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SUMMARY

Here we demonstratesbrhblteli de@BoBRob@g®nBlsenmost fr
recessive form of hereditary neuropathies. We ider
ethnicities, carrying a [BORD cul7dbr3ded Gsemps Al m25 8
eitherotpwgdhwsn or compound heterozygous state wit
frequencdi nofhela.lOtOhy controls, the p. Al a253GIl nfsTer
common pathogenics. aSO&Des$ si anhemay me toh aftr uccotnovseer,t
i n t hset epvopol yol pathway that has been i-dneprdiivcvead ed
fibroblast s, we find a complete | oss of SORD prot
Al so, serum fasting sorbitol | evel was over 100
p. Al a253GI nfsTer27 mutation tDbmpaoptweé ashewl t hgt i

ofSORDort hol ogues causes synaptic degenanpati iranre n @ |

Reducing the polyol influx by treatmehinzeidclke!| Auda
sorbitol l evel s in Prats emhaftfddbadodadtd mtaH ilggndt éd mot
and eye phenotypes. Togeahkershthegpeot Ehhdahbyg ©r €

significantatfireancttshon nbdfer ipt ed neuropathies and m:

understanding of the pathophysiology of diabetic
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I NTRODUCTI ON
Hereditary neuropathi evea,r-Taelosdn kknewmsaes (CiMANgota

and genetically heterogenous conditions af fectin
according to the motor conduction vdelmgyiet y nani rug
(CMT1) or axonal (CMT2). Distal hereditary motor r

n which the burden of disease falls(bpyAadomppased)

to CMT1, for which over 90% of cases have mutatio
and dHMN patients rreocséiixy eSiancgee nuept itco d7i0a%g of CMT2 &
are gperraidentifying candidate pathogenic genes f
for -gxerxdr ati on sequencing techniques.

RESULTS

I dentificati DQORMUt dti admhelim undi agnosed inherited
We took advantageldtfecthenl afgevter 1,100 CMT p.

exome sequencing (WES) and/or whole genome sequen

GENESI S anal y(sd sn-g9 st d(asm)mVe speci fically | ooked f

significant DNA variants ar e present i n mul ti pl
overrepresented. i ByCoMiUerpsng a subset of 598 wund
recessive nonsense variants in genes shared by >
the gnomAD contr ol dat abase of <1 %, we identified
a homygous c¢c. 753del G; p. Al a258360gAD0ssSTes5 @0 & ckiha rnts: 4
SORDNM_003104.6) . Four more cases from three unre

p. Al a253GIl nfsTer27 variant together wiitnh faamddqgomid
c.329G>C; p.Argl1l10Pro in famil yl 3anZzhddl d.a@ia@d > A;4 |
1AD arSdippl ement arSywuphbil g@gment a2)y TdHl evari ant s, but
represenaeafdnt¢ioisen (LOF) alleles. I nterestingly, t
the previously reported p.Tyrl1l11Phe (correspondin:
abolish SORD enagdiatdeéest alki li vz Bialelicmn-senseovararntsnin
SORD were absent from our internal disease controls (4590 WES on GENESIS platform from
individuals affected by diverse neurological conditions but not CMT).

SORMhas af mmonti onal highly homol ogo®wORpaPal ogu
which is thought to have &arORsDeint hfirnoma th.e5 dMipl 1 e
chr omosonéri s .1 WMot ably, the c¢c.753del G; p. Al a2530GlI

SORDs fixed in $SIOKDR e uadwegren®5 % of contr ol chrom
4
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numerous additional exonic indel mut SORDAB, 7Whi ch
| nr dber to speciSORDPalbluyS OmdRIPHf ysanger confirmation
designed pri mers t hat t ook advantage of nucl eo:
retrotransposon insert$Swmpesl @ me mtodlyhy gEeent icehseclyd fpm s
similarity of the regions, a nested PCR approach
of exoORBmd distinguish it fr oSORMAPehwmoleoabl e 1t
confirm by Sanger sequencing the presence of the \
and provide segregation datFa gi.n 15mpapndde me ptlh ey aFi g

We then screened an indepbeade@GMT2dHMN d&S8esunr
WES had been performed at the UCL Institute of Ne
cases from six wunrelated families carrying the [
SORDP8. 7%) . A third i7ndreepceensdseinvte soert sopfor2a9di ¢ CMT 2/
screened by Sanger s8@RPntching wds exxtmnenmded to t he
wh etnhpe. Al a253GlI nfsTer 27 allele was identified. Thi
(7 %) from 1Iw8i thanbiilailelsel iISORMDuUtledt i @oase si nwi t h a ho
p. Al a253GIl nfsTer27 mutation and four cases with p.
state with a second |likely pathogenic variant. Th
imnfi ly 29, a 273hp _debefibbdieh, eCgnladb6Talref amvby 3
c.28C>T; p.LeulOPhe change in family 32, and a c.
had a minor allele frequen¢cy) TMAFYy eacf daue®. @O O B cit re c
mut ations are highly consErggdwhdrmho GERRelattiepleds ham
3 SUppl ement a2) y TFabltd er s elmiseael Iveal xR tegnei mbsent fr ¢
4,598 index cases affected by distinct neurol ogi
GENESI S database.

The allelic carrier frequency cafontthelp.pMlpauld 83 G
0.080ased on an ad2&ut kco,B88uenntonoehs gnomAD v 3( 7dat abas
ranging from 0an0dO 2A siinma nAsf rtioc an.s0O 05 i n Europeans, O.
i n the Ami s hlsop thgreui$ enly iore rEast-Asian male individual on gnomAD v3
database is homozygote for the p.Ala253GInfsTer27 variant in SORD. Of nioh et he previ o
gnomAD exo(m&nosAtD wZh.el . A)Al a253 Gl nwvagerd2Taetc hamadge
significantly | ower rate at MAF =0.00008, due to
uses the FreeBayes softwar3e vWwhiacyrekame vaesubbedcah
frequeMAlnes~s 0. 003; 27 all el es dlnos8,r89t6o0 cthiBeo mprs @ m

genome based call set
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We further performed Sanger sequencing of 600
of European, 100 samples of Turkish and 200 sampl
three heterozygous, but no homozygou2b)p. Aba2388d@Gh
i Suppl ement arywdabtdenti fied Al a253Gl nfsTer 27 in ne
Asi an, and African ancestry further rejecting th
mutati on. I n summary, t hetsiema@@R@Deluatoipandhys pprporat e
~1/100, 000 individuals caused by homozygous p. Al
specific wvariant the most commo nbiian died indsieadit tapg gt I
neur op &Stuhpipedd se ment BByayndlTabbne of the most cecmeeni aeé | e

Mendel i an( &,i®s)ease

Clinical featur eSOPHde pradp a&tnhy with

Altogether, we identified 45 individuals from
i SORDNIrabl e Yum@mamldement ady y Ohbhet e, 69% of <cases wer
evidence of family history or consanguinity, but
on the presence of a slowly progressive neiweropath
for mal clinical di agnosi s2¥asdiaxtoamlal HEMTi n n4 &% %(
intermediate CMT in 9% (n=4) of cases. THe Nm&an s
years and difficulty walking was the most common
wer e uncommon, but two thirds of the patients r €
neuropathy probably started eaweda kenresisn |bibofad .fo nAly
had sensory i mpairment. Weakness was mild in dist
compl ete paralysis in the distal |l ower | i mbs. Pro
typically unaffebotbddupfevehi mbtiteemeor, four had n
mild hearing (omassehaldh)a caneurrent and | ikely unre
encompassing dysmodpatccfeanatepkal opathy since the
spastaxkia with evidence of c eArneolt ddsér(gase I6¢arringhy on
a compound heterozygops. Al a 25 3 GbpYd Is 3 egertygepresented with earlier onset
of the disease and severe neuropathyMhd 3221 | e varitardti ewdlad nnatnyi dd rh e
of this study, i's present hias tclomd é i spur bejul@ochtisso msn | g T
tolerated to Noseaskt thespagients had cataracts nc
Using the CMT réapdmdiNeyl lsicyoerar s of di sease dur at
was mild in 67% (N=30), moder ate in 3fldwe t( Noerltdha s ia
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during walking was used by 42% of patients (N=19)
one paaisemthed@leplaidrent . Detailed nerve conduction
patients and invariably showed a motor axonal n
conduction vel oc,ineiams ciom du6% i (oM=Ivle E®8N® ywmaieng upper
3242 Jydmsd decoeaslmshepnti t udes of sensory action pote

Loss of SORD enzgmatimcredasedtyerum fasting sorbif
SORD i s a homo tkeDtar asmeebru nd ft s3 &xnpdr eisse ewnadnemayl i an

tiss(ude,sll, 12) is the seconstemzymey wolf pateh wawg i n
reductasegkoovset snto sorbitol, a relatively non
oxidized t o fruEt gs)e.2 BAlyo SgOaRDh e further i nsight
consequences of reSOKRPIi we mekbfF@BPeosEEXPT essi on ir
fibrasht s from four independent healthy controls co
with homozygous p. Al a253GI nfsTer 27, one patient
p. Arg299Ter variants, and two unaf ffescTteerd2 7h e tSeQ Rolz
protein was absent in all patients and the SORD
compared td&igont2mBoclcsor(di ngl vy, intracellular sorbi
ti mes higher in patient 6®BiFfrgopWaG hextcompated tbe
sorbitol l evel in serum from ten patients carryin

and ten unrelated controls and?21482t0.d80 v20.0dats over
0.004 mg/L, p<0.0001), confirming the | ack of SORD enzymat.

Drosophila melanogaster model of SORD deficiency recapitulates the disease phenotype

To further explore the pathophysiology of SORD mutations in vivo, we established
Drosophila melanogaster models of SORD deficiency. Drosophila has two functional Sord
proteinss - Sodhl (NP_001287203.1) and Sodh2 (NP_524311.1) - that are 75% and 73%
identical with human SORD protein (NP_003095.2), respectively, and 90% identical with each
other (13). We obtained the Sodh2M8%1265 mytant allele of Sodh2 in which a transposon disrupts
the gene (14). Homozygous Sodh2 (Sodh2MBo1265MB0126%) mytants are viable with normal life span
(Supplementary Fig. 2), and, as described later, 10 days after eclosion (DAE) sorbitol level was
significantly increased in the fly heads (Fig. 4B), consistent with our observations in patient
fibroblasts. To determine whether Sodh2MBO1265MBO126S mytants had a neurodegenerative
phenotype, we examined the visual system, in which subtle neuronal and synaptic pathological

changes can be detected (15). Axons of the outer photoreceptors traverse the lamina cortex and
7
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make synaptic connections with lamina monopolar neurons (Fig. 3A). In the control (yw) flies at
2 DAE, the lamina cartridges of photoreceptor synapses can be visualized in the xy- and xz-
planes, respectively (Fig. 3B). We observed a loss of photoreceptor terminals in the lamina layer
of Sodh2MB01265MB01265 I tants at 2 days after eclosion (DAE) (Fig. 3C) - visualized as vacuole-
like structures of reduced fluorescence after labeling with antibodies against neuronal membranes
(horseradish peroxidase, HRP) and synaptic active zones (brunchpilot, BRP) (Fig. 3C, D). This
phenotype was more severe at 10 DAE, with more numerous and larger vacuole-like structures
distributed across the synaptic lamina layer (Fig. 3C, D). To validate our findings, we generated
a second model by neuronal-specific knocking down of both Sodhl and Sodh2, resulting in age-
dependent vacuole-like structures formation (Supplementary Fig. 3) but normal life span
(Supplementary Fig. 2), similar to that of the Sodh2VB01265MB01265 fliag We also found that the
locomotor activities of both loss-of-function models were significantly worse than that of the
control (yw) flies at a late-stage (40 DAE) (Fig. 3E, F), consistent with the progressive, age-
dependent neuromuscular dysfunction seen in our patients. Taken together, Drosophila models
of SORD deficiency recapitulate key phenotypes in the patients, including 1) a normal lifespan,

2) progressive and age-dependent synaptic degeneration and locomotor deficiency.

Treatment with aldose reductase inhibitors normalizes intracellular sorbitol and rescues
the phenotype in Drosophila melanogaster
We investigated the-apesoci litleidt hetrleat t 8ORDneur

treated. Phar macol ogi cal i nhizb/imei ounp sdafr ealmd od e SrOR«
been shown to reduce detrimental sorbitol accumul
(167120),and i n ®RI2WaAWe t hus tested the effect of two c
reductase inhibitors (ARI), Epalrestat and Ranir

patient fibroblasts | ackiidng ofnummootli dn alr o090 RB.t sP ameir
in the presence or a mMeonRamrestat(10 E\) and mteasetlukartsorlgitd 0 O
l evel s wer e mealsmrpdti ibehretink ahs tEgpra.l r est at and Ranire
redusedbit oBRi d.pvaeA s (
Next, we fed the Drosophila models of SORD deficiency with Epalrestat (80 ng/ml) and
Ranirestat (80 ng/ml) or vehicle dymethyil sulfoxide (DMSO) starting at 2 DAE. At 10 DAE, the
heads of DMSO-treated Sodh2VB01265/MB01265 fliag had significantly increased sorbitol but treatment
with either Epalrestat or Ranirestat was able to reduce sorbitol levels to those observed in control
(yw) flies (Fig. 4B), Epalrestat or Ranirestat rescued the locomotor activities of both

Sodh2MB01265/MB01265 fliag and flies with neuronal specific knockdown of both Sodh1 and Sodh2 to
8
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the levels of control (yw) flies (Fig. 4C, Supplementary Fig. 4)andr e st or e dd & pheen daegret
synaptic 8edW®WRH% /' MBhiwrfdant, fbleideusitghe number -lafkevacuod
struct ureesstnbgined | ocal i zati on of synaptic cytomatri X
(F i gD-G)4n contrast, the loss of synaptic termini was so advanced in DMSO/vehicle-treated

flies at 40 DAE that neighboring vacuoles fused to form much larger v a ¢ wloil lee stthauct ur es

encompassed multiple synaptic cartridges (Fig. 4D).

DISCUSSION

Thus, r &ORdDauitvad i ons are a novel cause of inher
from our cohort as well as from control dat abase
vari &0OtRDi k. 753del G; p. Al a253GIl nfsTer27, with a cal
i she most common recessive cause of neuropathy id
most common specific alleles causing a recessive

in undiagnosed CMT2 and dHMN cases 70fvaurpi anot ~wiOl%,
account for a significant portion of the rdivad realst
only by the common NBMRBRB4NItt CIMT 2i mterniegui ng t hat, d
mut ati 9@GRWéne not previously identified as a caus
used -gneerxdr ati on skegaescphgebhnaes had dddRDmrcutlhe es
presence of t IBEORDGpPnd DN e . Ot her known ©pathog
previously been shown to be conce@28d by ttlenpprn eg

specul ate t hatcet lod aphpearommon c¢. 753del G; p. Al a253

could have arisen from interlocus gene conversion
i n t he absence of, serndkcctORBBm@pres saus gene conve
increasingly recognised as a mechan26628). Icfautshing T
hypot hesi s was Ilcdondfifremedan ti nMorui gui ng mechanistic
homol ogous r ercognbli tviaredgg@immb s sovaesr i n PMP22 duplicat
causing (CQM3IAA gene coofnvse@®REO,ohe centre of s&Bhfe most
demyel iamnadtfoama! , CME s p.etawevvedry, no ot her nucl eotide
nearby ofeg$@RD resemble SORD2P sequebasgse dhkeefon
resulting from DNA replication errors along this

independentliypod dic SIORIDhgand SORD2P, could ahdo rep
valdypot.hesis
The pat hodemRibeuittayt ioofns i s f utr hiarerdisturpqoiont pdt bg

derived fibroblast s, which showed absent SORD pro
9
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and the dramatically higpheidsrasm, ngvhsahbiittsle!l few
promising biomar k.erTiwrmo rvitvioi shoaeedsihtirileenapi t ul at ed |
of the humani mpcreenmaosteydbesor bi t ol l evel s, as well as

and mot or PiWe aipropmots e enoyf matcitc on oand subsequer
accumul ation as the mecéassoesimabEideoicMdionisindcoord SORD

with the finding that pharmacological inhibitors of SORD worsen neuropathy in diabetic rats
(30,31).

Our findings do not fully elucidate yet the mechanism of axonal damage caused by SORD
deficiency: one or more of the known effects of decreased SORD activity, including increased
sorbitol level, cellular osmolarity, oxidative stress and decreased NADPH levels, are plausible
(32,33). Mice that have significantly reduced levels of SORD protein due to an intronic splicing
mutation (C57BL/LIA mice), bred and fed according to the standard laboratory conditions, do not
develop neuropathy or even slowed nerve conduction velocities (341 36). This is possibly due to
a difference in sugar metabolism between human and mouse since standard mouse
chow consists of a low-sugar diet compared to humans (37) and flies, which are fed on a sugar-
based diet. Indeed, SORD deficiency does aggravate the cataract and neuropathy in rodent
models of diabetes (30,35,36). Based on patient clinical data and the late-onset phenotype
observed in flies it will be important to examine ageing C57BL/LiA mice, or test the effect on the

peripheral nerves of a higher sugar consumption, as well as create other models of SORD

deficiency.

Our stubder funravels a <centr al role of the po
metabolism and survival in normoglycemic conditi.i
increased intracellular sorbitol | eads to selecti\
the observation of increased sorbitol l evel s i n

i mplications, both -assachiatmar CMT ahdS@RDa target

interventions, including methaodsplfacremenb s toratceorme
SORD enzyme substitution. Accordingly, we have
beneficial effects of substrate reductbDoosophi ARI
model s. Epalrestaeteaed icur fewtlcyoumarkes for t he

compl i a&t@dihonise Ranirestat has been advan(ced. 2i3nt o |
Both drugs showed a good safety profile in patient

maysalrepresent a safefandtékeféecenismesappadbad&dRDher
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neuropatghyen theirofkinowar gestk edff ects and induc
met abol ic willtlematdons ,be addressed by future st

Finaldrny,exasmpl e of rare diseases informing comi
of S@RBoci at ed magurhapaet by oader i mplication to the

and reti nbipaldéeétyes represents the most frequent cau
affecti @@ 30f di abetiz03pmitlileindrs @mewipd{e8 8 w3i3t)lsd
pathogenesi s i s exceptionally compl ex amadi avail
Increased polyol pathway flux has been reported to cause osmotic damage and oxidative stress

to retinal cells, including neurons, Miller glia, pericytes, and vascular endothelial cells(40).

Aberrant retinal sorbitol accumulation can lead to microvascular damage and subsequent
neovascularization(41). However, the direct impact of sorbitol accumulation on photoreceptor

neurons is not well characterized. Our fly models of SORD deficiency show the age-dependent

formation of vacuole-like structures and reduced synaptic proteins, indicating that an increased

sorbitol level in the retina can have a direct detrimental effect on the photoreceptor neurons and

contribute to retinal phenotypes in diabetic retinopathy. Fur t her el uci dati on of th
to nerve degeneration in the constituent absence
understanding of the composite mechanisms under|

neur omatdhy eti nopathy
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