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Abstract

Delaying the decline in skeletal muscle function will dxé@ical to better maintenance of an
active life-style in old age. The skeletal muscle ryanodineptecethe major intracellular
membrane channel through which calcium ions pass to eliggcl® contraction, is central to
calcium ion balance, and is hypothesized to be a significatdr féar age-related decline in
muscle function. The nematode Caenorhabditis elegans is a kil system for the study of
human aging and strains with modifi€d elegans ryanodine receptors corresponding to human
myopathic variants linked with malignant hyperthermia anated conditions were generated.
The altered response of these strains to pharmacologjeatsareflected results of human
diagnostic tests for individuals with these pathogenic varidmilvement of nerve cells in the
C. elegans responses may relate to rare medical symptoms concernggriddenervous system
that have been associated with ryanodine receptor varidiisse single amino acid
modifications in C. elegans also conferred a reduction in lifeapdran accelerated decline in

muscle integrity with age, supporting the significance of ryarodeceptor function for human

aging.

Article Summary

Mutations in the human ryanodine receptor gene RYR1 lead to muscledédisosuch as
malignant hyperthermia. Equivalent changes in the correspo@egorhabditis elegans gene
led to alterations in movement after challenge with the phaeoiogical agents caffeine and

halothane, reflecting observations seen for humans. The simg® acid changes generated by
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these mutations also led to reduced lifespan and acceleratede nagsng, supporting the
hypothesis that failure to maintain calcium ion balanceuiscle cells appropriately contributes
to reduced mobility in human old age. The change in respons#feine also depended upan

neural component.

I ntroduction

To improve the healtlof the world’s aging population we need a better understanding of the

aging processes, andjerelated decline of skeletal muscle function is of key irtgrare.

Defective excitation-contraction couplir‘g (Payne and Delbono |280d)reduced capacity of

Ca&* homeostasis (Weisleder et al. 2(JdBao et al. 2008) have been suggested to contribute to

the human muscle contractile dysfunction that occurs with age. @hedine receptor isoform 1
(RyR1) is the channel through which «Cas released from the skeletal muscle sarcoplasmic

reticulum to elicit contractianin the mouse there is an age-related increase in the ryenodi

receptor ‘leakiness’ (Anderson et al. 2011) and age-related decrease in both theenwh

RyR1s and their degree of coupling to regulatory protg¢ins (Ryaal. 2000Q). Single-point

variantsin human RYR1 have been associated with the impairment olurwalkandling in

malignant hyperthermia (MH) (Robinson et al. ZTB(iuchama and Knochel ZOﬁMcCarthy et

al. ZOO(TI Robinson et al. 200Pong et al. 199[Jungbluth et al. 20(nEloseth et al. 201|BNishio

et al. 2009). The clinical incidence bfH is age-dependent and there is evidence of premature

aging inMH mouse modelg (Boncompagni et al. 2dB&ncompagni et al. 2006). During an

MH episode the sensitised RyR1 is activated by inhalationasthetics and remains open
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without neural stimulation resulting in sustained musoletraction across the body (Larach et

al. 1994), with death in the absenceagfrompt and aggressive treatment regimen. The primary

method of diagnosing susceptibility to this condition is dlgto an in vitro contracture test

(IVCT) (Ording et al. 199)which measures the response of patients’ muscle biopsies to the

inhalation anesthetic halothane and to caffeine.

Mammalian RyR1 is very large tetrameric membrane protein (>5000 amino acid regmues

monomer)|(Robinson et al. 2006) making it difficult to study. &irly, the human RYR1 gene,

with its many introns across such a large coding regiorgwikward to manipulate. The

nematode Caenorhabditis elegans, however, has a compact genorhe &¥R1 orthologue,

unc-68, is only 30 ki (WormBalse). NeverthelddslC-68 has approximately 40% amino acid

identity with the human RyR1, distributed along the ené@rgth of the proteins, suggesting that

the mammalian and nematode ryanodine receptor operate andn&naled in similar fashion

Sakube et al. 1997). The short life span and many other agibnit this species for

experimental study malC. elegans the ideal subject for investigating the contributitwiman

RyR1 variants to aging.

M aterials and M ethods

Recombineering
Amino acid sequence alignment identified residues of RyR1 variemteuman genetic

conditions but conserved 0. elegandJNC-68 (Table 1). Modification of the target gene, unc-

68, was achieved by a two-step counter-selection recombineering texfiféng et al. 2012). A

PCR amplified variant-specific counter selection cassette imgerted into the target fosmid

(WRMO069cA02) by bacterial transformation using positive selectiontlier cassette. The
5
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cassette was then replaced, with incorporation of the dgsaatimutation in a second bacterial
transformation with a second PCR product bearing the desired seqa#aration, using
negative selection against the cassette. A dicistrorsiseti® was used containing the positive
marker tetA(C) conferring tetracycline resistance {Jc and the negative marker rpsL

conferring streptomycin sensitivity (Strin the rpst (thus StF) EL350 host, a recombineering

competent Escherichia coli straiin (Feng et al. 2012). Confirmatiorseition and replacement

of the cassette was carried out using colony PCR. The final béceened fosmid for each
variant was sequenced across the manipulated region aedtedbjo EcoRI restriction enzyme
digestion to confirm that the correct variant had been introdintedhe fosmid, with at least no

substantial rearrangements

Strains

Manipulated and wild type unc-68 fosmids were introduced into unc-68(esdns by

microinjection [(Mello et al. 1991). Unc-68(e540) carries a poiatation towards the centre of

the gene and behaves genetically as a|null (Maryon[1996). Those woring beafosmid in an

extrachromosomal array encoding a functional unc-68 display I type phenotype of
movement through which they could be selected and transgenics ststiablished. One fosmid

was also co-injected in a mixture with pRF4, a plasmid beaoh§(sul006), which causes an

obvious dominant roller phenotype (Mello et al. 1991).

GFP-myosin strains were developed by mating N2 males with un&88)&dermaphrodites to
generate male progeny heterozygous for unc-68. These males wedewith RW1596 (stEx30
(myo-3::gfp, rol-6(sul006))). The resulting hermaphrodite progeny were dhowed to self-
fertilize to generate uncoordinated rollers, homozygous uioc-68(e540) and bearing the

extrachromosomal array containing myo-3::gfp, rol-6(sul006). These weenessubjected to
6
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UV mutagenesis and screened for uncoordinated rollers with progangre all rollers due to

the extrachromosomal array having been stably integrated intooen@some| (Mariol et a|.

2013). Hermaphrodites from this new strain were mated witlesrfeom each of the unc-68

fosmid transgenic strains screening for worms with well-coordinatiler movement due to the
unc-68 bearing extrachromosomal array and the chromosonmadlgrated myo-3::gfp, rol-
6(sul006) transgenes. Self-fertilization and selection for eagtdinated rollers yielded myo-

3::gfp, rol-6(sul006) homozygous strains bearing the unc-68 transgenes.

Strain maintenance
All C. elegans strains were routinely maintained in culture@t°C on 50 mm plates of
Nematode Growth Medium (NGM) (51 mM NaCl, 1.7 % agar, 0.25 % Bact@peph 1 L

H20, autoclaved, before addition of 1 ml 1 M CaQlml 1 M MgSQ, 25 ml 1 MKPO4 pH 6.0,

1 ml cholesterol 5 mg/ml in ethar)c15tiernag|e 2006). NGM plates were seeded with E. coli

strain OP50. Transgenic strains were maintained by serialdraofstransgenic worms selected

for their altered phenotype.

Age Synchronising
Eggs were prepared by bleaching to synchronise worm populatiorssday. Mixed stage

population of nematodes were washed from the NGM plates in 500 ul M9 buffer (20 mM

KH2PQi, 42 mM NaHPQs, 86 mM NaCl, 1 mM MgS@ (Stiernagle 200|6)150 ul of

Sainsbury’s thin bleach and 100 pul 4 M NaOH were added and the solution left at room
temperature for 5 minutes. After microcentrifugation at 13500 rpm for ®nsls the
supernatant was removed and the pellet re-suspended in 1 mMBesuffer. Centrifugation
was repeated and the pelletstepended in approximately 50 ul of residual supernatant for

transfer to a freshly seeded NGM plate. This protocol kills@dtembryonic stages leaving the
7
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eggs, which subsequently hatch across the 14 hours of embryogandsisen develop together
into adults, effectively ensuring that the worms assayedowithf approximately the same age in

days.

Phenotyping assays

The transgenic strains were assayed to determine theiriggnga caffeine and halothane.
Individual adult worms 4 days after synchronisation, were seldoten NGM plates using a
sterile worm pick and placed in 1 ml of O, 1, 5, 10, 20, 40 or 80 mMinaffdissolved in S-
medium (1 litre S Basal (5.85 g NaCl, 1 gH®Qs, 6 g KH:POs, 1 ml cholesterol (5 mg/ml in
ethanol), HO to 1 L and autoclaved), 10 ml 1 M potassium citrate pH 6, 10aoé metals
solution (1 L stock: 1.86 g N&DTA, 0.69 g FeS®-7 H20, 0.2 g MnC4+4 H20, 0.29 g ZnS®

*7 H20, 0.025 g CuS©®+5 H0, H0 to 1 litre, autoclaved and stored in the dark), 3 ml 1 M

CaChk, 3 ml 1 M MgSQ) (Stiernagle 200|6). After 5 minutes the effect of the chenic

guantified by assessing the number of body bends in 30 secadghathe assays were carried
out in a similar manner but using 1 ml of 0, 0.5, 1, 1.5, 2 and 2.5 mMhhat solution
(prepared from a 25 mM stock in DMSO and mixed into S-medand)assaying after 1 minute

exposure. Fifty worms were assayed for each strain at each conceffitnagéiaoh reagent.

RNAI assays

Synchronized L1s were transferred to new NGM plates, including 1R and 50ug/ml

Ampicillin, and seeded with E. coli (HT115) producing dsRNA for cbd-1, osmeB®-3. Cbdt

RNAI was used in the longevity assays to exclude progeny fieragsay (Johnston et al. 2010)

Cbd1 is only required for eggshell production and cbd-1 RNAI knockdown eppedave no

effect on longevity of hatched animals. Lifespan assays weratauitiat the young adult stage
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and populations were scored every day. Animals that werdrtost the plates or died from
vulval extrusion were excluded from the analy§lism3 and che-3 RNAI treated animals were
used in caffeine assays as described above, with controls treéen¢idally except using HT115

containing L4440 RNAI plasmid lacking an insert so that no dsRNA was present.

M uscle aging assays

The transgenic strains expressing the myo-3::gfp were assayedys 0, 2, 4, 6, 8, 10, 12 and
14 of adulthood. Day 0 was considered to be 3 days post-hatching. Onhydives were
selected for analysis. 20 worms were assayed for each straatlatime point. The extent of
muscle aging was quantified by direct observation using an aging sdate @figure 4). A score
of 1 indicates perfectly ordered myofilament structure, througd g¢oore of 5 indicating total
disorder, with half scores for worms that lay between the defining statemligation and image
capture was carried out using a Leica DMR fluorescence mapesand Improvision Openlab
software. In preparation for microscopy animals were immaelilissing 5 mM levamisole and
placed in individual wells of an 8 well microscope slide. Eactviddal was scored for extent of
muscle aging at the head, vulva and tail regions of thg bb20x magnification. These scores

were combined to provide a whole-body score.

Statistical Analysis

Results of phenotyping assays were analysed to establish myigadifferences in the rate of
body bends when the worms are subjected to halothane anth&aHach strain containing an
altered fosmid was compared to the strain containing theewedltfosmid at each discrete
concentration of the reagent in question. A linear model waslisstadb describing body bends
being dependent upon presence of the variant and statistical sigodfiavas measured by

carrying out one-way analysis of variance on the linear mBaely bends data on RNAI treated
9
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worms were also compared by one-way analysis of variancechatdescrete concentration to
determine whether there was a significant difference in movemmntd mock RNAI treatment

with the L4440 empty plasmid RNAi control.

Categorical whole-body muscle score data were analysed using omfgistid Fegression with p
values calculated by comparing the T-statistic to thedstal normal distribution. This enabled
examination of any differences between the strains with mddifiee-68 and the strains rescued
with the wild-type unc-68, evaluation of the effect of increasigg of the worm in days, and
interactions between these two variables. Differencegeeet the scores for the regions of the
worm down the anterior-posterior axis were similarly earrout. All statistical analyses were

completed using RStudio version 3.0.2.

Comparison of life span data was subjected to survival asaiyth curve comparison using the
log-rank test to determine significant differences betweemmnastrains and the UL4140 wild

type control as well as testing for any difference between the UL4140ypwéddccontrol and N2.

Reagent and Data Availability

Strains and recombineered fosmids described are availableregoest. File S1 contains the

raw data for the experiments presented.

Results and Discussion

A singlefosmid DNA clone contains the whole of unc-68
UNC-68, and release of €afrom the sarcoplasmic reticulum, is needed for wild type
locomotion. C. elegans locomotion is achieved through the cocedinedntraction and

relaxation of opposing dorsal and ventral muscle cells regultira sinusoidal wave passing
1C
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along the body propelling the worm forwards or baclwairds (Nicholas|198H4)le mouse

mutants that lack RyR1 are not viable, unc-68 null mutants sufSiakube et al. 1997). The

relatively small size of the nematode’s muscle cells mears influx of calcium through the cell
membrane alone is sufficient for muscle contraction. However, masaolteactions of the unc-

68 mutant are not as strong or rapid as in the wild type aneqoestly the overall appearance

of locomotion is affected (Sakube et al. 1p97). Microinjectionsfiamation of unc-68 mutant

hermaphrodites with genomic DNA fosmid clone WRMO069cA02 (WormBgsdded progeny

with apparently wild type locomotion suggesting WRMO069cAO02 containsritie @inc-68 gene

and all that is required for its expression. Each rescued lovedarnwith around 200 body bends

per minute in liquid medium, considerably faster than then6@n body bends per minute of the
unc-68 null mutant.Transmission of this rescued phenotype to subsequent generations
established that this fosmid, in an extrachromosomal tramsgery, provides appropriate
levels of expression of the ryanodine receptor and yieldetetbeence strain, UL4140, used in

subsequent comparisons, below, examining ryanodine receptor variants.

Not only did the wild type unc-68 transgene in UL4140 fully rescueotmrhotion but the strain
responded to increasing concentrations of halothane and caffeingruthge used in the MH
IVCT, in the same manner as the standard wild type strain, N2 (FiguCe dlpgans responds to
inhalation anesthetics such as halothane in a similar manhemans; initial excitation leads on

to lack of co-ordination, before complete cessation of movenfiestt,with and then without

response to mechanical stimulation, with longer term exposure mm?Morgan and Carscobi

198Y5). Halothane inhibited UL4140 and N2 locomotion progressivelyt@anide same degree

with increasing concentrations of the anesthetic, across doaoens tested (0.5 to 2.5 mM)
11



230 (Figure 1A). Previous work showed unc-68 mutants to have altered sesptm caffeine

231 (Adachi and Kagawa 2003), yet locomotion of both UL4140 and N2 indigiduas stimulated

232 and then inhibited to the same degree by increasing concergratioaffeine (from 1 to 80 mM)

233 (Figure 1B).
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Figure 1. Comparison of the rate of locomotion of unc-68 variant strains and wild type

C. elegans in increasing concentrations of halothane or caffeine. Mean body bends per
minute for 50 individuals in the presence of various concentratiohalathane (A) or caffeine
(B) are presented for each straf.elegans strains corresponding to Malignant Hyperthermia
(MH) associated variants are in shades of blue, to Centra@ Disease GCD) associated
variants are in shades of green, to the Exertional HeatsHl (EHI) associated variant is in red
and to the Late Onset Axial Myopathy (LOAM) associatadant is in purple. In the key, strain
names are provided, with the nature of the RyR1 variant and evhibig wild type fosmid was
also present (WT) indicated in brackets. Transgenic strains gehasatg only a variant fosmid
are represented by solid bars, while strains generated using a Vesiand and the wild type
fosmid are represented by striped bars, in adjacent correspondingTie solid grey bars are
for the wild type N2 while the dashed grey bars are for the contnasgenic strain, UL4140,
generated with just the wild type unc-68. Error bars are standard etttog ofean. Significant
differences between variant strains and UL4140 are indicated: *p<@mH).01, *** p<0.001

(ANOVA).

UNC-68 variants equivalent to RyR1 myopathic variants retained ryanodine receptor
function
Eight human RYR1 variants were selected for study in C. elddaide 1). Selection of variants

took into account that some RYR1 variants are implicateather myopathic conditions beyond

MH; central core disease (CCD) (Robinson et al. 2002), exertionalllhneas (EHI)|(Davis e}

14
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al. 2002 [Nishio et al. 200P) and late-onset axial myopathy (LOAiM)nthuth et al. 2009

Loseth et al. 2013). CCD is a congenital myopathy that presetiispnagressive proximal

muscle weakness; type 1 skeletal muscle fibers exhibit ocmiths unstructured myofibrils

lacking mitochondria [ (Zhou et al. 2007). In EHI, individuals suffeteptially lethd

hyperthermic responses to exercise. Patients with LOAM exbibibar hyperlordosis, scapular

winging and camptocornia, due to skeletal muscle defectsonget between the ages of 30 and

70 years (Jungbluth et al. 2Q1%seth et al. 201

3). Strikingly, the amino acid residues vainant

the different conditions are not segregated to distinct doneditiee ryanodine receptor and are

distributed throughout the prote

n (Robinson et al. }

006).

The RyR1 variants selected for study were: G341R, R2163H R2454H and R2458H for MH

implicated in CCD and MH (Kraeva et al. 2(

Estéeve et al. 2010and K3452Q implicated in LOAM (Jungbluth et al. 2p0®seth et al

Robinson et al. 2006); R4861H implicated in CCD only (Monnier et2801); A4940T

18163C implicated in EHI, CCD and MH

2013). Single base pair changes were generated by recomtunedrithe unc-68 fosmid

WRMO069cA02 such that the change in the encoded UNC-68 would bisglyeequivalent to

the single amino acid changes in these RyR1 variants.

1t



273 Table 1. Amino acid alignment in region of all eight variantsistlidnd the corresponding transgenic C. elegans strains generated.

274 HUMAN RYRI VARIANT | PROTEIN ALIGNMENT TRANSGENIC | TRANSGENIC
CONDITION STRAIN WITH STRAIN ALSO
275 VARIANT INCLUDING
FOSMID ONLY WILD TYPE
276 FOSMID
Malignant p.G341R RyR1 KRDVEGMGPPEIKYGESLCFVQHVASGLW
277 hyperthermia c.1021G>A ULA141 UL4167
— UNC-68 EKEEEGMGNAT TRYGETNAFIQHVKTQLW (ULA4193) (ULA200)
p.R2163H RyR1 DTMSLLECLGQIRSLLIVQMGPQEENLMI
279 C.6488G>A UL4147 UL4153
UNC-68 DVTDFLVYLIQIRELLTVQFEHTEEAILK (ULA4194) (ULA198)
280
p.R2454H RyR1 CAPEMHLIQAGKGEALRIRAILRSLVPLE
281 c.7361G>A UL4143 ULA4165
UNC-68 CAPDPMAIQAGKGDSLRARAILRSLISLD (ULA195) (ULA206)
282
p.R2458H RyR1 IQAGKGEALRIRAILRSLVPLEDLVGIIS
283 c.7373G>A ULA4144 ULA4158
UNC-68 IQAGKGDSLRARAILRSLISLDDLGQILA (ULA4201) (ULA197)
284 Central Core Disease p.R4861H RyR1 VVVYLYTVVAENFFRKEY-NKSEDEDEPD
14582G>A _ ULA4152
285 UNC-68 VVVYLYTVIAFNFFRKFYVQEGEEGEEPD (ULA205)
286 p.A4940T RyR1 FFFFVIVILLAIIQGLIIDAFGELRDQOE
c.14820G>A ULA4157 ULA4156
287 UNC-68 FFFFVIIILLAIMOGLIIDAFGELRDQQE (ULA203) (ULA202)
288 Exertional Heat Illness | p.R163C RyR1 CWWTMHPASKQRSEGEKVRVGDDIILVSV
c.487C>T ULA4155 UL4160
289 UNC-68 CWWTIHPASKQRSEGEKVRVGDDVILVSV (UL4191) (UL4192)
200 Late-onset axial p.K3452Q RyR1 IFIYWSKSHNFKREEQNFVVONE INNMSF
myopathy c.10354A>C ULA4168 UL4169
201 UNC-68 IFRIWSQSQHFKREELNYVAQFEEDAAAT (UL4196) (UL4199)

292 Human variant residues and correspondinglegans residues arered. Other amino acids identicgalRyR1 andJNC-68 arein blue. Strains
293 in brackets also have the chromosomally-integrated myop3r.gif6(su1006) transgenes. UL4lid@ransgenic for the wild type unc-68 fosmid
294 and UL4190s the corresponding strain with the chromosomally-integrated3mgfp, rol-6(sul006) transgenes.

1€
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Multiple strains were generated by microinjection transformaifdhe unc-68 mutant with each
modified fosmid. All the variants constructed, apart from tbatR4861H, rescued the mutant
phenotype. Therefore, the identity of these particular amino acid resjdwaeth the one
exception, is not critical for basic ryanodine receptor function, runcienal conditions, despite
their evolutionary conservation from humans to nematodes. Dgemy of unc-68 null mutants
microinjected with the CCD associated R4861H variant all apgetreretain the unc-68
phenotype and transgenic progeny could not be distinguished franmtéimetransgenic siblings.
Co-injection of the fosmid for the R4861H variant, along véttlistinct transformation marker,
yielded transgenic worms, recognizable from the roller phenotype, ttluvgh a slow moving
unc-68 mutant phenotype, suggesting that the modification eqotved R4861H had indeed
inactivated, or at least severely compromigg¢NC-68 function. The rolling phenotype means a
numeric comparison of body bends would not be meaningful. No mumdividuals
homozygous for R4861H are known and this amino acid substitution maivatache human

ryanodine receptor too.

I ncreased halothane sensitivity was conferred by the UNC-68 variants

All the rescued strains established with the modified unc-68 ifissexhibited an increased
sensitivity to halothane (Figure 1A, solid bars) revealing that theske simgno acid changes did
modify the function of the ryanodine receptor and conferredal@red phenotype. A
approximately 10% decrease in the rate of body bends in Jliquicomparison to the control

strains with wild type unc-68, was apparent even at 0.5 mM hattidarl.5 mM halothane, a
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concentration that has little effect on the wild type, the od movement in the variant strains
was reduced to 15% of that in the absence of halothane. Thet\&rains were completely
paralyzed by 2.5mM halothane, while the wild type strains retained a reducedsbil

substantial mobility. Previous extensive investigations idedtijlenes such as unc-79, unc-80

and gas-1 from mutations conferring halothane hypersensitivity. leGans| (Kayser et al.

1999 |Sedensky and Meneely 1987). Mutations in unc-68 may not have beatedsmi these

studies due to the need for specific point mutations thattgenlsut do not eliminate ryanodine

receptor function.

I ncreased caffeine sensitivity was conferred by some of the UNC-68 variants

Young adults of the variant strains generated specific to MKC@D also demonstrated a
modified response to caffeine across the range of concentrassayed, while those for EHI
and LOAM did not (Figure 1B). The strains generated for theamRYR1 variants G341R,
R2454H, R2458H, R2163H, A4940T and R4861H all failed to show the stimulation of
locomotion of the wild type as caffeine was increased from 1 taMIOThese same strains, with
the exception of that for variant G341R, actually displayed aantistinhibition of locomotion
from 1 mM to 5 mM caffeine with a small progressive furtimhibition from 10 to 40 mM, and
almost complete paralysis at 80 mM, a concentration athwthe wild type still remains motile.
The G341R variant strain only shows a substantial inhibition adnh@tion upon raising the
caffeine concentration to 80 mM, but this is still not quite tostie degree as the other variant
strans. The LOAM associated K3452Q variant strains showed a wilé tgsponse to all

concentrations of caffeine assayed, as did the EHI assbdrit63C variant strain with the

18



339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

exception of almost total inhibition of locomotion specificallytfa highest concentration of 80

mM.

The modified unc-68s showed genetic dominance

Genetic dominance, a striking propertynény pathogenic human RYR1 variants and all those
selected for study, was also demonstrated by the equivalesibne of unc-68. This was
revealed when transgenic strains of C. elegans were generateidrbinjection transformation
using the modified unc-68 fosmids but mixed with the unmodifisthfd, containing wild type
unc-68 (Figure 1, striped bars). These strains all behaved in egéhéissame manner as the
strains transformed with only the corresponding modified unc-6&sdte range of caffeine
and halothane concentrations assayed: i.e. variant UN@&Bsonferred a modified sensitivity
to caffeine or halothane did so even when wild type UNC-68 gas present. Remarkably,
when a wild type UNC-68 was also present, the unc-68 variarR4861H, the one variant
unable to rescue the unc-68 mutant and apparently non-functionaithedess induced the same
modified response to caffeine and halothane (and the santp effpots— see below) as other
MH and CCD associated versions of UNC-68, like the correspondin@rhwondition. This
could result from the non-functional variant being stably esgwe and, in combination with the

wild type protein, generating a malfunctioning heteromeric ryanaeiceptor.

The modified unc-68s conferred age-related phenotypes
Given the potential links between RyR1 variants and agéedefghenotypes in mammals, the
unc-68 variant strains were examined for age-related phenotype®lieg@ns. First, a dramatic
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age-related change in response to caffeine was found, for the LOBKNBRKQ) variant strain
(Figure 2). Young adults of the LOAM variant strain skedwhe same response to caffeine as
the wild type, with stimulation of locomotion at low congatibpns and inhibition at higher
concentrations. All the other stngj i.e. those with other unc-68 variants, showed singly
progressive dampening of the rate of locomotion with age butathe general response profile,
with increasing concentrations of caffeine, characteristic of saein (Figure 2). In contrast,
rather than an inhibition of locomotion, eld. OAM variant strain adults showed a considerable
stimulation of locomotion, increasing with increasing cafkeiconcentrations, a response
attained progressively as the animals aged. It is temptilngktthis striking effect in C. elegans

directly to the specific age-related symptoms characteristic ofNLOA
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372 Figure 2. Locomotion of C. elegans expressing the LOAM associated variant of unc-68 is

373 gpecifically increasingly-stimulated by caffeine with age. The locomotion of the strain for the
374 RyR1 variants G341R (UL4141), R2163H (UL4147), A4940T ((UL4157) R163C (UL4155) and
375 K3452Q (UL4168) are compared with the strain transgenic for only thd tyie unc-68
376 (UL4140) and the standard wild type strain (N2). Mean body bends per minute in threpreke
377 increasing concentrations of caffeine are presented for 50 individu@|3a7, 10, and 14 days
378 of adulthood. The colour coding from Figure 1 is retained with, bypadlie for MH, green for

379 CCD, red for EHI and purple for LOAM. Error bars are standard error of the mean.

380

381 Second, the unc-68 variants caused a decrease of mediannlifésgare 3). All the unc-68
382 variant transformed strains which were assayed had méthaspans of 14 to 17 days into
383 adulthad, comparedo the 22 or 24 days for the wild type control strains. A log-taskon the

384 survival curves revealed that lifespans of strains transgenic daanmt UNC-68s were
385 statistically shorter than the lifespan of UL4140, the controirnstransgenic for the wild type
386 UNC-68 (p<0.0001 in each case, File S1). Hence although the ryanodineores@peared to

387 remain functional, these single amino acid changes did shoredagans lifespan.

388 It is also noted that the lifespan of UL4140 is significantgrger than the lifespan of the non-
389 transgenic wild type control, N2, although the difference is not akemgp<0.05, File S1).

390 Presumably this small reduction in life span results from iffiereince in expression of unc-68
391 when present in multiple copies, as an extrachromosoraakdgene, rather than in the

392 endogenous location, in single copy, within a chromosome.

393
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395 Figure 3. Single amino acid changes in UNC-68 shorten C. elegans lifespan. The percentage
396 of animals surviving on successive days of adulthood is presented torsgam: strains
397 transgenic for different unc-68 variants; UL4140, transgenic for jusvildetype unc-68 (light
398 grey); and the non-transgenic wild type N2 (dark grey). In the kmginsnames are provided,
399 with the nature of the RyR1 variant indicated in brackets. cidbeur coding from Figure 1 is

400 retained with, broadly, blue for MH, green for CCD, red for EHI and purple for LOAM.

401

402 Third, we found a specific aging effect of unc-68 variants on C. elegathsviall muscle. The

403 progressive disorganization of the sarcomeric structure with aan be followed in live

404 C.elegans by fluorescence microscopy using GFP tagged mpdsmdon et al. 2002). An

405 extra-chromosomal myo-3::gfp transgene was chromosomalbgratted, before introduction
406 into the strains bearing the various extra-chromosomal unc-68gegaes through mating. The
407 extent of muscle aging was quantified by comparison &i afsstandard states on a scale of 1-5
408 (Figure 4), from 1 indicating fully-organized thick filamenigalments through to 5 being totally
409 disorganized. As only live worms were scored and worms thatadle @&e more likely to have
410 more disordered myofilaments, the degree of age-related structural dedlline widerreported.
411 A whole-body score was derived from assessment of thréenseglong the anterior-posterior
412 axis in each individual. Differences in muscle aging ratesd®st the strains with different unc-
413 68 variants were small, but apparent upon statistical analysisdered logistic regression. No
414  significant difference in muscle aging was found betwersirspairs, i.e. with versus without
415 wild type unc-68 present, for specific unc-68 variants. Therefbeset data were combined
416 when testing for differences in muscle aging that were ety due to the change IdNC-68

417 sequence (Figure 5 and Table 2). Overall, the presence ON&168 variantwas found to
24
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significantly affect the whole-body score (p<0.001). No significdifference in whole-body
score on day 0 or day 2 of adulthood was found for any of thentagirains when compared to
the UL4140 based control, transformed with just wild-type unc-68. The viloolg score was
significantly increased compared to the control by day 4 for the R163C, A49%0K3452Q
variant strains, by day 6 for R2454H and R2458H, by day 8 for G341R and by dfy 10
R2163H and R4861H, indicating that the single amino acid changsdl anc-68 variants
examined did induce faster muscle aging, although the age thieerbecame statistically

significant varied.
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Figure 4. Examples illustrating the 5 grades in the muscle disorganization scoring scale.
The myosin::gfp fusion protein is localized to the thicknfients and so distribution of the
fluorescence reports on the regularity in the arrangemeahieaarcomeres. Images captured by
fluorescence microscopy. A: Typical structure of a grade Iclmwsxore; myosin filaments are
linear and well organised. B: Typical structure of a grade 2 mgsole; myosin filaments are
starting to show more bends but the pattern is still welirusgd. C: Typical structure of a grade
3 muscle score; myosin filaments are more fragmented ane #ne apparently overlapping
filaments. D: Typical structure of a grade 4 muscle score; myblsiments are further
fragmented and the regularity of pattern is no longer clear. E: Tygpiample of grade 5 muscle

score; the pattern of myosin filaments is severely disorganized. Eigomgled by Matt Pipe.
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Figure 5. Comparison of increase in myofilament disorganization with age, for each unc-68
variant. The whole-body scores for extent of disorganization of the samostructure from O

to 14 days of adulthood are presented for the strain transgenialdotype unc-68 (UL4140)
(A), and strains transgenic for unc-68 with amino acid changesateunivto RyR1 variants
associated with: MH in blue (G341R (B), R2454H (C), R2163H (E)R2w58H (F)); EHI in
red (R163C (D))CCD in green (A4940T(G) and (R4861H (H)); and LOAM in purple (K3452Q
(). Each boxplot represents the median, inter-quartile rangleminimum and maximum for

the whole-body scores.
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449 Table 2. Comparison of strains transgenic for variant and wildugpes8, in terms of the combined effects of variant and worm age

450 on whole-body score of muscle organization.
DAY of ADULTHOOD
2 4 6 8 10 12 14
y G341R -0.71(0.48) |1.23(0.22) 1.48 (0.14) 3.72 (0.0001) |5.33 (<0.0001)| 4.83 (<0.0001)| 4.53 (<0.0001)
A R2454H -0.66 (0.51) 0.55 (0.58) 2.35 (0.018) |2.45(0.014) 1.86(0.063) 1.64 (0.0101) |2.07 (0.038)
. R2458H | -0.96(0.34) 0.61 (0.54) 2.15 (0.018) |[3.39 (<0.0001)| 4.77 (<0.0001)| 4.47 (<0.0001)| 4.79 (<0.0001)
| R2163H |-1.65(0.099) |-0.65(0.515) |1.27 (0.204) |0.71(0.478) |5.05 (<0.0001)| 4.97 (<0.0001)| 4.72 (<0.0001)
R R163C -0.24 (0.81) | 2.01 (0.04) 2.73(0.006) | 2.31(0.02) 3.75 (0.0002) |2.75(0.006) | 2.75 (0.006)
N A4940T -0.77 (0.85) 2.69(0.007) 3.13 (0.002) | 3.65(<0.0001) | 3.36 (<0.0001)| 4.38 (<0.0001)| 2.91 (0.0036)
T R4861H | 0.19 (0.44) 0.27(0.78) 0.67 (0.501) |[1.19(0.234) |2.61(0.009) |2.71(0.007) |1.38(0.168)
K3452Q | 0.70 (0.48) 1.91(0.055) | 2.09 (0.036) |2.99(0.003) |2.87 (0.004) |3.23(0.001) | 2.45 (0.01)
451 T-statistic is displayed correct to 2 decimal places witb@ated p-value in brackets. Day 2 represents 5 days after hatching.
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452 Themodified responsesto caffeine depended upon neural function

453 While RyR1 is considered predominantly a skeletal muscle isofaowincgher isoforms are
454  expressed in other cell types, there is only a single ryancbf@n in C. elegangNC-68 and
455 this is likely to be a key intracellular €achannel in all cells, and critically in excitable cells

456 Furthermore, caffeine resistant mutations have been localizedot&. elegans genes, osm-3

457 and che-3, specifically required for chemosensory nervefwadiion |(WormBasg [Hartman

458 11987). Therefore, the role of these genes in the differential resporsffeine attributed to the

459 unc-68 variants was tested by RNAi knockdown (Figure 6 and FigyrérSjoung adults of the
460 strain transgenic for only wild type unc-68, the stimulation of locanait low concentrations
461 of caffeine was completely lost, and the level of inhibitddriocomotion at high concentrations
462 was reduced, upon osm-3 and che-3 RNAIi knockdown. Exactly the samevaswbserved for
463 strains transgenic for the EHI associated variant R163C, fol.@®M associated variant
464 K3452Q, and for the standard wild type strain, N2. The inhibiiblocomotion by caffeine,
465 across the entire range of concentrations assayed, in tims $teansgenic for the MH associated
466 variant R2163H and the CCD associated variant A4940T was reducedny¥ and che-3
467 knockdown, at each caffeine concentration. Furthermore, theaticapnogressive stimulation of
468 locomotion in response to increasing concentrations of caffeimdd adults with the LOAM
469 variant version of unc-68 was also eliminated with knockdofthese genes. In summary, for
470 all strains examined, the locomotory response to each aafégiplicationwas eliminated or
471 markedly reduced by osm-3 and che-3 RNAIi. These results coutthtedhat the focus of
472 influence of the UNC-68 amino acid changes upon caffeine respenaetually in these

473 chemosensory nerve celltINC-68 does have a function presynaptically at neuromuscular

474  junctions|(Liu et al. 2005) and genetic analysis pointsgeaynaptic focus of anesthetic action

31



475 in C. elegang (Morgan et al. 2Q07). However, our results are alsistgon with the primary site

476 of action of caffeine being in the chemosensory nerve cetls downstream consequences

477 dependent on UNC-68 in other cells, including or specifically musdte ce

478
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Figure 6. The locomotory response to caffeine that is modified by amino acid changes in
UNC-68 is dependent upon the chemosensory neuron specific genes che-3 and osm-3. The
locomotion of strains transgenic for the wild type unc-68 (UL4140), ferBHRI associated
variant R163C (UL4155) and for the LOAM associated variant K3452Q (UL41é8Y&corded
upon RNAI knockdown b che-3 or osm-3 or in precisely equivalent blank control RNAI
experiments. Mean body bends per minute in the presence of ingreamicentrations of
caffeine are presented for 50 individuals at O and 7 days of adulth@ogpung and old adults
respectively. The colour coding from Figure 1 is retained with, bypeed for EHI and purple
for LOAM. Error bars are standard error of the mean. Equivalenttsefaul other strains are

presented in Figure S1.

That compromising chemosensory nerve cells eliminatesiribeés8 variant specific changes in
the response to caffeine may be pertinent to human biologyraCeatvous system damage has
been reported occasionally after malignant hyperthermia egisdtie skeletal muscle-specific
effects of RYR1 variais may be simply a reflection of the predominant tissue specific
distribution of this gene’s expression. While RYR2 is expressed predominantly in cardiac muscle

and RYR3 is more broadly and weakly expressed, RYR1 is edpoessed in other tissues

including the central nervous systeam (De Crescenzo et al]|@#d2nini et al. 1995). A clinical

report has linkd RYR1 variants to central nervous system damage in respornsgdering

events|(Forrest et al. 20[L5).
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The response of C. elegans to caffeine and halothane, upon direxddatation of unc-68, as

described here, emphasizes the conservation of functionalitheofyanodine receptor from
humans to nematodes. Sequence changes in UNC-68, equivalent do disease causing
variants, conferred increased sensitivity of the whole organisphaomacological agents of
direct relevance to the medical conditions. The variarggs éduced this increased sensitivity in
C. elegans in the presence of the wild type protein, mirroriaggnetic dominance of the
human variant alleles. The distinction of increased caffeémssitivity being seen for the unc-68
variants corresponding solely to Mét CCD, but not those implicated in EHI or LOAM, is
based on analysis of a limited number of variants. Howeverfitiding may also be relevant to

muscle biopsies of EHI patients and soliid susceptible individuals responding to halothane

but not to caffeine in the diagnostic IVQT (Carpenter et al. pAOPkins et al. 1991).

Processes determining animal lifespan appear remarkably cedsend studies o@. elegans

longevity have been instrumental in delivery of our current uraaigig on this subject

Rodriguez et al. 2013). Here, single amino acid changes irydmodine receptor have been

shown to decrease lifespan and increase muscle aging, in C. eladdimg further support to
the evidence suggesting equivalent effects in mammals. The progress@gse in sensitivity to
caffeine stimulation of locomotion with age in the strain wath unc-68 variant equivalent to

LOAM may reflect changes that occur with age in humans and conttdthes condition.
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