, triglycerides (166 mg/dl), AST
(75-127 U/L), ALT (41-114U/L), and CK (767-
1,344 U/L) were elevated. Clinical examination and liver
ultrasound were normal. Blood studies revealed low to
normal white cell counts (2,920-4,920/mm?> [normal
4,300-10,000]) with low total lymphocytes (950-980
cells/mm? [normal 1,000-4,800]), low CD4 T lympho-
cyte count (129-178 cells/mm?®) with normal CDS,
B-cell, and natural killer cell counts, with low CD4 to

December 2024

CD8 T-cell ratios (0.31-0.53). By age 19 years, she devel-
oped chronic dull headaches with occasional severe sharp
stabbing pains and episodes of mental fogginess that lasted
up to 4 days. Magnetic resonance imaging (MRI) revealed
a single punctate focus of fluid attenuated inversion recov-
ery (FLAIR) hyperintensity in the left parietal white mat-
ter. Brain magnetic resonance (MR) spectroscopy did not
identify a lactate peak. She also developed mild ptosis
and stocking sensory loss with decreased cold, vibration,
and sharp sensations. In contrast to her brother, proband
1, she has not developed ophthalmoparesis, limb muscle
atrophy, kyphoscoliosis, glucose intolerance, parotid swell-
ing, autistic spectrum disorder, or skin telangiectasia.

At age 17 years, a muscle biopsy revealed striking
variation in fiber size, increased central nuclei, scattered
necrotic  fibers, ragged-red fibers, and numerous
COX-negative fibers, indicating mitochondrial myopathy.
Electron microscopy identified muscle fibers with coarse
granular material and malformed mitochondria, including
mitochondria devoid of central cristae. Muscle respiratory
chain enzyme activities of complexes III, IV, CI + III,
and CII + IIT were low, and CII and CS were elevated
(see Supplementary Table S1). The muscles also showed
mtDNA depletion (52% relative to the control muscle)
but no deletions. Depletion of mtDNA was also observed
in blood monocytes, neutrophils, and lymphocytes, and
cultured skin fibroblasts (55% relative to control fibro-
blasts; see Fig 1B, C).

Proband 3 is a 37-year-old woman who had bilat-
eral palpebral ptosis at age 6 years (see Table). At age
30 years, she developed distal and proximal muscle
weakness, with mildly elevated serum CK (278 U/L). A
muscle biopsy revealed ragged-red fibers and increased
muscle fiber size variability. Muscle respiratory chain
enzyme activities showed decreases of all complexes
except for complex II and citrate synthase (see Supple-
mentary Table S1). Although the skeletal muscle
mtDNA quantity was normal, multiple mtDNA dele-
tions were detected by Southern blot. Blood tests
showed elevated lactate dehydrogenase (LDH; 384 U/L
[normal 140-280]), slightly elevated transaminases
(AST =50 U/L, ALT = 41 U/L, and gamma-glutamyl
transferase [GGT] = 56 U/L [normal 5-40]), and
reduced CD4 (146 cells/mm?®) and CD8 (210 cells/
mm®) lymphocytes, resulting in a low CD4 to CD8
T-cell ratio (0.70). Blood lymphocytes, monocytes, and
neutrophils showed reduced mtDNA levels (60% rela-
tive to control fibroblasts) that was also apparent in
skin fibroblasts (see Fig 1B, C). Lungs showed moder-
ate obstructive disorder and bronchial hyperactivity
attributed to bronchial asthma diagnosed during
infancy.
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FIGURE 1: Histological and molecular genetic features of GUK1 deficient probands. (A) Cross sectional skeletal muscle biopsy
histochemically stained with hematoxylin and eosin (H&E), cytochrome C oxidase (COX), and succinate dehydrogenase (SDH)
from proband 1 and controls. (B) Percentages of mtDNA levels of probands’ 1, 2, and 3 monocytes, neutrophiles, lymphocytes
and platelets relative to controls. (C) Percentages of mtDNA levels of probands’ 1, 2 and 3 fibroblasts relative to controls.
(D) Electron microscopy of skeletal muscle biopsy of proband 4, showing altered mitochondrial morphology. Data are expressed
as mean =+ standard deviation (SD). *p < 0.05, **p < 0.01, ***p < 0.001 differences versus controls fibroblasts (Mann-Whitney
test; 3-5 controls fibroblast were used and n = 3-4 for each group). [Color figure can be viewed at www.annalsofneurology.org]
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Proband 4, is a 34-year-old woman who was born to
healthy non-consanguineous parents with no relevant fam-
ily history of neuromuscular disorders. At age 16 years,
she developed progressive bilateral ptosis and chronic
muscle fatigue. At 19 years old, she underwent a muscle
biopsy that revealed ragged-red fibers and several
COX-negative/succinate dehydrogenase (SDH)-positive
fibers. Electron microscopy showed collections of mito-
chondria with abnormal shapes and dimensions as well as
altered cristae organization and distribution. Enlarged
mitochondria contained paracrystalline inclusions of
heterogeneous size (Fig 1D).

An examination at age 34 years revealed normal
mental status, bilateral ophthalmoplegia and ptosis, a high
arched palate, areflexia of the legs, and proximal limb
weakness. Brain MRI and cardiac evaluations were nor-
mal. Electromyography showed both chronic neurogenic
and myopathic abnormalities. She did not have headaches,
hearing loss, seizures, stroke-like episodes, or gastrointesti-
nal symptoms.

General laboratory studies were normal except for
elevated serum CK (728 U/L) and lactate (4.05 mmol/L)
levels. Immunological screening did not indicate immuno-
deficiency or low CD4 count.

Whole mtDNA sequencing of skeletal muscle
revealed no pathogenic variants. Southern blot analysis
of skeletal muscle detected multiple mtDNA deletions
and depletion, confirmed by qPCR analysis (22%
relative to controls). Biochemical tests revealed defects
in the activities of mitochondrial complex I, I + III,
II + I, and IV and increased activity of citrate
synthase in skeletal muscle (see Supplementary

Table S1).

Characterization of GUK1 Variants
We identified 5 GUKI variants in 3 unrelated families;
3 affect both isoforms (isoform A and B) and 2 affect only
isoform A (Fig 2A-E).

Whole exome sequencing (WES) of probands 1 and
2 revealed biallelic GUKT variants. Sanger DNA sequenc-
ing of the probands and their parents confirmed inheri-
tance of each pathogenic variant from the healthy
heterozygous parents (see Fig 2A, B). A paternal GUKI
c.66_67insGCTGCGGCGCCCGCTGGCCGGGCTG in
NM_001159390 (transcript A) and c.3_4insGCTGCGGC-
GCCCGCTGGCCGGGCTG in NM_001242839 (tran-
script B) causing frameshifts, truncating both GUKI1
isoforms (NP_001152862 and NP_001229768; see
Fig 2B). The maternal GUKI variant, c.94G>A (transcript
A) and c¢31G>A (transcript B), results in a p.Gly32Arg
amino acid substitution in GUKI1 isoform A and
p.Glyl1Arg missense GUK1 isoform B. GUKI1 Gly32
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(isoform A)/Glyl1(isoform B) is highly conserved (see
Fig 2C) and Arg32(isoform A)/Argl 1 (isoform B) is predicted
to be deleterious by PROVEAN variant prediction software
(PROVEAN score = —7.41, [cutoff —2.5]) and pathogenic
by AlphaMissense (score 0.985 [cutoff 0.564]; DeepMind
Technologies Limited).””*® Gly32/Glyl1 is an essential
component of the GUKI P-loop, which binds ATP to facili-
tate phosphate transfer to (d)GMP (see Fig 2C).

In proband 3, WES revealed a homozygous GUKI
variant ¢.61 + 1G>T (transcript A) predicted to alter only
isoform A (see Fig 2D). This variant modifies a canonical
splice donor sequence and produces an aberrant splicing
that incorporates 4 intronic nucleotides into GUKI
transcript A, resulting in a frameshift that leads to a pre-
mature termination codon (p.Gly21ValfsTer65). Both
parents and daughter of proband 3 were heterozygous for
the variant.

In Proband 4, WES revealed a GUKI paternally
inherited heterozygous variant affecting both isoforms
c.139C>T (transcript A) and ¢.76C>T (transcript B). This
variant is predicted to generate a premature termination
codon in both GUKI isoforms (p.Gln47* in isoform A
and p.GIn26* in isoform B; see Fig 2E). Sanger res-
equencing of a WES low-coverage region encompassing
GUKI exon 1 revealed a maternally inherited heterozy-
gous start codon substitution c¢.2 T>G (transcript A,
p.Leu2_Met22del) affecting only the isoform A (see
Fig 2E).

Assessment of GUK1 Splice Variants

To assess isoform expression and potential functional
differences of the GUKT splice variants, we analyzed the
relative abundance of GUKI transcripts and protein
expression levels in available fibroblasts from probands
1 to 3. The fibroblasts from probands 1 and 2 exhibited
decreased total GUKI mRNA levels, with proband
1 showing a 54% and proband 2 showing a 75% total
GUKI mRNA relative to controls (Fig 2F). Both pro-
bands showed similar transcripts proportions (24%
transcript A and 76% transcript B) compared with con-
trols (30% transcript A and 70% transcript B; Fig 2G).
In proband 3 fibroblasts, total GUKI mRNA levels
were severely decreased (28% relative to controls; see
Fig 2F), consisting entirely of transcript B suggesting
nonsense-mediated mRNA decay of the longer tran-
script (see Fig 2G).

Western blot analyses of GUK1 proteins in fibro-
blasts of probands 1 and 2 revealed reductions in isoform
B (21.7 kDa) and undetectable isoform A (23.8 kDa;
Fig 3A), whereas proband 3 fibroblasts showed similar
GUK1 levels compared with controls.
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FIGURE 2: GUK1 pathogenic variants in the four probands. (A) Schematic representation of the 2 major GUK1 transcripts.
(B) Pedigree of proband 1 and 2 and GUK1 variants. (C) Evolutionary conservation of GUK1 p.Gly32 (isoform A)/Gly11 (isoform
B) and p-loop segment across species. (D) Pedigree of proband 3 and GUKT1 variant. (E) Pedigree of proband 4 and the
pathogenic variants. (F) Percentage of the total GUK1 mRNA level in fibroblasts of probands 1, 2, and 3 relative to control
fibroblasts. (G) Proportions of GUK1 transcripts A and B in control and probands’ 1, 2, and 3 fibroblasts. Data are expressed as
mean + SD. #*p < 0.05, **p < 0.01 differences versus controls fibroblasts (Mann-Whitney test; 3-4 controls fibroblast were used
and n = 4 for each group). [Color figure can be viewed at www.annalsofneurology.org]

GUK1 Subcellular Localization
To further examine differences between the GUKI

isoforms, given the divergent effects of the pathogenic var-
fants in the patients, we evaluated GUKI subcellular local-
ization. According to The Human Protein Atlas
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(proteinatlas.org), UniProt (UniProt.org), and published
studies, GUKI is a cytosolic protein.15 However, GUK1
is listed as a mitochondrial protein in MitoCarta and
in the MitoCop databases.’’”> Three mitochondrial

targeting peptide prediction programs (TargetP-2.0,
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MitoFates, and iPSORT), indicated that isoform A, but
not isoform B, contains a mitochondrial targeting
sequence. Western blot using whole-cell extracts and
mitochondria isolated from control fibroblasts demon-
strated that the mitochondrial fraction contained isoform
A but not isoform B, although both isoforms were
detected in whole cell extracts (Fig 3B). In contrast to
controls and consistent with findings in whole cell extract,
isoform A was not detected in probands’ mitochondria
(see Fig 3A).

To confirm the mitochondrial localization of
isoform A, we separately overexpressed isoforms A and B
and empty vector (EV) in proband fibroblasts. As
expected, we observed both nucleofected GUK1 isoforms
A and B (with higher molecular weights than their natural
isoforms due to Myc-DDK tags in the C-terminus:
27.4 kDa for isoform A and 25.3 kDa for isoform B) in
whole cell extracts (Fig 3C and Supplementary Fig S2B).
In mitochondrial fractions, we identified only nucleofected
isoform A using both anti-DDK (Flag) and anti-GUK1
antibodies (Fig 3D). By immunofluorescence, we con-
firmed mitochondrial localization of only nucleofected iso-
form A using an anti-DDK antibody co-immunostained
with MitoTracker dye or anti-TOM20 antibody (Fig 3E,
and Supplementary Fig S2A).

GUK1 Deficiency Causes mtDNA Depletion

To confirm that decreased GUKI activity causes mtDNA
depletion, we treated control fibroblasts with P1-(5'-
adenosyl) P5-(5'-guanosyl) pentaphosphate (APsG), a
GUK1 inhibitor'®* and confirmed reduced mtDNA
content (52% relative to vehicle; Fig 4A). We then dem-
onstrated functions effects of the probands’ GUKI vari-
ants by detecting decreased GUKI activity in all
3 available probands’ fibroblasts compared with healthy
controls (Fig 4B). Transient expression of GUKI isoform
B increased mtDNA levels in controls fibroblasts, indicat-
ing potential involvement of cytosolic GUK1 in mtDNA
maintenance in normal replicating cells (Fig 4C). We
observed partial increase of mtDNA by expressing isoform
B (low efficiency plasmid) at levels similar to controls cells
(see Fig 4E and Supplementary Fig S3A). We demon-
strated complete recovery of mtDNA levels in probands’
1 to 3 fibroblasts after nucleofection with isoform A and
no changes after nucleofection with EV (see Fig 4D, E),
suggesting that although both isoforms are important for
mtDNA maintenance, isoform A may be more critical
than isoform B. We noted 30 to 40 fold greater expression
of isoform A than B (see Supplementary Fig S3B), when
we overexpressed isoform B (high efficiency plasmid) to
the same level as isoform A (see Supplementary Fig S3B),
we observed a slight increase in mtDNA levels compared
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with the low efficiency plasmid (see Supplementary
Fig S2B, C, and Supplementary Fig S3C), further indicat-
ing that isoform A is more critical than B to maintain
mtDNA in mitotic cells. We also observed mtDNA deple-
tion in all 3 proband fibroblasts in quiescence demonstrat-
ing importance of the mitochondrial deoxyguanosine
salvage pathway in maintaining mtDNA in post-mitotic
cells (Fig 4F).

Given the function of GUKI and previous reports
implicating unbalanced dNTP pools in other forms of
MDDS,*"* we measured dNTP concentrations in prolif-
erating proband fibroblasts and observed expected reduced
dGTP (52-75% relative to control), but increased dTTP
(152-165% relative to control) levels (Fig 4G).

Measurements of mitochondrial complexes I + III,
IV, and citrate synthase in fibroblasts showed no deficits
in probands cells compared with the controls indicating
that the partial in vitro mtDNA depletion was insufficient
to cause bioenergetic defects (Supplementary Fig S4).

Nucleoside Supplementation and Maintenance
Rescues mtDNA Depletion

Due to the role of GUKI in dGTP synthesis and observed
dGTP reduction in proband fibroblasts, we assessed
whether dGTP augmentation would rescue the mtDNA
depletion in vitro. Because exogenous nucleotides are

incorporated by cells,””?*%

we hypothesized that increas-
ing deoxyguanosine (dG) by supplementing cell media
with excess of dG or inhibiting purine nucleoside phos-
phorylase (PNP) could enhance deficient GUKI1 activity
and increase levels of dGTP. PNP is a key enzyme in the
purine salvage pathway, and its inherited deficiency leads
to accumulation of dGTP by preventing the recycling of
purines.”® After 5 days of supplementation of media with
1 pM of dG or 1 pM of the PNP inhibitor, forodesine,
alone (Fig 5A) or in combination (Fig 5B), mtDNA con-
tent in probands’ fibroblasts increased to control fibroblast
levels.

No Significant Impact of GUK1 on nDNA

As described above, GUKI1 is involved in both de novo
and salvage nucleotide synthesis pathways. Therefore, to
assess whether GUKI1 deficiency impacts nDNA, we
assessed WES data to search for potential alterations of
variant allele frequencies (VAFs) in available fibroblasts
and skeletal muscle biopsies from the probands and con-
trols. In fibroblasts, areas under curves for percents of vari-
ants across allele frequencies indicates no significant
changes (p value = 0.65; Fig 6A). In the case of skeletal
muscle, a trend toward higher percentages of variants in
skeletal muscles of 3 probands compared with 3 controls
(p value = 0.07) where found (Fig 6B). However, we did
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FIGURE 3: Mitochondrial localization of 218aa long GUK1 isoform. (A) Representative Western blotting of GUK1 isoform A (isoA)
and isoform B (isoB) in whole cell extract and mitochondrial fractions of control and probands’ 1, 2, and 3 fibroblasts.
(B) Representative Western blots of GUK1 isoA and isoB comparing whole cell extract against mitochondrial fraction in controls
fibroblasts. (C) Western blots of GUK1 in whole cell extract of control fibroblasts; untransfected (UT) fibroblasts of probands’
1, 2 and 3; fibroblasts of 1, 2 and 3 probands nulceofected with isoform A (Nf isoA); probands 1, 2, and 3 fibroblasts
nucleofected with isoform B (Nf isoB) and probands’ 1, 2, and 3 fibroblasts nucleofected with empty vector (EV). (D) Western
blots of GUK1 using mitochondrial fraction of control fibroblasts, untransfected proband 2 fibroblasts, Nf isoA proband
2 fibroblasts, and Nf isoB proband 2 fibroblasts. (E) Inmunofluorescence of DDK (Flag) and Mitotracker to stain the mitochondria
in control fibroblasts, untransfected proband 2 fibroblasts, Nf isoA proband 2 fibroblasts, and Nf isoB proband 2 fibroblasts.

[Color figure can be viewed at www.annalsofneurology.org]
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FIGURE 4: Functional assessments of GUK1 variants and pharmacological inhibition. (A) Percentage of the mtDNA levels of
control fibroblasts and control fibroblasts after treatment with 1 mM of GUK inhibitor Ap5G relative to controls. (B) GUK1
activity in control and probands’ 1, 2, and 3 fibroblasts. (C) Percentage of the mtDNA levels in control fibroblasts and control Nf
isoB relative to control fibroblasts. (D) Percentage of the mtDNA levels of untransfected probands’ 1, 2, and 3 fibroblasts and Nf
isoA probands’ 1, 2, and 3 fibroblasts relative to control fibroblasts. (E) Percentage of the mtDNA levels of untransfected
probands’ 1, 2, and 3 fibroblasts, Nf isoB probands’ 1, 2, and 3 fibroblasts and Nf empty vector probands’ 1, 2, and 3 fibroblasts
relative to control fibroblasts. (F) Percentage of the mtDNA levels of probands’ 1, 2, and 3 fibroblasts in quiescent conditions
relative to control fibroblasts. (G) Mitochondrial dNTPs pool percentages in probands’ 1, 2, and 3 fibroblasts relative to control
fibroblasts. Data are expressed as mean + SD. *p < 0.05, **p <0.01, ***p <0.001 differences versus controls. Tp < 0.05,
T+ p < 0.01 Transfected with 197aa isoform versus transfected with empty vector (Mann-Whitney test; 3—-4 controls fibroblast
were used and n = 3-5 for each group). [Color figure can be viewed at www.annalsofneurology.org]
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FIGURE 5: In vitro pharmacological treatment of GUK1 deficiency. (A) Percentages of the mtDNA levels of control and probands’
1, 2, and 3 fibroblasts after treatment with vehicle, 1 mM of dG, or 1 mM forodesine, relative to control fibroblasts.
(B) Percentages of the mtDNA levels of control and probands’ 1, 2, and 3 fibroblasts after treatment with vehicle or a
combination of 1 mM dG + 1 mM forodesine, relative to control fibroblasts. Data are expressed as mean + SD. *p < 0.05,
*tp < 0.01, ***p < 0.001 differences versus controls. Tp < 0.05, T"p < 0.01 untreated fibroblasts versus treated fibroblasts
(Mann-Whitney test; 3-4 controls fibroblast were used and n = 3-4 for each group).

not observe a functional effect on nDNA replication based
upon similar proliferation rates of fibroblasts from pro-

bands and controls (Fig 6C).

Discussion

Our studies demonstrate that GUKI pathogenic variants
constitute a novel genetic cause of MDDS. The identified
variants led to reduced guanylate kinase activity and
dNTP pool imbalance, which causes MDDS.

An unusual clinical feature of GUKI1 deficiency
compared to other MDDS disorder is the prominent
immunological abnormalities with decreased T lympho-
cyte counts. One potential explanation is that, unlike
other causative genes for mtDNA depletion/deletion syn-
drome (MDDS), GUKI has 2 isoforms: one mitochon-
drial and the other cytosolic. Thus, deficiency of the
mitochondrial isoform is responsible for mtDNA deple-
tion and deletions, whereas the defective cytosolic form
may alter cellular purine nucleotide pools that preferen-
tially damage T cells. In fact, genetic disorders of purine
metabolism, such as adenosine deaminase deficiency and
purine nucleoside phosphorylase deficiency, are well-
known causes of immunodeficiency disorders, although
the mechanisms by which they occur are not fully
characterized.””

Including GUK1 deficiency, there are at least
35 monogenic causes of mitochondrial DNA depletion/
deletion syndrome (MDDS).>!' More than 1,000
patients with MDDS have been identified, but, to our
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knowledge, there were only 4 patients with MDDS due to
GUKI deficiency; therefore, this new disease accounts for
< 0.4% of all MDDS cases. We anticipate that additional
patients will be identified with GUK1 deficiency after the
first description of this disease is published. Nevertheless,
the frequency of this new MDDS disease is expected to
remain low.

Although the 4 probands are adults, all had initial
manifestations in childhood or adolescence and developed
ptosis and skeletal myopathy. Probands 1 to 3 also devel-
oped hepatopathy, and lymphocytopenia with low T4 cell
counts. Probands 1 and 2 had additional manifestations,
including encephalopathy, peripheral neuropathy with
reduced tendon reflexes, heat intolerance, glucose intoler-
ance, and brain MRI white matter T2 hyperintensities.
The differences in clinical features and expression of
GUKI1 isoforms with mtDNA alterations among the
patients and the lack of identified guanylate kinase in
mitochondria led us to further investigate the GUKI
isoforms. We have demonstrated that in the mitochondrial
fraction of control fibroblasts isoform A is abundant,
whereas isoform B was undetectable. In contrast, both
isoforms were present in whole cell extracts. In probands
1 and 2, although fibroblasts exhibited reduced total
GUKI1 mRNA levels and similar proportions of transcripts
A and B compared with the controls, we detected GUK1
isoform B protein at reduced levels but not isoform A pro-
tein, likely due to very low amounts of transcript
A. Regardless of their relative levels, both isoforms express
the glycine to arginine missense alteration in the P-loop
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FIGURE 6: No significant effect of GUK1 pathogenic variants on nDNA. (A) Fibroblasts WES data of probands 1, 2, and 3 and
4 healthy controls were processed and summarized into percentages of variants below the cutoffs for allele frequencies ranging
from O to 1 at 0.001 intervals. Proband skeletal muscle DNA show trends toward higher percentages of variants than the
controls over the spectrum of allele frequency thresholds (p value = 0.645). (B) Skeletal muscle WES data of probands 1, 3, and
4 and 3 healthy controls were processed and summarized into percentages of variants below the cutoffs for allele frequencies
ranging from O to 1 at 0.001 intervals. Proband skeletal muscle DNA show trends toward higher percentages of variants than
the controls over the spectrum of allele frequency thresholds (p value = 0.07) (C) Proliferation rates of control and probands’
1, 2, and 3 fibroblasts. [Color figure can be viewed at www.annalsofneurology.org]

that impairs GUKI activity, which, in turn, leads to
dNTP imbalance and mtDNA depletion. In contrast, pro-
band 3 fibroblasts lack GUKI transcript A due to the
isoform-specific pathogenic variant and maintain intact
transcript B albeit at only 30% relative to controls. Even
in the absence of isoform A, the intact isoform B present
in these fibroblasts appears to be able to maintain mtDNA
levels around 50%, likely due to the transport of dGDP
and/or dGTP to the mitochondria through nucleotide

19-22
transporters,

indicating the importance of the
cytosolic GUK1 isoform in mtDNA maintenance when
isoform A is severely impaired.

To confirm the mitochondrial localization and
functional significance of GUKI isoform A, we per-
formed complementation studies to overexpress both
GUKI isoforms. We identified only GUKI isoform A

in mitochondria and isoform B in cytosol by
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immunofluorescence and Western blot. Overexpression
of either isoform led to mtDNA recovery, supporting
the involvement of GUKI in mtDNA maintenance and
confirming that overexpression of the cytosolic isoform
can compensate for defects in the mitochondrial
isoform in replicating cells; however, mitochondrial
isoform A appears to be more important than isoform B
in mtDNA maintenance.'?"**

Having demonstrated the significance of GUKI in
mtDNA maintenance, we investigated whether a defect
in this enzyme could impact nDNA. However, consistent
with a recent report on MDDS associated with deficien-

11 .
we did not

cies in the de novo pathway enzyme RRM1,
detect a statistically significant elevation in somatic nuclear
variants in fibroblasts. Nevertheless, skeletal muscle of the
probands showed trends toward increased frequency of

variants that warrant future investigation with a larger
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number of samples. There were no discernible changes in
cellular proliferation in the fibroblasts of these patients
indicating normal rates of nDNA replication.

In addition to identifying GUKI variants as a novel
genetic cause of MDDS, we have demonstrated that dG sup-
plementation of cultured probands’ fibroblasts rescues
mtDNA depletion, analogous to reports of DGUOK mutant
fibroblasts supplemented with dGMP.”®?”  Therapeutic
potential of nucleoside supplementation has been demon-
strated with pyrimidine nucleoside supplementation of cell
and mouse models of TK2 deficiency and compassionate use
in patients with TK2 deficiency as well as promising results
in cell and animal models for other forms of
MDDS.>*%>%~ Clinical pyrimidine deoxynucleoside ther-
apy for TK2 deficiency is currently under assessment in a
phase II clinical trial,”**® whereas dG supplementation may
be a viable therapy for GUK1 deficiency.

A barrier to dG supplementation is the rapid catabo-
lism of purines by PNP in vivo.” In treating GUKI mutant
proband fibroblasts, we have applied the PNP inhibitor
forodesine to prevent dG degradation and ameliorate
mtDNA depletion.”” Forodesine has been approved for the
treatment of individuals with relapsed or refractory peripheral
T-cell lymphoma and leukemia in Japan."’ In support of
potential efficacy for GUKI deficiency, forodesine adminis-
tration alone in humans is sufficient to increase dGTP con-
centrations in peripheral blood.*® Here, we have confirmed
that forodesine alone or in combination with dG increases
mtDNA levels in GUKI-deficient probands fibroblasts,
suggesting alternative treatment approaches for patients with
GUKI1 deficiency. Notably, the concentration of forodesine
tested is in line with serum concentrations used clinically for
treatment of T-cell malignancies.”” Furthermore, clinical dos-
ing of forodesine elevated plasma dG to levels comparable to
those we used in our in vitro studies.”

In  summary, our findings demonstrate that
GUKI1 isoform A is the mitochondrial guanylate kinase,
GUKI deficiency is a novel cause of MDDS, and is the
first example of impaired NMPK causing MDDS. We have
demonstrated successful treatment of GUKI-deficient
fibroblasts using dG, forodesine, or their combination to
restore mtDNA levels.
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