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Methods: We performed genome sequencing in 27 individuals with neonatal

aged <lyear without a known genetic cause using targeted next-generation
sequencing.

Results: Three individuals, all diagnosed with diabetes in the first week of life,
shared arare homozygous missense variant, p.(Arg327Gln), in TARS2. Replication
studies identified the same homozygous variant in a fourth individual diagnosed
with diabetes at 1year. One proband had epilepsy, one had development delay
and two had both.

Biallelic TARS2 variants cause a mitochondrial encephalopathy (COXPD-21)
characterised by severe hypotonia, epilepsy and developmental delay. Diabetes

is not a known feature of COXPD-21. Current evidence suggests that the
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1 | INTRODUCTION

Neonatal diabetes mellitus (NDM) is a monogenic condition
which usually presents before the age of 6 months. There are
over 35 known genetic causes of NDM which can either pre-
sent in isolation or as part of a syndrome. Genetic testing
identifies a pathogenic variant in >85% of cases."

Thirteen genetic subtypes of NDM are associated with
neurological features, reflecting the critical role of the
disrupted genes in the development and/or function of
the pancreas and central nervous system (CNS). Specific
examples include gain-of-function KCNJI1 and ABCCS8
variants which cause developmental delay, epilepsy, and
diabetes through disruption of insulin secretion and
neurotransmitter release>’; and loss-of-function PTF1A
variants which cause pancreatic and cerebellar agenesis
through defective organ development.*

These examples illustrate how identifying genes in
which pathogenic variants cause NDM and neurological
features highlight biological mechanisms essential for the
development and function of both pancreatic p-cells and
neurons.

In this study, we identified a specific TARS2 variant as
a novel cause of NDM, epilepsy and developmental delay
highlighting a critical role for TARS2 in the function of p-
cells, and in the CNS.

2 | RESEARCH DESIGN AND
METHODS

We investigated 27 individuals with NDM and neurologi-
cal features (developmental delay (n=14), epilepsy (n=5)
or both (n=8)). In all individuals, pathogenic variants in
35 known NDM genes had been excluded using targeted
next-generation sequencing (tNGS)® (list available on
www.diabetesgenes.org).

This study complied with the Declaration of Helsinki
with all families providing informed consent. The study
was approved by the North Wales Research Ethics
Committee (517/WA/0327).

p-.(Arg327Gln) variant disrupts TARS2's regulation of the mTORCI1 pathway
which is essential for p-cells.
Conclusions: Our findings establish the homozygous p.(Arg327GIln) TARS2
variant as a novel cause of syndromic neonatal diabetes and uncover a role for
TARS2 in pancreatic p-cells.

p-cells, diabetes, genetic discovery, mitochondrial disease, mitochondrial dysfunction,
monogenic diabetes, neonatal diabetes

What's new?

« What is already known: defining the genetic
causes of neonatal diabetes is important for pa-
tients' clinical management and can give novel
insights into p-cell biology.

« What this study found: a rare, homozygous
TARS?2 variant, p.(Arg327GIn), in four indi-
viduals with syndromic neonatal diabetes. We
hypothesise that the TARS2 p.(Arg327Gln) var-
iant results in neonatal diabetes by specifically
disrupting TARS2's regulation of the mTORC1
pathway which in turn affects p-cell survival
and function.

« What are the implications of this study: our re-
sults establish a TARS2 variant as a novel cause
of syndromic neonatal diabetes which should
be tested in individuals with the condition. This
genetic finding highlights an important role for
TARS2 in B-cells.

2.1 | Genome sequencing

Genome sequencing was performed on leukocyte DNA
from the 27 probands and 19 sets of parents using the
BGISEQ-500 platform (mean read depth =34). Reads were
aligned to the GRCh37/hgl9 human reference genome
with BWA-MEM (v0.7.15) followed by local re-alignment
using GATK IndelRealigner (v3.7.0). Variants were called
using GATK haplotype caller and annotated using Alamut
Batch (Interactive Biosoftware v1.11, Rouen, France).

We prioritised coding variants and variants affecting
the canonical splice sites which matched the following
criteria: de novo variants absent in gnomAD_V4,6 X-linked
variants absent in males in gnomAD_v4, homozygous and
compound heterozygous variants with an allele frequency
below 0.001% in gnomAD_v4. All genes with prioritised
variants identified in three or more unrelated individuals
were followed up.
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Variants were assessed in silico using the bioinformat-
ics tools SIFT, PolyPhen-2 and MutationTaster (accessed
through AlamutVisual) and ESM1b.” Prioritised variants
were classified using the ACMG guidelines.®

2.2 | Replication studies

The replication cohort consisted of 123 probands with
genetically unsolved diabetes diagnosed up to 1year; 11
individuals had at least one neurological feature (devel-
opmental delay (n=7), epilepsy (n=5), microcephaly
(n=1)). Samples from all 123 individuals were analysed
using a custom-designed tNGS assay with RNA baits de-
signed for the gene of interest.’

2.3 | Homozygosity and haplotype
analysis

Total genomic homozygosity (regions >=3Mbp) was cal-
culated, and haplotype analysis performed using genome
sequencing data or off-target reads from tNGS data. This
allowed us to assess the likelihood of consanguinity within
the family and relatedness between people when a vari-
ant of interest was identified. This analysis was performed
using software developed in-house’® (https://github.com/
rdemolgen/SavvySuite).

3 | RESULTS

A homozygous missense variant (c.980G>A,
p-(Arg327GIn)) in TARS2 was identified by genome se-
quencing in three unrelated probands. No further variants
that met the filtering criteria were identified. Replication
studies identified a fourth individual homozygous for
the same p.(Arg327Gln) variant (Figure 1a). No further
TARS?2 variants were identified in the replication cohort.
The p.(Arg327Gln) variant is present in gnomAD
v4.0.0 in nine heterozygotes (no homozygotes, minor al-
lele frequency 5.58e-6) and is listed as likely pathogenic
in ClinVar (RCV003315462.2). The variant falls within the
catalytic domain of the TARS2 protein (Figure 1b) and
is predicted to be deleterious by the bioinformatics tools
used. The same p.(Arg327Gln) variant had been reported
in compound heterozygosity with the p.(Arg419Trp)
variant in one individual with Combined oxidative phos-
phorylation deficiency-21 (COXPD-21; OMIM: 615918), a
condition characterised by severe hypotonia, epilepsy and
developmental delay without diabetes.'® Based on this ev-
idence, we classified the p.(Arg327Gln) variant as likely
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pathogenic, consistent with a diagnosis of COXPD-21 due
to recessively inherited TARS2 variants in our 4 patients.

Haplotype analysis confirmed that participants 1, 3 and
4 shared a 1.8 Mb region (chr1:149,725,450-151,577,283)
encompassing TARS2, indicating inheritance of the vari-
ant from a distant common ancestor. Participants 3 and
4 shared a larger haplotype of 9.8 Mb (chr1:143,414,878-
153,200,157), indicative of closer familial relatedness.
Participant 2 did not share a haplotype with any of the
other three individuals (Figure 1a).

All four probands were born to unaffected parents,
had low birthweight (Z-score range —4.72 to —1.90) and
were diagnosed with insulin-treated diabetes at a median
age of 1week (range: 1day-52weeks). Participant 4 had
a younger sibling with hyperglycaemia who died in the
neonatal period (sample unavailable for testing). Three
probands had a total genomic homozygosity (>1.56%)
consistent with consanguinity in the family (Table 1,
Figure 1a).

Neurological features were present in all four partic-
ipants including developmental delay (3/4) and/or epi-
lepsy (3/4). An MRI in participant 2 noted basal ganglion
involvement and generalised neurological deterioration,
consistent with mitochondrial disease. Lactic acidosis
was detected in three participants, one of which also had
hypoparathyroidism, hyponatraemia and hypomagnesae-
mia. Meningitis and anaemia were present in participant
2 with dystonia, body movement disorder and renal tu-
bulopathy reported in participant 4. None of them were
treated with mitochondrial supportive therapy. All four
children died before 24 months of age (Table 1).

4 | DISCUSSION

We report the identification of a homozygous TARS2 vari-
ant, p.(Arg327Gln), in four individuals with diabetes diag-
nosed up to 1year of age and neurological disease.

Biallelic TARS?2 variants cause COXPD-21: a clinically
heterogeneous condition resulting from a defect in mito-
chondrial energy metabolism that preferentially affects
energy-demanding tissues.'’ Within the literature, 28 in-
dividuals from 23 families with COXPD-21 have been de-
scribed. Developmental delay and axial hypotonia are the
most common neurological features reported (in 92% and
85% of individuals, respectively).'® Developmental delay
was confirmed in 3/4 individuals we report; axial hypoto-
nia was not assessed. Epilepsy was present in 50% of the
previously reported cases and was diagnosed in 3/4 (75%)
individuals in this study. Diabetes has been described in
one individual with COXPD-21 although the age at diag-
nosis was not reported.'

85U80| SUOLULLOD @A 81D 3|dedl|dde Uy Aq peusanoh ae sajole YO ‘SN JO'S3|NJ 10} ARIq1T8UIIUO AB|IAN UO (SUO I IPLIOD-PUR-SLUIBIALID" AB | IMAJe1q||BUJUO//SaRY) SUORIPUOD Pue SW | 8U) 885 *[7202/TT/80] U0 ARiqIT8ulluO AB|IM ‘188 L AQ T.FSTBWP/TTTT OT/I0p/WOD" A8 | M ARe.d 1 fpuluo//Sdny Wwo.y pepeoiumoq ‘0 ‘T6vSyorT


https://github.com/rdemolgen/SavvySuite
https://github.com/rdemolgen/SavvySuite

DONIS ET AL.

4of7 | NI e

(a) Famity 1 Famity 2

L HO

Sample N/A Sample N/A TARS2
p.(Arg327Gln) |p.{Arg327Gln)

Family 3 Family 3

O

Sample N/A | Sample N/A

p.(Arg327GIn) |p.(Arg327Gln)

TARS2 TARS2 TARS2 TARS2 s le N/A
p.(Arg327G1n)/ p.(Arg327Gln) p.(Arg327GIny/ p.(Arg327GIn) p.(Arg327GIn)/ p.(Arg327GIn)  p.(Arg327GlIn)/ p.(Arg327Gln) SO MPe
Diabetes {1 week) Diabetes (1 week) Diabetes (1 day) Diabetes (1 year)
Epilepsy Developmental delay Epilepsy Epilepsy
Developmental delay Developmental delay
[ | [ | [ ]
¢hr1:149,725,450-151,577,283 (1.8Mb)
L 3
chr1:143,414,878-153,200,157 (9.8Mb)
(b)
<=
? In EeREh 2R 7 AN RS
= 4] QO OO Q o< &) 00 00
©0 =] 0w < Vo I @ @© S 20
£ 5 E§R&5 8 5o 8 S8 ax
® - sRcee o2 = LY
I3 © o u'\o o o g o I 9o
1

p.-Thr157Arg
p.Thr157lle
p.Ala337Vval

-p.Arg109GIin
p.Ser258Leu
p.Phe323Cys.
Arg327GIn

Second additional domain
(124-282)

Putative MTS TGS domain
(1-39) (60-121)

soe £ 3 £t
93N [ - &
TS b 3 2] -
e 3 5 NN
<39 ] ° 53
) 40 o & <9
7Rt i
]

Catalytic domain
(300- 604)

Anticodon binding domain
(606-718)

FIGURE 1 (a)Partial pedigrees and summary of clinical features of the four individuals with the homozygous TARS2 p.(Arg327Gln)
variant. Age at diagnosis of diabetes is given in parentheses. Lines below the pedigree indicate individuals with shared haplotypes. The

coordinates and size of the shared haplotypes are shown below the pedigrees. N/A, not available for testing. (b) Reported TARS2 pathogenic

variants. Homozygous variants are highlighted in bold text. The novel homozygous variant identified in this study is underlined. Amino acid

changes in the TARS2 protein (bottom) from the corresponding coding variants (top) are joined by vertical slanted lines. Amino acid residue

numbers are given in brackets for protein domains. The Rag GTPase-binding site is highlighted in orange and outlined in dashed lines. All

variants are listed according to the NM_025150.4 transcript.

As a highly metabolically active tissue, the pancreas
is dependent on properly functioning mitochondria.
Mitochondria provide the ATP required to facilitate insu-
lin secretion from pancreatic p-cells, and synthesise key
metabolites that couple glucose sensing to insulin gran-
ule exocytosis.'> The most common form of adult-onset
diabetes caused by a mitochondrial defect is maternally
inherited diabetes and deafness (MIDD), resulting from a
m.3243A>G variant."> More rarely, disease-causing vari-
ants in genes essential for mitochondrial function have
been reported to cause neonatal-onset diabetes. These
include biallelic variants in CYCI and NARS2,"“'® de-
scribed in one and two families with syndromic NDM, re-
spectively. Large deletions in the mitochondrial DNA have
also been reported in two individuals with Pearson syn-
drome who presented with NDM.'”!® The mechanisms
by which these variants lead to p-cell dysfunction, and

consequently diabetes, in these five published families re-
main unknown.

TARS?2 is a class-II aminoacyl tRNA synthetase. Its ca-
nonical role is to ligate threonine to its cognate tRNA mol-
ecule during mitochondrial protein translation.' Class-II
aminoacyl tRNA synthetases are essential for mitochon-
drial protein translation of components of the OXPHOS
system and are therefore critical for mitochondrial-
oxidative-phosphorylation-mediated ATP production.
In vitro studies of TARS2 variants causing COXPD-21
showed reduced amino acid activation, tRNA charging ac-
tivity and dimer formation®® as well as decreased levels of
OXPHOS system protein components.” The effect of these
variants in pancreatic f§-cells has not been established.

TARS2 has a non-canonical role in the regulation of
mTORC1 activation by interaction with Rag GTPases.*
The mTORCI1 signalling pathway contributes to p-cell
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growth, maintenance and survival. A recent study showed
that variants in the TARS2**'3®! region, including the
p-(Arg327GIn) missense variant identified here, decrease
binding of TARS2 to Rag GTPases in vitro."” In vivo®>*®
and in vitro studies*® of decreased or abolished mTORC1
signalling in fB-cells found reduced p-cell mass, defective
B-cell function, hyperglycaemia and impaired glucose-
stimulated insulin secretion. It is therefore possible that,
by impairing binding of TARS2 to Rag GTPases, the
p.(Arg327Gln) variant decreases mTORC1 signalling,
causing reduced p-cell mass and/or B-cell dysfunction
resulting in NDM. Consistent with this hypothesis, the
individual with TARS2-related disease who had diabe-
tes reported in the literature was also homozygous for a
variant in the TARS2*" ! region.'’ Further studies are
needed to assess whether the TARS2 p.(Arg327GIn) vari-
ant causes diabetes through mitochondrial dysfunction,
disruption of mTORC1 signalling or both.

In summary, we identified a homozygous p.(Arg-
327GIn) TARS2 variant in four individuals with NDM and
features of COXPD-21. These results establish TARS2 as a
novel NDM aetiological gene and highlight a fundamen-
tal role for TARS2 in the growth, maintenance and/or sur-
vival of human pancreatic p-cells.

ACKNOWLEDGEMENTS

The authors thank all participating persons and their fam-
ilies and referring clinicians. We are grateful to Dr. Javed
Ahmed for the clinical advice during collaboration with
Dr. Aspi Irani.

FUNDING INFORMATION

RD is the recipient of a Diabetes UK PhD studentship
(grant 20/0006237). EDF is a Diabetes UK RD Lawrence
Fellow (grant 19/0005971) and she is the recipient of an
EFSD/Novo Nordisk Future Leaders Award. SEF has
a Wellcome Trust Senior Research Fellowship (grant
223187/Z/21/Z). The study was partly funded by a Diabetes
UK Project grant (grant 21/0006335). K.A.P. is funded by
the Wellcome Trust (219606/Z/19/Z). MJ is a Diabetes
UK and Breakthrough T1D (JDRF) RD Lawrence Fellow
(23/0006516). ATH is employed as a core member of staff
within the National Institute for Health Research-funded
Exeter Clinical Research Facility and is an NIHR Emeritus
Senior Investigator. This research is supported by the
National Institute for Health and Care Research (NIHR)
Exeter Biomedical Research Centre (BRC). The views
expressed are those of the author(s) and not necessarily
those of the NIHR. This research was funded in whole, or
in part, by Wellcome (223187/Z/21/Z). For the purpose of
open access, the author has applied a CC BY public copy-
right licence to any Author accepted Manuscript version
arising from this submission.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interests.

ORCID

Elisa De Franco

https://orcid.org/0000-0002-1437-7891

REFERENCES

1.

10.

11.

12.

13.

14.

15.

De Franco E, Flanagan SE, Houghton JA, et al. The effect
of early, comprehensive genomic testing on clinical care in
neonatal diabetes: an international cohort study. Lancet.
2015;386:957-963.

Gloyn AL, Pearson ER, Antcliff JF, et al. Activating mutations
in the gene encoding the ATP-sensitive potassium-channel
subunit Kir6.2 and permanent neonatal diabetes. N Engl J Med.
2004;350:1838-1849.

Proks P, Arnold AL, Bruining J, et al. A heterozygous activating
mutation in the sulphonylurea receptor SUR1 (ABCCS) causes
neonatal diabetes. Hum Mol Genet. 2006;15:1793-1800.

Sellick GS, Barker KT, Stolte-Dijkstra I, et al. Mutations in
PTF1A cause pancreatic and cerebellar agenesis. Nat Genet.
2004;36:1301-1305.

Ellard S, Lango Allen H, De Franco E, et al. Improved genetic
testing for monogenic diabetes using targeted next-generation
sequencing. Diabetologia. 2013;56:1958-1963.

Chen S, Francioli LC, Goodrich JK, et al. A genomic mutational
constraint map using variation in 76,156 human genomes.
Nature. 2024;625:92-100.

Brandes N, Goldman G, Wang CH, Ye CJ, Ntranos V. Genome-
wide prediction of disease variant effects with a deep protein
language model. Nat Genet. 2023;55:1512-1522.

Richards S, Aziz N, Bale S, et al. Standards and guidelines for
the interpretation of sequence variants: a joint consensus rec-
ommendation of the American College of Medical Genetics
and Genomics and the Association for Molecular Pathology.
Genet Med. 2015;17:405-424.

Wakeling MN, Laver TW, Wright CF, et al. Homozygosity map-
ping provides supporting evidence of pathogenicity in recessive
mendelian disease. Genet Med. 2019;21:982-986.

Accogli A, Lin SJ, Severino M, et al. Clinical, neuroradiologi-
cal, and molecular characterization of mitochondrial threonyl-
tRNA-synthetase (TARS2)-related disorder. Genet Med.
2023;25:100938.

Sissler M, Gonzalez-Serrano LE, Westhof E. Recent advances
in mitochondrial aminoacyl-tRNA synthetases and disease.
Trends Mol Med. 2017;23:693-708.

Maechler P. Mitochondrial function and insulin secretion. Mol
Cell Endocrinol. 2013;379:12-18.

Hirai M, Suzuki S, Onoda M, et al. Mitochondrial DNA 3394
mutation in the NADH dehydrogenase subunit 1 associ-
ated with non-insulin-dependent diabetes mellitus. Biochem
Biophys Res Commun. 1996;219:951-955.

Cokyaman T, Cetin H, Dogan D, Silan F. A new entity in
the NARS2 variant: the first reported case of type 1 diabe-
tes mellitus associated with the phenotype. J Trop Pediatr.
2022;69(1):fmac108.

Gaignard P, Menezes M, Schiff M, et al. Mutations in CYC1,
encoding cytochrome c1 subunit of respiratory chain complex
III, cause insulin-responsive hyperglycemia. Am J Hum Genet.
2013;93:384-389.

85U80| SUOLULLOD @A 81D 3|dedl|dde Uy Aq peusanoh ae sajole YO ‘SN JO'S3|NJ 10} ARIq1T8UIIUO AB|IAN UO (SUO I IPLIOD-PUR-SLUIBIALID" AB | IMAJe1q||BUJUO//SaRY) SUORIPUOD Pue SW | 8U) 885 *[7202/TT/80] U0 ARiqIT8ulluO AB|IM ‘188 L AQ T.FSTBWP/TTTT OT/I0p/WOD" A8 | M ARe.d 1 fpuluo//Sdny Wwo.y pepeoiumoq ‘0 ‘T6vSyorT


https://orcid.org/0000-0002-1437-7891
https://orcid.org/0000-0002-1437-7891

DONIS ET AL.

16.

17.

18.

19.

20.

21.

Yagasaki H, Sano F, Narusawa H, et al. Compound heterozy-
gous variants of the NARS2 gene in siblings with developmen-
tal delay, epilepsy, and neonatal diabetes syndrome. Am J Med
Genet A. 2022;188:2466-2471.

Morikawa Y, Matsuura N, Kakudo K, Higuchi R, Koike M,
Kobayashi Y. Pearson's marrow/pancreas syndrome: a histolog-
ical and genetic study. Virchows Arch A Pathol Anat Histopathol.
1993;423:227-231.

Williams TB, Daniels M, Puthenveetil G, Chang R, Wang RY,
Abdenur JE. Pearson syndrome: unique endocrine manifes-
tations including neonatal diabetes and adrenal insufficiency.
Mol Genet Metab. 2012;106:104-107.

Diodato D, Melchionda L, Haack TB, et al. VARS2 and TARS2
mutations in patients with mitochondrial encephalomyopa-
thies. Hum Mutat. 2014;35:983-989.

Kim SH, Choi JH, Wang P, et al. Mitochondrial threonyl-tRNA
synthetase TARS2 is required for threonine-sensitive mTORC1
activation. Mol Cell. 2021;81:398-407.

Zheng WQ, Pedersen SV, Thompson K, et al. Elucidating the
molecular mechanisms associated with TARS2-related mito-
chondrial disease. Hum Mol Genet. 2022;31:523-534.

22.

23.

24.

DIABETIC L

Alejandro EU, Bozadjieva N, Blandino-Rosano M, et al.
Overexpression of kinase-dead mTOR impairs glucose ho-
meostasis by regulating insulin secretion and not p-cell mass.
Diabetes. 2017;66:2150-2162.

Chau GC, Im DU, Kang TM, et al. mTOR controls ChREBP
transcriptional activity and pancreatic p cell survival under dia-
betic stress. J Cell Biol. 2017;216:2091-2105.

Elghazi L, Blandino-Rosano M, Alejandro E, Cras-Méneur C,
Bernal-Mizrachi E. Role of nutrients and mTOR signaling in
the regulation of pancreatic progenitors development. Mol
Metab. 2017;6:560-573.

How to cite this article: Donis R, Patel KA,
Wakeling MN, et al. A homozygous TARS2 variant
is a novel cause of syndromic neonatal diabetes.
Diabet Med. 2024;00:€15471. doi:10.1111/
dme.15471

85U80| SUOLULLOD @A 81D 3|dedl|dde Uy Aq peusanoh ae sajole YO ‘SN JO'S3|NJ 10} ARIq1T8UIIUO AB|IAN UO (SUO I IPLIOD-PUR-SLUIBIALID" AB | IMAJe1q||BUJUO//SaRY) SUORIPUOD Pue SW | 8U) 885 *[7202/TT/80] U0 ARiqIT8ulluO AB|IM ‘188 L AQ T.FSTBWP/TTTT OT/I0p/WOD" A8 | M ARe.d 1 fpuluo//Sdny Wwo.y pepeoiumoq ‘0 ‘T6vSyorT


https://doi.org/10.1111/dme.15471
https://doi.org/10.1111/dme.15471

	A homozygous TARS2 variant is a novel cause of syndromic neonatal diabetes
	Abstract
	1  |  INTRODUCTION
	2  |  RESEARCH DESIGN AND METHODS
	2.1  |  Genome sequencing
	2.2  |  Replication studies
	2.3  |  Homozygosity and haplotype analysis

	3  |  RESULTS
	4  |  DISCUSSION
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	ORCID
	REFERENCES


