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Abstract Although physiological data suggest that
neuromuscular junction (NMJ) dysfunction is a prin-
cipal mechanism underpinning sarcopenia, genetic
studies have implicated few genes involved in NMJ
function. Accordingly, we explored whether genes
encoding agrin (AGRN) and neurotrypsin (PRSS12)
were associated with sarcopenia phenotypes: muscle
mass, strength and plasma C-terminal agrin fragment
(CAF). PhenoScanner was used to determine if AGRN
and/or PRSSI2 variants had previously been impli-
cated with sarcopenia phenotypes. For replication, we
combined genotype from whole genome sequencing
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with phenotypic data from 6715 GenoFit participants
aged 18-83 years. Dual energy X-ray absorptiometry
assessed whole body lean mass (WBLM) and appen-
dicular lean mass (ALM), hand dynamometry deter-
mined grip strength and ELISA measured plasma
CAF in a subgroup (n=260). Follow-up analyses
included eQTL analyses, carrier analyses, single-var-
iant and gene-burden tests. rs2710873 (AGRN) and
rs71608359 (PRSSI2) associate with muscle mass
and strength phenotypes, respectively, in the UKBB
(p=8.9%107% and p=8.4x 10%) and GenoFit cohort
(»p=0.019 and p=0.014). rs2710873 and rs71608359
are eQTLs for AGRN and PRSSI2, respectively,
in>three tissues. Compared to non-carriers, carri-
ers of rs2710873 had 4.0% higher WBLM and ALM
(both p<0.001), and 9.5% lower CAF concentrations
(p<0.001), while carriers of rs71608359 had 2.3%
lower grip strength (p=0.034). AGRN and PRSSI2
are associated with muscle strength and mass in sin-
gle-variant analyses, while PRSSI2 has further asso-
ciations with muscle strength in gene-burden tests.
Our findings provide novel evidence of the relevance
of AGRN and PRSSI2 to sarcopenia phenotypes and
support existing physiological data illustrating the
importance of the NMJ in maintaining muscle health
during ageing.

Keywords Sarcopenia - Genes - Neuromuscular
junction - Muscle strength - Muscle mass - Agrin
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Introduction

The progressive degradation of skeletal muscle mass
and strength known as sarcopenia [1] is perhaps the
most functionally significant facet of the ageing phe-
notype. Diagnosed as the simultaneous presence of
low muscle mass and low muscle strength [2], sar-
copenia imposes multiple adverse health outcomes,
such as falls [3], mobility limitations [4] and a sub-
sequent loss of independence among older adults [5].
Although considerable effort has been given to devel-
oping therapeutic and preservative strategies in recent
years, sarcopenia prevalence remains high, affecting
40% of adults over the age of 80 years [6]. Further
still, the burden of sarcopenia is anticipated to rise
in coming decades in parallel with societal ageing.
With this in mind, there is an urgent need to further
elucidate the biological foundations of sarcopenia, as
doing so may help facilitate an enhancement of cur-
rent preventative protocols and a subsequent reduc-
tion in sarcopenia prevalence.

Considering heritability estimates of 46-76% for
muscle mass [7] and 32-67% for muscle strength
[8], it is clear that genetic factors are likely to serve
a central role in sarcopenia pathogenesis. However,
despite several recent genome-wide association stud-
ies (GWAS) [9-12], the genetic architecture and
heritability of sarcopenia remain largely unknown.
Although GWAS have identified potentially relevant
risk loci for sarcopenia, the level of phenotypic vari-
ance explained by these variants is relatively low,
with values of<1% [10], 4.4% [11], 13% [9] and
15.5% [12] reported to date. Moreover, there is a
notable lack of harmony between GWAS data and
the physiological understanding of the mechanisms
underpinning muscle degradation. Indeed, despite
increasing physiological data suggesting that the
dismantling of the neuromuscular junction (NMIJ)
is a principal contributor to sarcopenia [13, 14], few
genes involved in NMJ health have been identified
through GWAS. In order to better target treatment and
prevention strategies, the pertinence of specific genes
linked with the underlying aetiological mechanisms
of the disease needs to be established.

Although sarcopenia is recognised as a multifac-
eted disease [15-19], a diminished re-innervative
potential induced by NMJ dysfunction has been pro-
posed as a primary underlying mechanism [20, 21].
During ageing, the rhythmic cycle of denervation and
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re-innervation that normally occurs throughout the
lifespan becomes unbalanced, whereby the rate of re-
innervation cannot match that of denervation. This
shift results in a progressive degeneration of motor
units, contributing to the dramatic loss of muscle
strength and mass observed during ageing [20, 22].
In this regard, it is well accepted that the integrity
of the NMJ, the communicatory link between moto-
neuron and muscle fibre, is crucial for maintaining
the dynamic cycle of denervation and re-innervation.
Accordingly, in the present study we sought to inves-
tigate the relevance of two candidate genes involved
in NMIJ function, to sarcopenia.

Firstly, AGRN located on chromosome 1p36
encodes agrin, a heparan sulphate proteoglycan that is
potently involved in NMJ formation and maintenance
[23]. Specifically, agrin is a pivotal mediator of the
stabilisation of pre-synaptic structures and the pre-
cise aggregation of acetylcholine receptors (AChRs)
on the post-synaptic membrane [23]. Furthermore,
agrin acts as a potentiator of the sophisticated agrin-
LRP4-MuSK signalling cascade, a crucial modulator
of synaptic communication [24]. Importantly, agrin
is cleaved and deactivated by the neuronal protease,
neurotrypsin, subsequently releasing a 22-kDa C-ter-
minal agrin fragment (CAF) into circulation [23].
Correspondingly, blood concentrations of CAF are
indicative of NMJ dismantling, whereby higher levels
indicate increased degradation. Interestingly, studies
have reported elevated levels of CAF in sarcopenic
populations compared to healthy controls [13, 25],
supporting the importance of NMJ integrity to mus-
cle health. Secondly, PRSSI2 located on chromosome
426 encodes neurotrypsin, which is responsible for
the deactivation of agrin and the release of CAF into
the bloodstream. With this in mind, it seems logical
that PRSSI2 would be associated with circulating
CAF levels and other sarcopenia-related phenotypes
through its role in NMJ degradation. This hypothesis
is supported by studies that demonstrate an overex-
pression of neurotrypsin to invoke severe NMJ frag-
mentation and premature sarcopenia in mice [26, 27],
and another demonstrating that an injection of neuro-
trypsin-resistant agrin reverses many sarcopenic char-
acteristics in mice over-expressing neurotrypsin [28].

Evidently, although physiological studies have
reported promising evidence supporting the relevance
of agrin and neurotrypsin to sarcopenia, few stud-
ies have investigated whether this relevance remains
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at the gene level. Accordingly, this study aimed to
explore whether AGRN and/or PRSS12 are associated
with sarcopenia phenotypes (muscle mass, strength
and plasma CAF levels).

Methods

This study combines original whole genome sequence
(WGS) data and detailed clinical phenotyping
obtained from the GenoFit cohort, with existing UK
Biobank (UKBB) data obtained from PhenoScanner
and Genebass databases.

GenoFit cohort

The GenoFit study was a large dual-site, cross-sec-
tional analysis of individuals aged 18-92 years resid-
ing in Ireland that took place between September
2017 and October 2020 [29]. A total of 10,546 indi-
viduals participated in a once-off assessment, dur-
ing which biological samples were collected and an
extensive suite of health, lifestyle and fitness meas-
urements was performed. To limit the potential of
population stratification, the sample for the present
study was refined to include 6715 unrelated indi-
viduals of Irish ancestry (males: n=2997; females
n=23718) (methods used to refine sample are outlined
in detail later in this section). Informed consent was
obtained for all participants upon enrolment, and ethi-
cal approval was granted by University College Dub-
lin’s (UCD) Human Research Ethics Committee.

Phenotyping and sequencing of GenoFit cohort

A SECA (SECA, Hamburg, Germany) stadiometer
and weighing scales were used to measure height and
body mass, respectively, with participants dressed
in light clothing and without footwear. Body mass
index (BMI) was calculated as body mass divided by
height (kg/m?). Grip strength was measured using a
digital Jamar hand-held dynamometer (JLW Instru-
ments, Chicago, IL, USA), according to a previously
described protocol [29]. The dynamometer was con-
figured so that the handle and middle phalanx formed
a 90° angle. In a standing position with the arm
positioned by their side, participants performed two
maximal attempts (>3 s) with each hand. The average
of the highest score from each hand was used in the

analysis. Dual energy X-ray absorptiometry (DXA)
(Lunar Prodigy, GE Healthcare Technologies, USA)
was used to measure whole body lean mass (WBLM)
and appendicular lean mass (ALM). Appendicu-
lar lean mass was determined as the combined lean
mass of the limbs. Level of physical activity and edu-
cation were assessed through a self-reported ques-
tionnaire. More specifically, physical activity levels
were assessed by asking: ‘How many days per week
do you do at least 30 min of exercise that increases
your breathing and heart rate (e.g. brisk walking, jog-
ging, cycling, swimming)?’ Level of education was
assessed by asking: “What is the highest level of edu-
cation you have completed to date (no formal educa-
tion, primary, lower secondary, higher secondary,
third level or postgraduate)?’.

Blood samples were collected by experienced
phlebotomists through venepuncture of the median
cubital vein and vacutainers containing ethylenedi-
aminetetraacetic acid (BD Vacutainer®). Plasma was
extracted from a sub-group of 260 samples through
centrifugation at 4000 rpm for 10 min at 4 °C. All
samples were stored at— 80 °C until analysis. Plasma
CAF concentrations were measured using a read-
ily available enzyme-linked immunosorbent assay
(ELISA) kit (#ab216945, Abcam, Cambridge, UK)
according to the manufacturer’s recommendations.
Genomic DNA was extracted from blood samples
using the Autogen Flex Plus system (Autogen, Hol-
liston, MA, USA). Next, the genomic DNA was qual-
ity controlled using PicoGreen (Varioskan, Thermo
Fisher Scientific, Waltham, MA, USA), optical
density 1.8-2.1 (Varioskan, Thermo Fisher Scien-
tific, Waltham, MA, USA) and DNA integrity num-
ber>6.5 (TapeStation, Agilent, Santa Clara, CA,
USA). All libraries for WGS were processed with
[lumina TruSEQ PCR-Free library preparation using
IDT unique dual indexes. The library preparation was
performed in Pre-PCR using a Hamilton NGS STAR
(Hamilton, Reno, NV, USA).

NovaSeq sequencing preparation

Normalised libraries were pooled into groups of 24
samples per run. The pooled libraries were dena-
tured and loaded onto the NovaSEQ 6000 (Illumina,
San Diego, CA, USA). All clustering was performed
on the instrument using S4 flow cells. Runs were
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performed using 300 cycle kits with run parameters
of 151, 8, 8, 151 cycles.

HiSeq sequencing preparation

For normalisation, samples were diluted to
2.25 nM and then mixed with EPX solutions 1-3
as per the Illumina protocol. The samples were
then loaded as a single sample per lane onto a
cBot instrument (Illumina, San Diego, CA, USA)
facilitating clustering onto the flow cell. Once
complete, the flow cell was removed and loaded
onto the HiSeq instrument with a 300 cycle kit
with run parameters of 151, 8, 151 (no dual
indexing possible).

Variant calling

Variant calling was performed by Genuity Science
Ireland (Genuity Science, Dublin, Ireland), with fur-
ther outsourcing to WuXi NextCODE (WuXi Next-
CODE, Cambridge, USA). A Sentieon Germline pipe-
line (v201808.03) [30] based on the best practice of
the GATK workflow was used. The pipeline involved
the following steps: (1) quality check: the quality of
the raw reads was checked using FASTQC (v0.11.7)
(http://www.bioinformatics.babraham.ac.uk/projects/
fastqc), Picard (http://broadinstitute.github.io/picard),
VerifyBamID [31] and GATK [32]. (2) Alignment:
a reference genome was built using human genome
(assembly GRCh38; release GCA_000001405.15).
Quality controlled reads were mapped to the refer-
ence genome using BWA ‘mem’ algorithm [33]. Pri-
mary and secondary alignments were taken forward for
further analysis. Coverage depth was computed using
the WGSMetricsAlgo (https://www.sentieon.com). (3)
Post-alignment quality control was performed using
several Sentieon algorithms. Specifically, alignments
from the duplicate reads were marked and removed
using ‘LocusCollector’ and ‘Dedup’ algorithms.
Sequence alignments of indels were then refined
using the ‘Realigner’ algorithm. (4) Variant calling
was performed using the ‘QualCal’, ‘Haplotyper’, and
‘GVCFtyper’ Sentieon algorithms. Base quality score
recalibration was performed for individual read bases
of the mapped sequence read data using ‘QualCal’
algorithm, while variants were called using ‘Haplo-
typer’ and ‘GVCFtyper’ algorithms.

@ Springer

Genetic association analyses in the GenoFit cohort

Genetic association analyses were carried out using
PLINK 2.0 [34]. A generalised linear model was
applied to analyse WBLM, ALM, grip strength and
plasma CAF (all n=6715 apart from CAF n=260) as
continuous traits. Covariates included age at recruit-
ment, gender, BMI, level of education and physi-
cal activity. Ten principal components generated by
PLINK were used to adjust for population stratifica-
tion. The Find Irish Ancestry Computational Hunter
(FIACH) score was used to exclude participants of
non-Irish ancestry. The FIACH measures the Irish-
ness of a sample using a ‘glmet’ algorithm incor-
porating ~28,710 single nucleotide polymorphisms
(SNPs) selected using the UKBB. The model was
trained using the reported Irish (as Irish) and non-
Irish-non-UK individuals (as non-Irish) from the
UKBB and then applied to the present study’s popu-
lation. The results were validated by comparing the
Irishness value to the reported ancestry. Additionally,
related individuals were excluded based on a kinship
coefficient>0.084 (n=1730). Linkage Disequilib-
rium (LD): PLINK was used to perform LD clump-
ing, using the following settings: clump-pl=1x1074,
clump-p2=1x107*, clump r2=0.2 and clump-kb=1
mb. SNPs in LD with the most associated variant
within the given window were grouped as one inde-
pendent association.

PhenoScanner and GenoFit replication

PhenoScanner was used to perform an initial search to
determine if any AGRN or PRSS12 variants have pre-
viously been associated with sarcopenia-related phe-
notypes. PhenoScanner is an extensive database that
provides a curation of human genotype—phenotype
association results from several repositories includ-
ing the UKBB, the NHGRI-EBI GWAS catalogue
and the Genome-Wide Repository of Associations
between SNPs and Phenotypes [35, 36]. In this study,
the variant-phenotype associations obtained from
PhenoScanner were based solely off UKBB data. Fol-
lowing the search of the PhenoScanner database, the
GenoFit data were consulted to identify whether the
variant-phenotype associations were replicated in the
GenoFit cohort. The significance threshold for repli-
cation was p <0.05.
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Expression quantitative trait loci (eQTL)

The Genotype-Tissue Expression (GTEx) portal
(https://gtexportal.org/home/) [37] was used for
eQTL analyses to determine whether the variants
were associated with a change in expression of AGRN
and/or PRSI12.

Carrier analyses in the GenoFit cohort

In the GenoFit cohort, carrier analyses were per-
formed to determine whether carriers of the AGRN
and/or PRSS12 variants differed phenotypically com-
pared to non-carriers. Specifically, Jupyter notebooks
[38] and SPSS software (version 26, IBM SPSS Inc.,
Chicago, IL, USA) were used to assess differences
between carriers (AA or GA) of rs2710873 (AGRN)
and non-carriers (GG), and between carriers (GG or
GA) of rs71608359 (PRSS12) and non-carriers (CC).
Specifically, independent samples Student’s ¢-tests,
Mann—Whitney U-tests and analysis of covariance
(ANCOVA) were performed depending on distri-
bution normality of each variable. The phenotypes
assessed included WBLM, ALM, grip strength
and plasma CAF concentrations. Phenotypes were
selected based off the variant-phenotype associations
identified in the PhenoScanner/GenoFit analyses,
with the exception of plasma CAF concentrations,
which was assessed in both carrier analyses.

Single-variant and gene-burden analyses in the
UKBB

Single-variant analysis and gene-based burden tests
were performed using the gene-biobank association
summary statistics (Genebass) browser (https://geneb
ass.org). Genebass is an extensive database that pro-
vides results from gene-based association analyses
of ~3700 phenotypes in~280,000 individuals with
whole exome sequence (WES) data in the UKBB.
The threshold for nominal significance was p <0.05.

Results

The original GenoFit data presented in this study
were obtained from a total of 6715, unrelated Irish
individuals aged between 18 and 83 years (males:
n=2997, mean age=42.6 years; females: n=3718,

mean age=46.6 years). The main characteristics of
the GenoFit cohort are presented in Table 1.

AGRN/PRSS12 variants and sarcopenia phenotypes in
UKBB and GenoFit cohorts

According to PhenoScanner, one variant located
in intron 7 of AGRN (rs2710873) has been previ-
ously implicated with whole body fat-free mass
(WBFFM) ($=0.009, p=8.9%x107°) in the UKBB,
while another variant located in intron 11 of PRSSI2
(rs71608359) has been associated with right hand
grip strength ($=0.015, p=8.4x107%), also in the
UKBB (Table 2). Interestingly, we found rs2710873
and rs71608359 to be associated with broadly simi-
lar phenotypes in the GenoFit cohort. Specifically,
we found rs2710873 to be nominally associated with
WBLM and ALM ($=0.026, p=0.019 and f=0.024,
p=0.019, respectively), while rs71608359 was nomi-
nally associated with grip strength (f= —0.042,
p=0.014) (Table 2). We also found rs2710873
(AGRN) to be associated with plasma CAF concen-
tration (f=—0.545, p=6.11x107%) in secondary
analyses combining WGS data with plasma CAF data
from 260 participants of the GenoFit study. No signif-
icant association was observed between rs71608359
(PRSS12) and plasma CAF levels (= —0.234,
p=0.254).

eQTL analysis

According to the GTEx database, rs2710873 (A
allele) is associated with decreased expression of
AGRN in 10 tissues, including skeletal muscle [nor-
malised effect size (NES)=—0.17, p=9.6x107°]
and nerve tissue (NES= —0.28, 6.4x107°) (full list
in Table 3). rs71608359 (G allele) is associated with
decreased PRSS12 expression in three tissues, includ-
ing thyroid (NES= —0.50, p=5.2x107"7) and sun-
exposed skin (NES= —0.35, p=3.2X 10710) (full list
in Table 3).

Carrier analyses in the GenoFit cohort

Overall, carriers of >one copy of the variant allele at
152710873 (AGRN) had significantly higher WBLM
and ALM (49.29 kg vs 47.41 kg, p<0.001 and
22.00 kg vs 21.15 kg, p<0.001, respectively), and
significantly lower levels of plasma CAF (2.40 ng/ml

@ Springer
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Table 1 GenoFit cohort
characteristics

Parameter

Male (n=2997)

Female (n=3718)

Total (n=6715)

Sociodemographic

Age (years) 42.6 (13.4) 46.6 (12.9) 44.8 (13.7)
Anthropometric
Height (cm) 173.1 (9.9) 169.3 (9.0) 171.0 (9.6)
Body mass (kg) 77.0 (14.8) 72.2 (13.3) 74.3 (14.2)
Body mass index (kg/m?) 257 3.7 25.2(3.8) 253 (34)
Sarcopenia phenotypes
Grip strength (kg) 49.1 (8.5) 30.2 (5.3) 38.7 (11.7)
Appendicular lean mass (kg) 18.4 (3.9) 28.9 (2.6) 22.9 (6.0)
Whole body lean mass (kg) 60.8 (7.2) 422 (5.2) 50.5 (11.1)
Plasma C-terminal agrin frag- 2.6 (0.5) 2.7 (0.6) 2.7 (0.6)
ment (ng/ml)*
Lifestyle factors
Physical activity'J 4.3 (2.0) 4.0 (2.0) 4.2 (2.0)
Education, n (%)
Data presented as No formal education 3(0.1) 1(<0.0) 4(0.1)
means + standard deviation Primary education 22 (0.7) 21 (0.6) 43 (0.6)
k‘(;’;f;sff;ﬁegﬁgfsxjf; Lower secondary 132 (4.4) 107 2.9) 239 (3.6)
(female, n=133; male, Higher secondary 388 (12.9) 481 (12.9) 869 (12.9)
n=127); bdays per week Third-level degree 1611 (53.8) 2079 (55.9) 3690 (55.0)
performing > 30 min Postgraduate degree 841 (28.1) 1029 (27.7) 1870 (27.8)
moderate intensity exercise
Table 2 AGRN/PRSS12 variants associated with sarcopenia phenotypes in UKBB and GenoFit cohorts
rsID Chr:position Ref/Alt AF Beta p value Phenotype Cohort N
AGRN
rs2710873 1:1,042,813 G/A - 0.009 8.88x10°  WBFFM UKBB 331,291
rs2710873 1:1,042,813 G/A 0.179 0.026 0.019 WBLM GenoFit 6715
rs2710873 1:1,042,813 G/A 0.179 0.024 0.019 ALM GenoFit 6715
rs2710873 1:1,042,813 G/A 0.129 —0.545  6.11x1075  Plasma CAF GenoFit 260
PRSS12
rs71608359  4:118,283,390 C/G - 0.015 8.35x10™  Grip strength (right) ~ UKBB 335,842
rs71608359  4:118,283,390 C/G 0.089 -0.042 0.014 Grip strength GenoFit 6715
rs71608359  4:118,283,390 C/G 0.061 -0.234 0.254 Plasma CAF GenoFit 260

Chr, chromosome; Ref/Alt, reference allele/alternative allele; AF, allele frequency (unknown AF for UKBB data); WBFFM, whole
body fat-free mass; WBLM, whole body lean mass; ALM, appendicular lean mass; CAF, C-terminal agrin fragment; UKBB, UK

Biobank

vs 2.65 ng/ml, p<0.001), compared to non-carriers
(Fig. 1). Overall, carriers of > one copy of the variant
allele at rs71608359 (PRSS12) had significantly lower
hand grip strength (35.08 kg vs 35.90 kg, p=0.034)
than non-carriers, while no significant difference in
plasma CAF concentrations was observed (Fig. 2).
Following stratification by sex, male and female carri-
ers of > one copy of the variant allele at rs2710873 had

@ Springer

significantly higher WBLM (61.31 kg vs 60.54 kg,
p=0.006 and 42.43 kg vs 41.99 kg, p=0.013, respec-
tively) and ALM (28.73 kg vs 28.27 kg, p=0.005 and
18.53 kg vs 18.31 kg, p=0.014, respectively) and
significantly lower plasma CAF levels (2.40 ng/ml
vs 2.65 ng/ml, p=0.016 and 2.39 ng/ml vs 2.64 ng/
ml, p=0.010, respectively), compared to non-carriers
(Fig. 1). Similarly, when controlling for sex through
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Tablg 3 .Expre.ssion' rsID eQTL (gene Tissue NES p value

quantitative trait loci symbol)

(eQTL) data for AGRN and

PRSSI2 152710873 (A allele) AGRN Nerve—tibial —028  64x107°
Adipose—visceral -0.19 5.1x1078
Adipose—subcutaneous -0.19 1.5%1077
Artery—tibial -0.21 1.3%x107°
Heart—Ileft ventricle -0.19 1.5%107°
Artery—aorta -0.26 6.8x107°
Muscle—skeletal -0.17 9.6x1076
Oesophagus—muscularis —0.18 1.9%1073
Cells—cultured fibroblasts -0.17 1.5x107™
Thyroid -0.14  20x107*

rs71608359 (G allele) PRSSI12 Skin—sun exposed -0.35 3.2x1071°

Thyroid -0.50 52x1077
Skin—not sun exposed —-0.24 23%x107™

NES, normalised effect size

ANCOVA, carriers of >one copy of the variant
allele at rs2710873 had significantly higher WBLM
(50.86 kg vs 50.27 kg, p<0.001) and ALM (23.14 kg
vs 22.82 kg, p <0.001) and significantly lower plasma
CAF levels (2.49 ng/ml vs 2.73 ng/ml, p=0.001),
compared to non-carriers (Supplementary Table 1).
Following stratification, only male carriers of >one
copy of the variant allele at rs71608359 had signifi-
cantly lower hand grip strength (48.12 kg vs 49.35 kg,
p=0.003), compared to non-carriers (Fig. 2), how-
ever, adjustment for sex for through ANCOVA
revealed carriers to have significantly lower hand
grip strength compared to non-carriers (38.15 kg vs
38.77 kg, p=0.006) (Supplementary Table 1).

Single-variant and gene-burden associations
with sarcopenia phenotypes in the UKBB

PRSSI12 and AGRN are also associated with grip
strength and WBFFM in single-variant analy-
ses in the UKBB. For PRSSI/2, one missense
variant, 1755244092, is associated with right
and left hand grip strength (p=2.95x10~° and
p=2.34x% 1078, respectively), another missense vari-
ant, 4:118,282,033, is associated with right hand
grip strength (p=2.27x107%), and a further mis-
sense variant, 4:118,313,347, is associated with
WBFFM (p=2.33x107°) (Table 4). For AGRN, one
missense variant, rs372918766, is associated with
right and left hand grip strength (p=4.34x107°
and p=1.03><10_6, respectively), another missense

variant, rs199563268, is associated with right hand
grip strength (p=2.19x 107>), and a further missense
variant, rs1644996826, is associated with WBFFM
(p=8.98x107'%) (Table 4).

PRSS12 is also associated with right and left hand
grip strength in gene-based burden tests (SKATO and
Burden) for pLoF and synonymous variants in the
UKBB (Table 5). Specifically, PRSSI2 is associated
with right hand grip strength in SKATO and Bur-
den tests of pLoF variants (both p<0.001) and syn-
onymous variants (p=0.009 and p=0.006, respec-
tively). PRSS12 is also associated with left hand grip
strength in SKATO and Burden tests of synonymous
variants (p=0.003 and p=0.002, respectively). No
significant gene-burden tests were observed between
PRSS12 and muscle mass phenotypes, nor were there
any between AGRN and grip strength or muscle mass
phenotypes.

Discussion

Despite strong physiological evidence supporting
the importance of the NMJ in maintaining skeletal
muscle health during ageing, genetic studies relat-
ing to sarcopenia have identified few genes involved
in NMJ function. Furthermore, although agrin and
neurotrypsin are considered to be fundamental for
NMIJ function, few studies have explored the rele-
vance of AGRN and PRSSI2 to sarcopenia. In light
of this, we aimed to determine whether AGRN and/
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Table 4 Single-variant
analysis of AGRN/PRSS12
and sarcopenia phenotypes
in the UKBB

Ref/Alt, reference allele/
alternative allele; AF, allele
frequency; WBFFM, whole
body fat-free mass

Variant ID Consequence Ref/Alt AF Beta  p value Phenotype

PRSSI2
4:118,282,033 Missense G/A <0.0001 —4.06 2.27x10™°  Grip strength (right)
1s755244092  Missense G/A <0.0001 —4.03 2.95x10™°  Grip strength (right)
1s755244092  Missense G/A <0.0001 —3.79 2.34x107®  Grip strength (left)
4:118,313,347 Missense AIG <0.0001 —2.52 2.33x10° WBFFM

AGRN
rs1644996826 Missense G/A <0.00013.65 8.98x107' WBFFM
rs199563268  Missense G/A <0.0001 —1.02 2.19% 107  Grip strength (right)
rs372918766  Missense G/C <0.0001 —2.78 4.34x 107>  Grip strength (right)
rs372918766  Missense G/C <0.0001 —3.32 1.03x107%  Grip strength (left)
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Table 5 Gene-burden

. Variant type Total variants SKATO p value SKAT p value Burden p value
results for PRSS12 and grip
strength in the UKBB Right hand grip strength
pLoF 97 <0.001 0.051 <0.001
Missense 520 0.129 0.074 0.277
Synonymous 191 0.009 0.255 0.006
Left hand grip strength
pLoF 97 0.141 0.125 0.088
Missense 519 0.556 0.359 0.773
Synonymous 191 0.003 0.094 0.002

or PRSS12 were associated with sarcopenia pheno-
types including muscle mass, strength and plasma
CAF levels.

Collectively, our findings support the relevance
of agrin and neurotrypsin to sarcopenia, and pro-
vide novel evidence of the pertinence of AGRN and
PRSS12 to sarcopenia phenotypes. We identified
two variants, rs2710873 (AGRN) and rs71608359
(PRSS12), that were associated with sarcopenia phe-
notypes in the UKBB and GenoFit cohorts (Table 2).
Interestingly, rs2710873 and rs71608359 are eQTLs
for AGRN and PRSS12, respectively, in > three tissues,
highlighting their functional impact on gene expres-
sion (Table 3). Findings from carrier analyses further
support the relevance of these particular variants to
sarcopenia phenotypes. For example, in the GenoFit
cohort, carriers of rs2710873 had significantly higher
WBLM and ALM, and significantly lower plasma
CAF concentrations, compared to non-carriers
(Fig. 1). This is a particularly important finding as it
supports existing physiological data that illustrate an
inverse relationship between circulating CAF con-
centrations and skeletal muscle health [13, 25, 39].
Interestingly, while carriers of the rs71608359 variant
had significantly lower grip strength than non-carriers
(only for the male subjects), no significant difference
in plasma CAF levels was observed (Fig. 2). This is
reflected by the GenoFit data, whereby strong associ-
ations were observed between rs2710873 (AGRN) and
plasma CAF (p=6.11x% 10‘5), but no such association
was found between rs71608359 (PRSS12) and plasma
CAF (p=0.254) (Table 2). Thus, it seems the under-
pinning mechanism driving the association between
this particular PRSS12 variant and grip strength, may
be separate to the pathway of neurotrypsin-depend-
ent agrin cleavage. It is noteworthy, however, that
the sample of circulating CAF data collected in the

@ Springer

present study was small (n=260), and so, larger stud-
ies are needed to contextualise our findings.

The single-variant and gene-burden data obtained
from UKBB WES data further support the poten-
tial relevance of AGRN and PRSSI2 to sarcopenia.
Indeed, there are several missense variants located
in the coding region of AGRN and PRSSI2 that asso-
ciate with muscle strength and mass phenotypes
(Table 4), and gene-burden data that indicate the
combined effect of rare PRSS12 variants associating
with muscle strength (Table 5). Such WES data are
an important aspect to elucidating gene-phenotype
associations, as it is particularly useful for examining
the effect of rare-coding variants on highly complex
phenotypes, such as muscle mass and strength. Fur-
thermore, increasing evidence suggests that there is
an appreciable contribution of rare variants to herit-
ability of human traits and diseases [40, 41]. There-
fore, the single-variant and gene-burden results com-
plement the WGS data, illustrating that both common
intronic and rare exonic AGRN/PRSS12 variants asso-
ciate with phenotypes relevant to sarcopenia.

Interestingly, the single-variant analysis revealed two
variants, 4:118,282,033 (PRSS12) and rs199563268
(AGRN) associated with right hand grip strength, but
not left hand. Unfortunately, the current paucity of data
surrounding potential differences in the genetic archi-
tecture of left hand vs right hand grip strength impedes
our interpretation of these findings. This dearth is
somewhat due to existing studies considering only
the mean grip strength of both hands [9] or maximum
grip strength from either hand [42, 43], eliminating
the potential to elucidate genetic differences between
hands. Interestingly however, a recent study based upon
UKBB data identified 160 SNPs for right hand grip
strength and 136 SNPs for left hand grip strength [44],
demonstrating hand-specific differences in the genetic
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basis of grip strength. Considering approximately
90% of the global population are right-handed [45], it
is plausible that this phenomenon is somewhat due to
dominant hand grip strength having a greater genetic
architecture than the non-dominant hand. Nevertheless,
although handedness is a notably heritable trait [46],
whether the genetic underpinnings of dominant vs non-
dominant hand grip strength differ remains to be seen.
In this regard, further studies considering data from
both hands independently are needed to illuminate the
potential mediating effect of handedness on the genetic
foundations of grip strength.

Notwithstanding the UKBB data, there are limited
published data concerning the potential associations
between AGRN/PRSS12 variants and sarcopenia phe-
notypes. There is, however, evidence of interactions
between these genes and other potentially relevant
phenotypes. Firstly, several AGRN variants have been
associated with neurological and neuromuscular dis-
orders [47—49], including congenital myasthenic syn-
dromes (CMS), a rare group of diseases caused by
a severe impairment of synaptic transmission at the
NMIJ [50]. Considering CMS presents as a fatigu-
ing weakness of ocular and cranial muscles that later
generalises to weakness and wasting of limb mus-
cles, it seems plausible that AGRN may also relate to
generalised skeletal muscle deterioration as part of
the sarcopenic phenotype. This is supported by stud-
ies showing that the expression of AGRN is signifi-
cantly increased in several muscles of old vs young/
adult mice [51] and in human vastus lateralis mus-
cle following 10 days of bed rest [52]. Importantly,
in both studies, the increased expression of AGRN
was accompanied by phenotypic changes relevant to
sarcopenia, such as NMIJ fragmentation, reduction
in muscle cross-sectional area and contractile poten-
tial, and denervation. Secondly, despite being most
extensively implicated with intellectual ability, there
is also evidence supporting the role of PRSS/2 in
skeletal muscle regulation during ageing. For exam-
ple, studies have observed the onset of sarcopenia in
old mice to be accompanied by a significant increase
in PRSSI2 expression [53] while, as mentioned pre-
viously, another study reported over-expression of
PRSS12 to induce NMJ fragmentation and precocious
sarcopenia [26]. Changes in PRSSI2 expression have
also been associated with extracellular matrix remod-
elling [54], a potential contributor to the development
of sarcopenia [55]. Hence, despite there being no

evidence directly linking PRSS/2 variants and sar-
copenia, the change in PRSSI2 expression in several
phenotypes relevant to sarcopenia is promising.

Interestingly, AGRN has been shown to be upregu-
lated in mouse soleus muscle following resistance
training [56], while a recent transcriptomic meta-anal-
ysis suggests that AGRN is also upregulated in human
vastus lateralis muscle in response to resistance train-
ing and/or combined training (resistance training and
aerobic training) [57]. While upon first consideration
it seems counterintuitive that inactivity and training
interventions would both each induce an upregulation
of AGRN, the context in which these changes occur is
fundamental. For example, while the increase of AGRN
following inactivity is due to a negative breakdown of
neuromuscular integrity, the increase following train-
ing is likely a facilitatory response to promote positive
neuromuscular remodelling. Unlike AGRN, there are
currently no data suggesting an exercise related media-
tion of PRSS12 expression. Nevertheless, it is notewor-
thy that the effects of AGRN and PRSSI2 on sarcope-
nia phenotypes are likely to be synergistic, whereby
changes in PRSSI2 expression may stimulate changes
in AGRN expression. Indeed, the increased AGRN
expression observed in degrading muscle appears to
be a compensatory response to increased neurotrypsin-
dependent cleavage of agrin at the NMJ. This hypoth-
esis is supported by data showing that an increase in
AGRN expression is accompanied by an increase in
circulating CAF [52]. While several factors may con-
tribute to the change in AGRN expression, including a
potentially compensatory response to changes in the
degree of agrin cleavage at the NMJ, it seems logical
for changes in PRSSI2 expression to be a principal
contributor. Considering that no significant association
was observed between rs71608359 (PRSS12) and CAF
concentrations in the present study, it is clear that more
research is needed to further elucidate the extent of the
interplay between these genes.

There are several strengths and limitations to our
study that should be discussed. The main strengths of
this study include the use of WGS and the incorpora-
tion of an extensively phenotyped study sample span-
ning the entire adult lifespan. Furthermore, participant
data were obtained at only two sites, by identically
trained study personnel, further enhancing the quality
of data. The first and main limitation of our study is the
relatively small sample size of the GenoFit cohort, par-
ticularly in relation to samples with plasma CAF data.
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While promising associations have been uncovered in
this study, much larger samples are needed to confirm
our findings. In this regard, future studies should seek
to confirm the effect direction of the variants identified
in this study. For example, while the effect direction
was positive for rs2710873 in the UKBB and GenoFit
cohort, for rs71608359 it was positive in the UKBB
and negative in the GenoFit cohort (Table 2). Although
nuances in methodology may contribute to these dif-
ferences, ameliorating the current paucity of data in
this area is critical to providing further insight into the
physiological effect of the identified variants. Secondly,
plasma CAF concentrations were only determined for
260 participants, and so results relating to this marker
should be interpreted accordingly. Thirdly, while in the
present study we selected AGRN and PRSS12 as modu-
lators of NMJ health, many other genes are known to
effect NMJ function and should be considered in future
research. Finally, the study was conducted only in
those from Irish descent, and so, the transferability of
findings to other populations is unknown.

In conclusion, despite the current dearth of evidence,
AGRN and PRSSI2 appear to be promising candidate
genes for sarcopenia. Our findings support their rel-
evance to sarcopenia phenotypes and support existing
physiological data that indicate that the NMJ is a central
mediator of skeletal muscle health. We hope our find-
ings encourage future endeavours to further explore
the potential role of AGRN and PRSSI2 in sarcopenia
pathogenesis. In this regard, there is a strong need for
larger studies with well-characterised and homoge-
nously analysed cohorts to confirm our findings.
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