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Abstract

Context: The hyperinsulinism/hyperammonemia (HI/HA) syndrome, the second-most common form of congenital hyperinsulinism, has been
associated with dominant mutations in GLUD1, coding for the mitochondrial enzyme glutamate dehydrogenase, that increase enzyme activity
by reducing its sensitivity to allosteric inhibition by GTRP

Objective: To identify the underlying genetic etiology in 2 siblings who presented with the biochemical features of HI/HA syndrome but did not
carry pathogenic variants in GLUD1, and to determine the functional impact of the newly identified mutation.

Methods: The patients were investigated by whole exome sequencing. Yeast complementation studies and biochemical assays on the recom-
binant mutated protein were performed. The consequences of stable slc25a36 silencing in Hela cells were also investigated.

Results: A homozygous splice site variant was identified in solute carrier family 25, member 36 (SLC25A36), encoding the pyrimidine nucleo-
tide carrier 2 (PNC2), a mitochondrial nucleotide carrier that transports pyrimidine as well as guanine nucleotides across the inner mitochon-
drial membrane. The mutation leads to a 26-aa in-frame deletion in the first repeat domain of the protein, which abolishes transport activity.
Furthermore, knockdown of s/c25a36 expression in Hela cells caused a marked reduction in the mitochondrial GTP content, which likely leads
to a hyperactivation of glutamate dehydrogenase in our patients.

Conclusion: We report for the first time a mutation in PNC2/SLC25A36 leading to HI/HA and provide functional evidence of the molecular
mechanism responsible for this phenotype. Our findings underscore the importance of mitochondrial nucleotide metabolism and expand the
role of mitochondrial transporters in insulin secretion.

Key Words: hyperinsulinism/hyperammonemia syndrome, mitochondrial carrier, SLC25A36, PNC2, nucleotide metabolism, GTP
Abbreviations: AGC1, aspartate/glutamate carrier isoform 1; DAPI, 4,6-diamidino-2-phenylindole; GDH, glutamate dehydrogenase; GLUDT, mitochondrial glu-
tamate dehydrogenase gene; HI/HA, hyperinsulinism/hyperammonemia syndrome; KATP, ATP-sensitive potassium channel; LC-MS/MS, liquid chromatography—

tandem mass spectrometry; PCR, polymerase chain reaction; PNC2, pyrimidine nucleotide carrier 2; qPCR, quantitative polymerase chain reaction; SLC25A36,
gene encoding pyrimidine nucleotide carrier 2; TMRM, tetramethyl rhodamine methyl ester; WES, whole exome sequencing; WT, wild-type.

Hyperinsulinemic hypoglycemia is a rare form of hypogly-
cemia in childhood. Within this group, hyperinsulinism/
hyperammonemia syndrome (HI/HA, OMIM: 606762), is an
important etiology due to autosomal dominant inheritance
of de novo mutations in GLUD1 coding for the mitochon-
drial enzyme glutamate dehydrogenase (GDH). Most patho-
genic mutations in GLUD1 make GDH unresponsive to the

allosteric inhibition by mitochondrial GTP, with the conse-
quent upregulation of the insulin secretion (1). The major
clinical feature of children with the H/HA syndrome is recur-
rent episodes of symptomatic hypoglycemia which may occur
with fasting but can also be provoked by protein feeding (1).
Unlike infants with hyperinsulinism due to defects of the ATP-
sensitive K*channel (KATP) channel (mutations of SUR1 or
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Kir6.2), HI/HA patients are born with a normal birth weight
and their hypoglycemia is milder, hence often not recog-
nized until several months of age (2). The hyperammonemia
is persistent, asymptomatic, and mild, (2-5 times the upper
limit of normal), it is associated with normal plasma amino
acid levels, and it is not altered by dietary intake, glucose
levels, or treatment with sodium benzoate, phenylacetate, or
carbamoylglutamate.

Here, we report the case of 2 siblings who presented a
clinical phenotype compatible with the HI/HA syndrome
with protein-related hypoglycemia and persistent mild
hyperammonemia, that was not associated with GLUDI1
mutations. The patients underwent whole exome sequencing
(WES) analysis that revealed a rare, deleterious homozygous
variant in the SLC25A36 gene encoding a defective mitochon-
drial pyrimidine nucleotide carrier 2 (PNC2) (3), a member
of the mitochondrial carrier family (4). PNC2 impairment
likely leads to a reduced mitochondrial GTP content, hence
limiting GDH inhibition and hyperactivating insulin secretion
pathway.

Methods

Patients and Clinical Data

We investigated a consanguineous Palestinian family (see
pedigree, Fig. 1A) including 2 affected siblings who presented
a clinical phenotype compatible with the HI/HA syndrome
with protein-related hypoglycemia and persistent mild
hyperammonemia. Contributing investigators provided clin-
ical information on affected children and their family. This
study was approved by the ethical committees of Hadassah
Medical Center and the Israeli Ministry of Health, and written
informed consent was obtained from subjects or their parents.

Whole Exome Sequencing

Exonic sequences from a DNA sample of patient II-3 were
enriched with the SureSelect Human All Exon 50 Mb V.4
Kit (Agilent Technologies, Santa Clara, California, USA).
Sequences (100-bp paired-end) were generated on a HiSeq2 500
(Illumina, San Diego, California, USA). Read alignment and
variant calling were performed with DNAnexus (Palo Alto,
California, USA) using default parameters with the human
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genome assembly hg19 (GRCh37) as reference. Parental con-
sent was given for genetic studies. The study was performed
with the approval of the ethical committees of Hadassah
Medical Center and the Israeli Ministry of Health.

Expression Analysis by Real-Time Polymerase
Chain Reaction

Total RNA from normal human tissues (Ambion) was
reverse-transcribed with GeneAmp RNA PCR Core kit
(Applied Biosystems) with random hexamers as primers.
The quantitative polymerase chain reaction (qQPCR) reac-
tions were performed using an ABI Prism 7900 HT (Applied
Biosystems). TagMan-MGB Probe and primers based on the
c¢DNA sequences of SLC25A33 (Assay ID: Hs00757629_s1)
and SLC25A36 (Assay ID: Hs00216785_m1) were pur-
chased from Applied Biosystems. To correct for differences
in the amount of starting first-strand ¢cDNAs, the human
peptidylprolyl isomerase A (PPIA) gene was amplified in
parallel (assay ID: Hs99999904_m1) as a reference gene
(5). The relative quantification of mRNA for SLC25A33
and SLC25A36 was performed according to the compara-
tive method (222¢) (6), where ACt of the liver was chosen as
calibrator.

Construction of Expression Plasmids

The coding sequence of SLC25A36 (NM_00114647.1) was
used as template for the deletion of 78 nucleotides (from G208
to A285) coding for 26 amino acids (from V70 to R95) found
in the patients through WES. Briefly, 2 fragments of the tem-
plate DNA were amplified by PCR using 2 external primers
(A and D) corresponding to the extremities of the SLC25A36
coding sequence, with additional BamHI (A: 5"-aaaGGATCC
atgagccagagggacacget-37) and EcoRI (D: 5-aaaGAATT Cctat
ccattgagtaggtaaacc-3’) restriction sites, and 2 internal primers
(B and C) corresponding to the flanking regions of the target
DNA sequence to be deleted, with additional complementary
sequences (15 nucleotides) at their 3" ends (B: 5-AGCAAA
GTATATTGCctttaggcaatgaag-3"; C: 5’-cttcattgecctaaagGCAA
TATACTTTGCT-3"). The 2 overlapping fragments obtained
(AB and CD) were used as template for a second PCR using
the external primers A and D to obtain the coding sequence
of SLC25A36 devoid of the deleted region. The amplified

Chr3: 140678385 A>T in the splice site of SLC25A36 gene
RNA 1010

Exon 2 | Exon 4 I

control I

Figure 1. (A) Family pedigree and genotype. Filled symbols denote affected individual. (B) SLC25A36 cDNA sequence around the mutation site. Patient
cDNA in the upper panel showing exon 3 skipping, control cDNA in the lower panel.
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product was BamHI/EcoRI digested and inserted into the
PMWT?7 vector for the expression in E. coli (3). A similar
approach was used to clone the mutated SLC25A36 coding
sequence, SLC25A36 A 36, into the pRS42H plasmid except
that HindIII (primer E in the place of primer A: 5’-AAAaagct
tGTTCTTTATTCTGACCTATATAG-3’) and BamHI (primer
F in the place of primer D: 5-AAAggatccTCACAGGGGAAA
AGCCCAT-3’) restriction sites were used for the ligation and
the SLC25A36-pRS42H expression vector (3) as template.

Bacterial Expression, Reconstitution of
Recombinant Proteins Into Liposomes and
Transport Assays

The recombinant wild-type (WT) and mutated SLC25A36
were expressed in E. coli BL21(DE3) and purified, as previ-
ously described (3). Then 30 ug of the recombinant proteins
were solubilized with 1.2% (w/v) lauric acid and incorpor-
ated into liposomes in the presence of 1% (w/v) TX-114 and
10mM CTP, pH 6.25 with the Amberlite (Merck) method (7).
Virtually identical amounts of incorporated proteins in the
proteoliposomes (16%-20% of the protein added to the re-
constitution mixture) were obtained for all variants tested.
For the transport assays, the external substrate was removed
from proteoliposomes on Sephadex G-75 columns and trans-
port at 25 °C was started by adding 0.2mM [*H]-CTP to
proteoliposomes. The transport assays were terminated by
the addition of 30mM pyridoxal-5’-phosphate and 20mM
bathophenanthroline after 3 minutes within the initial rate of
substrate uptake (3). In controls, the inhibitors were added at
time 0. Finally, the external radioactivity was removed with
a Sephadex G-75 column and the entrapped [*H]-CTP was
measured by subtracting the control values.

SLC25A36 Silencing in HelLa Cells

The shRNA cassette 5"-TCTATAATCTGCTTTGCTATCTC
GAGATAGCAAAGCAGATTATAGTTTTT-3" was designed
as a hairpin-loop structure based on the SLC25A36 cDNA
sequence according to the guidelines described in http://
sirna.wi.mit.edu/ (8) and Agel/EcoRI cloned into the pLKO.1
vector, as previously described (9). The resulting construct
(pLKO-siA36) was used for the recombinant generation of
lentiviral particles (LVshA36) with the Lentiviral Packaging
Mix (Sigma) in HEK293T. HeLa cells cultured at 37 °C at
5% CO, in high glucose DMEM (Sigma) supplemented with
10% fetal bovine serum, were transduced with recombinant
lentivirus at viral titer of ~5 plaque-forming units/mL for 24
hours at 37 °C and selected in the presence of 5 pg/mL puro-
mycin. A lentiviral construct carrying a mismatch shRNA
(LVshMM) (9) was used at the same titer to select control
cells. The efficiency of SLC25A36 silencing in puromycin
selected cells was estimated by RealTime qPCR.

Quantification of Mitochondrial Nucleotide Content

Cells were detached from flasks by trypsinization, resus-
pended in ice in a cold ipotonic buffer (0.5 mM MgCL,
2.5 mM NaCl, 3.5 mM Tris-HCI, pH 7.8) and mitochondria
isolated by using a glass Potter-Elvehjem homogenizer and
serial centrifugations, as previously described (10). The mito-
chondrial pellet was resuspended in 0.32M sucrose, 1mM
EDTA, and 10mM Tris-HCl and its protein content assayed by
Bradford method. To estimate mitochondrial nucleotides con-
tent, isolated mitochondria were suspended in 70% (v/v) cold

methanol, centrifuged, and kept at -80 °C overnight. Samples
were then lyophilized, redissolved in water, recentrifuged, and
filtered before electrospray ionization (ESI) liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) analysis using
an Acquity UPLC system coupled to a Quattro Premier mass
spectrometer (Waters, Milford, MA, USA). Separation was
achieved using a HSST3 C18 column (2.1 x 50 mm, 1.7 um
particle size; Waters) eluted (0.3 mL/min) with a linear gra-
dient from 100% 50mM ammonium acetate to 10% 50mM
ammonium acetate/90% acetonitrile (11). Calibration curves
for standards processed under the same conditions as samples
were used for quantification. Nucleotide standard solutions
were used to validate peak positions.

Mitochondrial DNA Content and Sequencing

Total DNA was isolated from Hela cells using the
GenFEluteTM Mammalian Genomic DNA Miniprep kit
(Sigma). The content of mtDNA relative to nuclear DNA
was measured by Real-Time qPCR following amplification
of mtND1 gene and the reference ACTB nuclear gene. The
method was validated by evaluating the equal reaction effi-
ciency of the 2 amplicons. Each sample was analyzed in trip-
licate in 3 to 4 different experiments. The average difference
in threshold cycle values (ACt, namely CtND1—CtActin)
was used as a measure of the abundance of the mitochon-
drial genome relative to the nuclear genome. In particular, the
mtDNA/nDNA ratio is reported as 22%, Total DNA (1 ng)
was used for the amplification of mtDNA with the MitoALL
Resequencing kit in a final volume of 10 pL using a 9700
thermal cycler following the conditions given by the manufac-
turer (Applera). PCR products were purified by digestion with
10 units of EXOSAPit (U.S. Biochemical) at 37 °C for 30 min-
utes, followed by heat inactivation at 80 °C for 15 minutes.
The PCR product (5-10 ng) was used for direct sequencing
with BigDye kit version 1.1 (Applera). Sequences were run
in the ABI 3730 Genetic Analyzer automated sequencing
machine. Electropherograms were analyzed with Sequencing
Analysis version 2.5.1 software and inspected with SeqScape
version 2.5 software (Applera) (12). Prediction of patho-
genic potential of missense mutations was performed with
PolyPhen2 (13), as previously described (12).

Fluorescence Imaging

For fluorescence microscopic analyses of Saccharomyces
cerevisiae, cells were grown in YPD at 28 °C, then exponen-
tial phase cells were fixed with 1% formaldehyde and treated
with 1 pg/mL for 4,6-diamidino-2-phenylindole (DAPI
Sigma) staining. The fluorescence (exc 365 nm; emis 450nm)
was observed using a Zeiss Axio Imager Z1 Fluorescence
Microscope with 63x oil objective and the AxioVision 4.8
Digital Image Processing System. Mitochondrial membrane
potential (Aym) of HeLa cells was measured by loading
the cells with 20nM tetramethyl rhodamine methyl ester
(TMRM, Thermofisher) for 30 minutes at 37 °C. Images
were taken on an inverted Zeiss Axiovert 200 microscope
with 40x oil objective equipped with Photometrics Cascade
512 CCD-camera (Roper Scientific, USA) and elaborated
with the software Metafluor 6.1 (Universal Imaging Co.,
USA). TMRM intensities (exc 560 nm; emis 590-650 nm)
were imaged every 10 seconds with a fixed 20-ms exposure
time. At the end of the experiments, 1 uM FCCP was added
after 180 acquisitions to collapse the Ayp and to subtract the
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nonmitochondrial TMRM fluorescence. Mitochondrial mass
of HelLa cells was determined by incubating the cells with
100nM MitoTrackerGreen (Thermofisher) for 30 minutes
at 37 °C at 5% CO, The green fluorescence intensity of the
probe that marks the mitochondria independently of Aym
was measured by using Tali Image Cytometer (Thermofisher).

Yeast Strains and Growth Conditions

Strains were grown at 28 °C (unless otherwise indicated) in
rich medium containing 1% Bacto-peptone and 1% yeast
extract supplemented with 2% glucose (YPD) or 3% gly-
cerol (YPG). 2.2% Bacto agar (Difco) was also present in
solid media. In all cases the final pH was adjusted to 4.5. The
RIM2 A haploid strain was generated by homologous recom-
bination of the kanMX cassette at the RIM2 gene locus in
the wild-type W303 strain (his3-11,15; ade2-1; leu2-3,112;
ura3-1; trp1-1; can1-100), as previously described (3). To
obtain RIM2 A strains containing mtDNA, the RIM2 A hap-
loid strain was crossed with the wild-type haploid strain
transformed with either the SLC25A36 WT-pRS42H or the
SLC25A36 A 36-pRS42H plasmid and all the transformed
RIM2/RIM2 A diploid strains selected were streaked on YPD
plates containing 100 pg/mL hygromycin for plasmid mainten-
ance. Sporulation and the tetrads dissection were carried out
as previously described (3). After 3 days on YPD, tetrad ana-
lysis was performed using marker selection; RIM2 A spores
were Geneticin (G418)-resistant; transformed spores (both
WT RIM2 and RIM2A) were hygromycin-resistant.

Results

Clinical Case Reports

The index case, patient II-3 in Fig. 1A, was a 5-year-old boy,
the third child born to second-degree cousins of Palestinian
origin. The pregnancy, delivery, and early development were
uneventful but since several months of age he presented with
daily episodes of generalized tonic clonic movements, cyan-
osis, and frothy mouth secretions. The patient was treated
with benzodiazepam or intravenous glucose but some of the
attacks resolved spontaneously after a couple of minutes. The
attacks were mostly associated with very low levels of blood
glucose (peak 16 mg%, N > 70), high insulin levels (peak level
during hypoglycemia 59.3 pU/mL, normal fasting level < 17),
high C-peptide (peak 5.2 ng/mL, N < 3.3), high ammonia
(peak level 283 uM, 29 < N < 70), and normal levels of blood
gas, urine organic acids, serum amino acids, insulin, lactic
acid, thyroid functions, cortisol, and growth hormone, with

trace serum ketones, and normal total and free carnitine and
acylcarnitine profile. Between episodes, blood glucose was
normal, but ammonia level was still high. Protein load was
performed at 2 years of age: blood glucose at baseline was 85
mg% but dropped to 30 mg% at 120 minutes. After 2 years of
age, normal glucose levels were frequently documented even
during attacks, for which the patient was kept on Tegretol. At
4 years of age, growth parameters were normal (weight 20 kg,
70" percentile; height 105 cm, 20" percentile; and head cir-
cumference 49 cm, 10" percentile). The physical examination
was normal as was his psychomotor and social development.

Patient II-2 (Fig. 1A), the second child in the family, was a
6-year-old male. At 8 months of age, he experienced recurrent
attacks of a similar nature. They were associated with hypo-
glycemia and hyperammonemia and were usually preceded
by a meal which included protein, not necessarily a high
protein load. The attacks were abated by low-protein diet;
sodium benzoate was additionally administered. At 6 years,
his development was age-appropriate, and the physical exam-
ination was normal, but he had short stature (weight 18.5 kg,
20" percentile; length 95 ¢cm, 0.1 percentile).

Additional testing included muscle biopsy, which revealed
normal enzymatic activities of the 5 mitochondrial respira-
tory chain complexes, and sequence determination of coding
exons of GLUD1 and SUR1 which did not disclose any rare,
pathogenic variant in both siblings.

The parents and the sister, II-1(Fig. 1A), were healthy.

Mutation Analysis

Given the consanguinity in this family, we performed WES
under the hypothesis of a recessively inherited, rare, causal
allele. WES of patient II-3 yielded 46.5 million mapped
reads with a mean coverage of X94. Following alignment
and variant calling, we performed a series of filtering steps.
These included removing variants which were called less
than X8, were off-target, heterozygous, synonymous, had
minor allele frequency (MAF) > 0.5% or homozygotes at
gnomAD (Genome Aggregation database, (https://gnomad.
broadinstitute.org/)), MAF > 2% at the Hadassah in-house
database (~2500 ethnic matched exome analyses).

Seven variants survived this filtering (Table 1) but after
genotyping family members by Sanger sequencing and con-
sidering codon conservation and variant pathogenicity scores,
we focused on hg19:Chr.3: 140678385 A > T, rs1027790661
c.284 +3 A>T in SLC25A36. This variant was absent from
the ~ 35 250 exome/genome analyses of healthy individuals
which covered this genomic position and were deposited at

Table 1. Homozygous variants retained after variant filtering of exome analysis

Chr bp (Hg19) HGVSc HGVSp dbsnp Gene

2 71741038 c.746C>T p.Pro249Leu rs147876220 DYSF

12 103699848 c.535T>C p-Ser179Pro C12o0rf42

3 140275379 c.1699A > G p.lle567Val rs199944362 CLSTN2

12 101731990 ¢.3803C>T p-Thr1268lle rs752232067 UTP20
97039065 c.2202T > A p-Asp734Glu rs139592813 NCAPH

9 312083 c.658G > A p-Glu220Lys rs373168547 DOCKS

3 140678385 c.284+3A>T rs1027790661 SLC25A36

Bp(Hg19), genomic position in human genome assembly. GRCh37, HGVSc-human genome variation society coding sequence name. HGVSp, human

genome variation society protein sequence name.
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Figure 2. Expression of SLC25A36 and SLC25A33 in various tissues.
The relative expression of SLC25A36 (A) and SLC25A33 (B) gene was
quantified by qPCR according to the comparative method (224%) in the
indicated tissues. ACt values were calculated using human peptidylprolyl
isomerase A (PPIA) gene as reference gene. For the internal calibrator
(liver), AACt = 0, and 2° = 1. For the different tissues, the value of 2-24¢t
indicates the fold change in mRNA values relative to the calibrator.

gnomAD database and segregated with the disease in family
(Fig. 1A). To find the effect of the variant on SLC25A36 tran-
scription, we generated cDNA from the patient lymphocytes
and noted homozygous exon 3 skipping (Fig. 1B) with loss of
26 amino acids (V70 till R95) in the first repeat of the protein.

SLC25A36 Expression Analysis

SLC25A36 encodes for PNC2, a mitochondrial carrier for cyto-
sine and uracil (deoxy)nucleotides as well as (d)GNPs (3). To in-
vestigate its expression in various human tissues, real-time PCR
analyses were performed on total RNA populations using pri-
mers and probes specific for SLC25A36 and for its closest homo-
logue SLC25A33 encoding the pyrimidine nucleotide carrier
1 (PNC1), which was shown to transport uracil, thymine, and
cytosine (deoxy)-nucleoside di- and triphosphates (3, 14). With
the exception of liver, where SLC25A36 and SLC25A33 tran-
scripts have similar threshold cycle value (Fig. 2), the SLC25A36
mRNA levels (Fig. 2A) were higher than the SLC25A33 mRNA
levels in the investigated tissues (Fig. 2B). SLC25A36 was ex-
pressed most strongly in pancreas, where its transcript levels
were more than 30-fold higher than those of SLC25A33 (Fig. 2),
suggesting a major role of PNC2 in this tissue.

Functional Analysis of the SLC25A36 Mutation

In order to study the effect of the deletion found in the pa-
tients on PNC2 transport activity, WT and mutated proteins
were expressed in Escherichia coli, purified, and reconstituted
into liposomes to monitor the activity of PNC2. As shown in
Fig. 3, the deletion caused a strong reduction of nucleotide
transport catalyzed by PNC2.

To investigate the physiological relevance of PNC2 ac-
tivity impairment, we evaluated the nucleotide content in
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Figure 3. Functional analysis of wild-type (WT) and mutated SLC25A36
forms. (A) The uptake rate of [*H]-CTP was measured by adding 0.2 mM
of [*H]-CTP to proteoliposomes reconstituted with similar amount of
purified wild-type or mutated SLC25A36 recombinant protein. The
proteoliposomes were preloaded internally with 10 mM of CTP. The
means and SDs from 5 independent experiments are shown* P < 0.01,
one-way t test analysis.

mitochondria of HeLa cells stably transduced with a lentiviral
construct carrying a shRNA sequence silencing SLC25A36.
Two distinct puromycin-resistant cultures (LVshA36-HeLa.1
and LVshA36-Hela.2) were selected, both with about 60%
reduction of SLC25A36 mRNA levels, as compared with
control cells stably transduced with a lentivirus containing
a mismatch shRNA sequence (LVshMM-HeLa) (Fig. 4A). In
bright field and fluorescence microscopy, LVshA36-Hel.a.1
and LVshA36-Hel.a.2 cells did not reveal evident changes in
cell size and morphology (not shown), and TMRM-stained
mitochondria appeared not significantly different from that
of LVshMM-HelLa cells, in terms of both morphology and
membrane potential (Fig. 4B). As measured by LC-MS/MS,
in mitochondria isolated from both LVshA36-HelLa.1 and
LVshA36-Hela.2 cells, CTP and GTP levels were signifi-
cantly lower than those measured in control LVshMM-HeLa
cells (Fig. 5A and 5B), in keeping with a reduced transport ac-
tivity of PNC2 (3). By contrast, no significant differences were
measured in the intramitochondrial content of other nucleo-
side triphosphates, such as UTP, TTP (Fig. 5C and 5D), and
ATP (not shown), most likely due to the presence of PNC1
that displays a substrate preference for U and T nucleotides.
Accordingly, it has been previously reported that mitochon-
drial UTP levels were significantly reduced in SLC25A33/
pncl siRNA-transfected MCF-7 cells, whereas GTP as well as
ATP levels were not significantly altered (15).

Interestingly, cells with suppressed PNC1 displayed reduced
mtDNA (15). Indeed, a significant reduction of mtDNA con-
tent was revealed in SLC25A36-silenced cells as compared
with control cells (Fig. SE) but no alteration of mtDNA se-
quence. The fluorescence of LVshA36-Hel.a.1 and 1VshA36-
HeLa.2 mitochondria marked with MitoTrackerGreen was
increased by about 20% as compared with that measured in
LVshMM-HeLa cells (Fig. 5F), indicating an increase of mito-
chondrial biogenesis associated with PNC2 downregulation.
This observation, that resembles what already described in
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Figure 4. Downregulation of SLC25A36 gene in Hel a cells. (A) Relative expression of SLC25A36 gene in Hela cells infected with LVshMM (white
column) or LVshA36 (gray and dark gray column, 2 independent cultures) lentiviral particles and selected in the presence of puromycin 1 pg/mL.
Data are the means + SD from 3 independent gRT measurements. * P < 0.01 one-way analysis with Bonferroni t test. (B) Aym were measured by
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System (BioRad). Histogram represents the means + SD of 4 independent densitometric analyses, *P < 0.05, one-way analysis with Bonferroni t test.
(H) Citrate synthase activity in LVshMM-HelLa (white column), LVshA36-Hela.1 (gray column), and LVshA36-Hela.2 cells (dark gray column). Histogram

represents the means = SD of 3 independent experiments performed with permeabilized cells (see methods), * P < 0.05, one-way analysis with

Bonferroni t test.
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MCE-7 cells with downregulated SLC25A33 expressing PNC1
(15), was further confirmed in PNC2-downregulated HeLa
cells by the increased expression of porin (Fig. 5G), a marker
of the mitochondrial outer membrane, and by the enhanced
activity of citrate synthase (Fig. 6H), a marker of the mito-
chondrial matrix, as compared with control. Altogether, these
data point to an essential function for PNC2 in mitochon-
drial nucleotide transport and in the maintenance of mtDNA.
Indeed, expression of either PNC1 or PNC2 was shown to
suppress the growth defect of a yeast strain of S. cerevisiae de-
void of RIM2 (RIM2A), its fungal orthologue (16) that loses
mtDNA at very high frequency on nonfermentable carbon
sources like glycerol (17).

To investigate whether mutated PNC2 can replace the
Rim2p function, a RIM2A haploid strain was crossed with
an isogenic wild-type haploid strain (W303) of the opposite
mating type transformed with a plasmid containing either the
wild-type SLC25A36 (pl 36 WT) or its mutated form (pl 36A),
under the transcriptional control of the yeast RIM2 promoter,
so that during meiosis the mtDNA segregated in all 4 spores.
After sporulation and tetrad analysis, the transformed W303
and RIM2Ahaploid strains were selected (Fig. 6A) and as-
sayed for growth on either fermentable or nonfermentable
carbon sources. The RIM2A strains transformed with either
wild-type SLC25A36 (RIM2A + 36 WT) or its mutated form
(RIM2A + 36A) grew equally well in the presence of glucose
(Fig. 6B). By contrast, the RIM2A + 36A cells were unable
to grow in the presence of glycerol (Fig. 6C) due to loss of
mtDNA (Fig. 7). The W303 strains containing endogenous
wild-type RIM2 could grow in both media irrespective of the
plasmid used for transformation (Fig. 6B and 6C).

Discussion

This is the first report of a homozygous loss-of-function
variant in SLC25A36 that causes hyperinsulinism/
hyperammonemia syndrome. Human SLC25A36 encodes
PNC2, a protein that transports guanine and cytosine nucleo-
tides across the inner mitochondrial membrane (3). We dem-
onstrate that the newly identified pathogenic mutation leads
to a 26-aa deletion in PNC2 and a strong impairment of its
transport activity. We also provide evidence that PNC2 can
regulate mitochondrial CTP and GTP levels, hence playing
a key role in the homeostasis of mitochondrial (d)NTP pool,
together with its close homologue, PNC1, encoded by the

SLC25A33 gene, which predominantly transports uridine
and thymidine nucleotides (3, 14). Notably, both PNC1 and
PNC2 have been found upregulated in mice lacking Mpv17,
a mitochondrial inner membrane protein whose deficiency is
associated with substantial decreases in the levels of dGTP
and dTTP and severe mitochondrial DNA depletion (18, 19).
The genome of Drosophila melanogaster contains only one
gene with significant similarity to PNC1 and PNC2, named
drim2. In keeping with the overlapping transport specificities
and physiological roles of the human homologues, it has been
shown that D. melanogaster S2R *cells, silenced for drim2,
contained markedly reduced pools of both purine and pyr-
imidine N'TPs in mitochondria, whereas cytosolic pools were
unaffected (20). Interestingly, drim2 homozygous knockout
caused loss of mtDNA similarly to what was observed earlier
following deletion of the yeast orthologue RIM2 (17). Here
we show that PNC2 knockdown in HeLa cells leads to a sig-
nificant reduction of mtDNA. Recently, Slc25a36 suppres-
sion was demonstrated to cause a decline of mtDNA also
in mouse embryonic stem cells where PNC2 is required to
maintain pluripotency (21). As previously observed in cells
where PNC1 had been silenced (15) and cells with deficient
Thymidine Kinase 2 (22), in PNC2-silenced HeLa cells the
mitochondrial mass is increased (Fig. 6F-6H), displaying the
same compensatory mechanism upon mtDNA level reduction
due to altered mitochondrial nucleotide metabolism. These
results also highlight the evolutionarily conserved role of this
subfamily of homologous mitochondrial nucleotide trans-
porters in mtDNA maintenance.

Inside mitochondria, GTP, beside taking part in several re-
actions like the succinylCoA synthetase reaction in the Krebs
cycle, regulates the glutamic dehydrogenase (GDH) a key en-
zyme involved in insulin secretion from the pancreas (23),
where we show that SLC25A36 is expressed at its utmost.
In pancreatic B-cells, the combined activity of glycolysis and
oxidative phosphorylation regulates ATP/ADP ratio, one of
the key factors promoting insulin secretion. After glucose
stimulation, ADP decrease inhibits ATP-sensitive K*-channels
(KATP channel), thus allowing the depolarization of the
plasma membrane and Ca?*influx in the cytosol, which is the
main signal for the exocytosis of insulin (24, 25). However,
additional metabolic signals are required to further support
or amplify the insulin secretion, such as cAMP, NADPH,
long chain acyl-CoA derivatives, and reactive oxygen spe-
cies (ROS) (23). In this context, a key role is played by a
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number of transporters of the inner mitochondrial mem-
brane (26, 27). Downregulation of mitochondrial pyruvate
carrier heterodimers MPC1 and MPC2 reduces glucose-
stimulated insulin secretion in beta-cells, and in human and

rat islets (28). Limited mitochondrial pyruvate oxidation
also inhibits insulin secretion in islets from Mpc2A16 mice
expressing a truncated MPC2 protein (29). Likewise, silen-
cing of mitochondrial aspartate/glutamate carrier isoform 1
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for other nucleotides across the inner mitochondrial membrane (3), thus feeding the mtGTP pool. In glucose-stimulated pancreatic beta-cells, a
defective PNC2 may reduce mtGTP leading to an increase of glutamate oxidative deamination by glutamic dehydrogenase (GDH) and, consequently,

a stimulation of TCA cycle activity and oxidative phosphorylation. The resulting increase in mitochondrial ATP exported out of the mitochondria by

the adenine nucleotide translocator (ANT) in exchange with cytosolic ADP may further increase the high cytosolic ATP/ADP ratio due to the extra-
mitochondrial pyruvate kinase (PK) activity (25). The massive reduction in cytosolic ADP closes KATP channels, thus intensifying the depolarization of
the cell membrane and the increase in intracellular Ca? * that triggers the exocytosis of insulin-containing vesicles. Abbreviations: Ca , voltage-dependent
Ca*-channel; GC1 mitochondrial glutamate carrier isoform 1; GLUT2, glucose transporter isoform 2; K, ., K~-ATP channel; MPC, mitochondrial pyruvate

carrier; SCS, GTP-specific succinyl-CoA synthetase.

(AGC1) in insulinoma INS-1E cells reduced insulin exocyt-
osis since glycolysis and, in turn, pyruvate oxidation is altered
in the presence of impaired malate/aspartate NADH shuttle
(30). Furthermore, the cataplerotic role of mitochondrial
carriers for citrate (CIC), dicarboxylic acids (DIC) and for
the oxoglutarate/malate exchange (OGC) is essential for the
pyruvate-isocitrate cycling pathway that sustains the glucose-
induced increase of cytosolic NADPH/NADP *ratio required
for a correct insulin release (31-33).

Our results point to PNC2 as a new player in the regulation
of the insulin secretion since we show here that its transport
activity regulates mtGTP pool. Indeed, GTP is a potent allo-
steric inhibitor of the activity of GDH, an enzyme located
in the mitochondrial matrix that plays an important role in
insulin secretion (34). GDH catalyzes the reversible deamin-
ation of glutamate to 2-oxoglutarate with generation of
NADH and is expressed in liver, kidney, brain, and pancreatic

beta-cells. Missense dominant mutations of GDH that reduce
the sensitivity of the enzyme to allosteric inhibition by GTP
have been shown to cause the HI/HA syndrome (1).

The HI/HA syndrome is characterized by recurrent epi-
sodes of symptomatic hypoglycemia in combination with a
persistent mild hyperammonemia (1, 2). Plasma ammonia
levels are increased 3 to 5 times normal due to expression
of mutant GDH in most HI/HA patients or due to PNC2/
SLC25A36 deficiency in our patients, probably reflecting in-
creased ammonia release from glutamate as well as impaired
synthesis of N-acetylglutamate, a required allosteric activator
of carbamoyl-phosphate synthetase, the rate-controlling first
step in ammonia detoxification, due to reduction of sub-
strate pool. Interestingly, it has been recently shown that
the hyperammonemia associated with systemic activation of
GDH originates from the kidney, rather than from the liver
(35), where SLC25A36 is only poorly expressed.
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In B-cells, where SLC25A36 is maximally expressed, en-
hanced glutamate oxidation can activate the triggering path-
ways of insulin release by raising the ATP/ADP ratio to cause
closure of the KATP channel, opening the voltage-gated cal-
cium channel and eventually raising cytosolic calcium. Our
results indicate that the release of inhibitory control of GDH
by mtGTP pool due to PNC2/SLC25A36 deficiency, leads to
enhanced oxidative deamination of glutamate through GDH
and excessive release of insulin (Fig. 8).

Accordingly, downregulation of the mitochondrial glu-
tamate carrier (GC1) that catalyzes the transport of glu-
tamate across the inner mitochondrial membrane reduces
insulin exocytosis evoked by glucose stimulation (36). Of
note, decrease of insulin secretory response has been observed
in transgenic GDH knockout mice with reduced glutamate
levels in the B-cells (37). This counterintuitive observa-
tion would rather fit with the less likely scenario of GDH
operating in the direction of glutamate synthesis (37). The re-
ductive amination of a-ketoglutarate catalyzed by GDH has
been shown to operate in brain where glutamate formation
would be important for ammonia fixation and a prerequisite
for synthesis of glutamine during hyperammonemia (38), but
the elucidation of the direction of the GDH reaction in dif-
ferent tissues/cells under different conditions is beyond the
scope of this manuscript.

At variance with other forms of HI, the episodes of hypogly-
cemia occur in response to protein feeding in addition to fasting
and may typically present as postprandial hypoglycemia (39).
When protein catabolism is activated, leucine serves as an in-
dicator of increased amino acid supply and stimulates insulin
release by allosterically activating GDH. Normally, GDH
activity is suppressed in the basal state by the potent inhibi-
tory effects of GTP but gain-of-function GDH mutations (40)
or PNC2/SLC25A36 deficiency (this study), which hamper
the inhibitory effects of GTP, cause upregulation of leucine-
stimulated insulin release and a constitutive oversecretion
of insulin. High leucine concentration can occur following
a high-protein feeding, which when precluded in 1 of the 2
patients with the adoption of a low-protein diet, strongly re-
duced the frequency of hypoglycemic attacks.
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