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Figure 5.  (A-D) Reduced mitochondrial CTP and GTP content in HeLa cells with downregulated SLC25A36. Mitochondria were isolated from LVshMM-
HeLa (white column), LVshA36-HeLa.1 (gray column) and LVshA36-HeLa.2 (dark gray column) cells and nucleotide levels were determined by mass 
spectrometry. Data are the means – SD of 3 independent preparations, *P < 0.05, one-way analysis with Bonferroni t test. (E-H) Reduced mtDNA 
content and increased mitochondrial mass in in HeLa cells with downregulated SLC25A36. (E) The mtDNA quantity relative to nuclear DNA was 
measured by real-time qRT PCR, as described in �Methods�. Data are the means – SD of 3 independent measurements, *P < 0.05, **P < 0.01, one-
way analysis with Bonferroni t test. (F) Mitochondrial mass was estimated by marking LVshMM-HeLa, LVshA36-HeLa.1, and LVshA36-HeLa.2 cells 
with 250nM MitoTracker Green. Green �uorescence intensity of the probe was measured with Tali Image system. Data represent the means – SD 
of 4 independent measurements, *P < 0.05, one-way analysis with Bonferroni t test. (G). Representative Western blot and densitometric analysis of 
LVshMM-HeLa (white column), LVshA36-HeLa.1 (gray column) and LVshA36-HeLa.2 (dark gray column) cell extracts blotted with an antibody against 
the mitochondrial Porin protein (Abcam UK, RRID:AB_10865182) revealed by enhanced chemiluminescence (Merck) on a ChemiDoc Touch Imaging 
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-HeLa (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.

Figure 4.  Downregulation of SLC25A36 gene in HeLa 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��g/mL. 
Data are the means – SD from 3 independent qRT measurements. *P < 0.01 one-way analysis with Bonferroni t test. (B) ��m were measured by 
�uorescence microscopy in LVshMM-HeLa (panel i and white column), LVshA36-HeLa.1 (panel ii and gray column) and LVshA36-HeLa.2 (panel iii and 
dark gray column) cells loaded with 20�nM TMRM for 30 minutes at 37�°C and �uorescence intensities were imaged every 5 seconds with a �xed 
20-ms exposure time. Data of panel iv are the means – SD of TMRM percentage intensities normalized to values measured after addition of 1��M 
FCCP in 3 independent experiments.
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MCF-7 cells with downregulated SLC25A33 expressing PNC1 
(15), was further con�rmed 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 (RIM2�), 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 RIM2� 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 36WT) or its mutated form (pl 36�), 
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 RIM2�haploid strains were selected (Fig. 6A) and as-
sayed for growth on either fermentable or nonfermentable 
carbon sources. The RIM2� strains transformed with either 
wild-type SLC25A36 (RIM2� + 36WT) or its mutated form 
(RIM2� + 36�) grew equally well in the presence of glucose 
(Fig. 6B). By contrast, the RIM2� + 36� 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 �rst 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 identi�ed 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 de�ciency 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 signi�cant similarity to PNC1 and PNC2, named 
drim2. In keeping with the overlapping transport speci�cities 
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 NTPs 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-
ni�cant 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 de�cient 
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 �-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 Ca2 + in�ux 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 

Figure 6.  Complementation of S.�cerevisiae RIM2� cells with wild-type SLC25A36 or mutant SLC25A36. (A-C) Wild-type W303, W303 transformed 
with the wild-type SLC25A36 or its mutated form, RIM2� and RIM2� transformed with the wild-type SLC25A36 or its mutated form (shown as WT, 
WT + 36WT, WT + 36�, RIM2�, RIM2� + 36WT, RIM2� + 36�, respectively) haploid strains were selected on YPD with G-418 or Hygromycin (A) and 
spotted on solid YPD (B) or YPG (C) medium for 48 hours at 28�°C and at 36�°C as 4-fold serial dilution.
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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 Mpc2�16 mice 
expressing a truncated MPC2 protein (29). Likewise, silen-
cing of mitochondrial aspartate/glutamate carrier isoform 1 

Figure 7.  Mutant SLC25A36 is unable to rescue mtDNA in S.�cerevisiae RIM2 null mutants. Wild-type W303, W303 transformed with the wild-type 
SLC25A36 or its mutated form RIM2� and RIM2� transformed the wild-type SLC25A36 or its mutated form (shown as WT, WT + 36WT, WT + 36�, 
RIM2�, RIM2� + 36WT, RIM2� + 36�, respectively) haploid strains were grown until exponential phase in liquid YPD medium at 28�°C and stained 
with DAPI.
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