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Abstract

CHN is genetically heterogeneous and its genetic basis is difficult to determine on features alone. CNTNAPI encodes
CASPR, integral in the paranodal junction high molecular mass complex. Nineteen individuals with biallelic variants have
been described in association with severe congenital hypomyelinating neuropathy, respiratory compromise, profound
intellectual disability and death within the first year. We report 7 additional patients ascertained through exome sequencing.
We identified 9 novel CNTNAPI variants in 6 families: three missense variants, four nonsense variants, one frameshift
variant and one splice site variant. Significant polyhydramnios occurred in 6/7 pregnancies. Severe respiratory compromise
was seen in 6/7 (tracheostomy in 5). A complex neurological phenotype was seen in all patients who had marked brain
hypomyelination/demyelination and profound developmental delay. Additional neurological findings included cranial nerve
compromise: orobulbar dysfunction in 5/7, facial nerve weakness in 4/7 and vocal cord paresis in 5/7. Dystonia occurred in
2/7 patients and limb contractures in 5/7. All had severe gastroesophageal reflux, and a gastrostomy was required in 5/7. In
contrast to most previous reports, only one patient died in the first year of life. Protein modelling was performed for all
detected CNTNAPI variants. We propose a genotype—phenotype correlation, whereby hypomorphic missense variants
partially ameliorate the phenotype, prolonging survival. This study suggests that biallelic variants in CNTNAPI cause a
distinct recognisable syndrome, which is not caused by other genes associated with CHN. Neonates presenting with this
phenotype will benefit from early genetic definition to inform clinical management and enable essential genetic counselling
for their families.
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flanked by paranodal junctions and together they form
distinct domains, which are crucial for saltatory con-
duction. These junctions are composed of multiple
molecules, which include Drosophila Neurexin IV-
related protein, Caspr/Paranodin, initially termed ncpl
[1]. Ncpl, now more commonly referred to as the rat
contactin-associated protein, CASPR [2], forms part of a
high molecular mass complex in the paranodal junction
and interacts with contactin. In a homozygous null mouse
model (ncpl-/ncpl-), ataxia, tremor, hypomotility, wide-
based gait, significant motor paresis and severely
decreased peripheral nerve conduction velocity was
associated with disorganization of the paranodal junc-
tions and dysregulation of ion channel interactions [1].
Death occurred within the first month of life. Hetero-
zygous mice were unaffected at all ages. Immunohisto-
chemical studies demonstrated the expression of caspr at
the paranodal region in mouse sciatic nerve and the
central nervous system. These findings suggest that the
development of normal paranodal junctions is CASPR-
dependent and its absence leads to disruption of the
paranodal loops.

CNTNAPI (MIM # 602346) encodes CASPR and was
first implicated in human disease in 2014 [3]. Using the
whole-exome sequencing (WES) approach in 31 non-
syndromic fetal hypomobility/arthrogryposis multiplex
congenital families, Laquerriere et al. identified four
unrelated families with homozygous truncating variants
[3]. Death occurred within the first 40 days of life in all
four cases. CNTNAPI variants have since been described
in association with congenital hypomyelinating neuro-
pathy (CHN) [4], which comprises prenatal-onset
congenital neuropathy, areflexia, hypotonia, hypomyeli-
nation, slow nerve conduction velocities and arthro-
gryposis. Nizon et al. [5] described two brothers with
severe congenital hypotonia, foot deformities and mark-
edly decreased nerve conduction in association with
compound heterozygous variants in CNTNAPI, including
the first causative missense variant. A separate study
investigated nerve biopsies of these brothers and an
additional sibling-pair with CHN who had compound
heterozygous nonsense/missense variants [6]. These
patients had identical hypomyelinated nerves with char-
acteristic lesions in the paranodal area where CASPR is
located, which were reminiscent of those in the sciatic
nerves of caspr-1 null mice. Mehta et al. [7] reported a
neonate with CHN who had homozygous CNTNAPI
missense variants that are predicted to affect function
with typical clinical presentation, absent sensory nerve
and compound muscle action potentials and hypomyeli-
nation on nerve biopsy, who died after withdrawal of life,
sustaining care at 1 month of age. In a WES study of 71
patients with white matter abnormalities, Vanderver et al.
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[8] identified two further cases (one homozygous mis-
sense, one compound missense/nonsense), of CNTNAPI-
associated CHN. Very recently, two further reports [9,
10] have been published describing further 8 cases,
bringing the reported total to 19 (see Supplementary
Table 3 for review of previously reported cases).

Here we present clinical and molecular data from
seven additional patients with biallelic CNTNAPI var-
iants identified via exome sequencing undertaken for
undiagnosed developmental disorders and CHN. The
clinical features we observed in these patients, and those
previously published, suggest that there is a distinct
CNTNAPI-related congenital hypomyelinating neuro-
pathy syndrome which is not always lethal in the neonatal
period.

METHODS
Patient ascertainment

Five of the affected patients were recruited via the
Deciphering Developmental Disorders (DDD) study
(www.ddduk.org) open to the UK NHS Regional
Genetics Services (see Table 1for associated Decipher
IDs) [11]. All five were the only affected cases in their
families. Patient 2 and 3 (siblings) were recruited through
their local Clinical Geneticist. All patients were assessed
by their Clinical Geneticist who assisted with systematic
detailed phenotyping. Patient growth centiles and z scores
were calculated using UK WHO data (www.rcpch.ac.uk/
growthcharts).

Exome library preparation and sequencing

Trio-based exome sequencing was undertaken for the five
affected patients and their parents via the DDD study using
the approach which has been described elsewhere [12]. A
sibling pair analysis was carried out in patients 2 and 3.
Their DNA samples were fragmented using the Bioruptor
(Diagenode, Liege, Belgium), and indexed adaptors ligated
before hybridization with the Agilent SureSelect All Exon
v5 capture kit (Santa Clara, CA, USA). Paired-end 100-bp
reads were sequenced on a HiSeq 2500 (Illumina, San
Diego, CA, USA) to generate 75 million reads with >100x
mean coverage and >95% of target bases at >20x. The
Nlumina HiSeq FASTQ sequencing reads were de-
multiplexed and aligned to the reference (GRCh37/Hgl19)
using BWA-MEM, this is converted to BAM format file
and duplicates removed using Picard. GATK (v3.4) was
used for indel realignment, variant calling and quality
filtering.


http://www.ddduk.org
http://www.rcpch.ac.uk/growthcharts
http://www.rcpch.ac.uk/growthcharts

CNTNAP1 genotype—phenotype study of patients demonstrating ...

ezl ve PapIoda1 10N [LLol 8L qu [Tro—-197t¢ [o] z¢ qu
[a100s Z]
[11] TIge [c8'0] 0O1€ [650—1 0561 [cL0—1061¢ [9¢'0—1 0LST [1'1-1 0€02 ['1-100L  (8) WSromuymrg
(Syoom)
e+ee 9¢ 9+0¢ S+6¢ 9¢ 93 sy uonelsen
1IMOID) [eIeURld
L | W q W W W Ll XS
syuowr ¢ 4 4 L 9 8 ST (s1e0K) 93y
paje[oIun pare[oIun pare[oIun Aumguesuod
‘Teyuaredrg parefaun ‘rejudredrg ‘Teruaredrg Amumguesuod ‘rejuaredrg ‘Teruaredrg parefoun ‘rejudredrg ‘Teyuaredrg Qour)LIAYU]
¥dd
¥dd ‘CINd ‘1SAd vdd ‘TN ‘1SAd ‘TINd ‘ISAd ¢1C JUBLIEA
- otegoyred ¥dd ‘TINd ‘1SAd - oagoyred - oesoyred ¥dd ‘TN ‘1SAd - uonesyIsse[o
‘(191968d11)d - dwagoyred (sj,98dsy)d  :(191z8.31v)d VIN  :(epessdip)d orusdoyreq :(101655drr)d VIN DINDV
dd dd
‘Tdd ‘€INd ‘TINd ‘edd ‘Tdd ‘TN
‘(3unzoddns) ‘(3unioddns)
IINd vdd ‘Tdd IINd
¥dd ‘TN ‘TSAd ¥dd ¥dd ‘TINd ‘TSAd - oreSoyred ‘¢ ‘TN ‘(Suntoddns) - druegoyed ¢ 1 JueLeA
- owedoyled  ‘zdd ‘€INd ‘TINd :otuedoyed - oe3oyred ¥dd ‘TINd ‘TSAd A1y TIAd - desoyed Alry UOTEIYISSE[D
(-1L17931v)d AT - (UDogoid)d  :v<DI+GELID - dudsoyped ((19z8L31v)d  :(oxdgzigned ArT (oiggrgnopd  (oigprLBry)d DNDV
SnN0SAZoIH sno3AzoI1010H sno3AzoI1010H
punodwo) sno3Azo191oy punodwo)) punodwo) sno3Azowoy punodwo) sno3Azoro)ey punodwo)) Sno3Azowoy A1so34z
[1<D
[V<D €L91+80%] 62TSEV80YI V<D [V<DL8ST#807] [D<D
([1<D T9LTH80V] [19P98SH180Y] 9r91¥80%1 [O<185€LESOYV] [V<DLSST¥80v] 9€TEY80YI (LEUD YD)
EHARLS [v<D 0¢65€80113: L 11ud EHARCE [1<D 6T$E80F] S L 114D L1 [D<LBSELESOV]B:LIIYD GHARLE OIIOudn
[(121968d1L)] [(121.28.31v)] [(1o1z8.31v)]  [(1RL6SSAIL)] [(eressdin)]  [(01dy1L81v)]
[(19112931v)]d [(s7298ds W) :[(uD0g0ID]d feld [(_1z8L81w)]d :[(o1dgTZne D] d {[(oidz1gneld :[(01dy1L31v)]d u01g
1’16070 ON
0} Surproooe
SJUBLIBA OIUOIU]
[v<DL897] [L<OvveT] [v<DLL9T] [O<o]  (T'7€9£00 TAN)
‘[1<D1981]° [19P009C]: [V<D61110 [V<OI+SELIID [L<OI[L<Dl¥reET™ [o<1L5€9]° [V<DLLOTI[O<1SE9]™  [O<DII¥IT™D VNQ>
(¢ uaneq
Jo 1ayjoiq
PAOYFY) (89L16¢1yd2()
805S8zIoYda( 9rerogreydeq  L9pgLzoudoeq 96¥09z1eydraq SS6£091Xd ¥S6£09TXd  80¢59zIRYdIR( ar £pms
(0
= ﬁv
®loL L 9 S ¥ € 4 1 [enpIAIpuf

siuereA [JVNLLND Wis syuoned pauodar Ajsnoraaid pue /— sjuened ur sSuipuy onouss pue [edrur) | ajqeL

SPRINGER NATURE



KJ Low et al.

Juop 10N

uoneqmn
peay ‘rowan IOpIOSIp
) s - — — swseds oruoysq —  ‘erxeje‘eruolsAq JUOWISAOIA

sorounpad Ie[[oqared oradns Bssoj Jouaisod [[ews ‘Iopew wnj[eqaIeo oydone
pue T[eonu pa1 ‘eidu enueisqns  uoneurRAwodAy Aym Jo uoneurpAwodAy WN[[2q2130 pue Y[Nq Iapew JIYMm

ur [euJIs YIIY [BOLJOWWAS )M WRISUIRIq ‘uorjed[ns pasearddp  omdome Y[nq  padnpar pue uoneureAw uoneureAwodAy

‘sooeds [erxe enxo juourwiord pue saroydsruuoy PIm A3 opIm SsaudoIy) Iopew AIYM JO Joe[ SUIMOUS SIeaA [enuad

syluows 4 1y ‘sAep (] 18 [©1g9199 [891)100 PIseaIdap ‘euiew  pue uoneUIIAW G Je soewn urelg YN ‘uoneuroAwr
WL SISOQUIOIY) SNUIS SNOUJA [eNISeS Jo Aydony  euIdISIO 93IR[‘UONEIAS J00g JO Moe ¢ [enISeS pue 9SIOASUBRI], paokereq urelq TN
(OXS - - ++ + + + + SQINJOBIIU0D)

Aypedonou
sosuodsal A10sues J0 J0j0W  FuneuIPAWSAp Ayyedonou
Wy SuneurPAWRq SuneurpAwe@ JuneurPAwodAH OU :SAIpPMIS UOIONPUOD AN  /SUnBUIQAW(] PoXIN  SuneurpAweq rexoydirog
sisAered
Wwo + - + + + + — PI00 [BOOA
Ayrewouqe
) L + + + SISO1d - - - QAIU TRIOBY
uonoungsAp
WL + + + + + + + Teqnqolo
eruojodAH
WL + + + + + + + [esoydusg
eruojodAy
+ + + + + + + [enua)
w1 punojoxd punojold punojoid punojoid punojoid punojoid punojoid dal
L) s £Soj0.maN
S9A ON ON ON ON ON ON ey
+ + + + + — — :soruwreIpAyLjod
:[2100s 7]
l66'1] L6 94 [8'0—10¢ [LsT-1¢0 [¥8'c—1 0 [161-18¢ (emua0):D40
:[9100s Z]
[o] s¥ [1s—1o0 [6sc—120 ju - (9[nuad) WSoH
:[2100s 7]
[ssol 1L [69c—1+0 [s'0—10¢ lec1-T1v [8e1-1+'8 [ov'€—10 (enued) 1ySrom
1 IMoI3 [erewIsod
[a100s 2]
(wo) D0 Pug
12
=u)

®BoL L 9 S 14 € [4 ! [enprAIpuf

(ponunuoo) | 3jqey

SPRINGER NATURE



CNTNAP1 genotype—phenotype study of patients demonstrating ...

HOYO?2 INO Ul U33s SaInjedJ I0J umoys ale s[ejof,

W1

S9sBAI0
QuIeu S I9)SIs ABS  eroR[RWOSUATR] uoneyuawstd reyuerd deap
0} 3uIkn ‘sypeam g 18 A[[e100S M UDYS [BULIOUQE SUIAIOAO YJIM  ‘SIBd OLIOWASSE

w9 Po[IWIS “BIPIROAYOR) SUNSIY — XUAIE[ JOLIDJUY  BUIOZOD QI0ADS ‘S[Ieu [[BlIS Qrdung sosearo rejuerd deaqg Y0
WL - - - + - — —  snwuwey SnAJRN
+ + + paspry + + +  oyered [eIpaye)
+ + + + + + +  sowoey oryredoA N
sannaf
e onydiowsd(q

SNIBAOABD ‘S90)

SISTIM Surdderrono
poxa s13uy pue pajonppe JO uoneIAdD Jeuln ‘s1oSuy INso[d $90) PIJBIAIP ‘Kyuioyop saInyeay
Wz — squiny} yIm ploy spueq — Jo Ayruiojop yoou uems  mel 9ordwoouy ‘WNJBABOXQ SN0 JoSuy oYI[-uems 29[S 1O
Wws - + - - — + -+ uonexniqns dig
Aqowrad Ay
e - - - + - - + jutof
ws — + — + + + QIOAS SISOI[00S

erse[diadAy
)L Jrered 391D — — erserdrodAy wng ‘yre9) enXyg — wno ®10
ws - + + + + + - DHd
w9 + + + + + + + aiyoo
— + + + + + — Awo)soayoei],
NN )
K1oyexidsax
+ + + + + + - [eIRUOIN
¢ + Su2ISKS 42Y10)
wo N N snuSeIsAN scliile)
umouy JoN NO9YD UIOqMAU PI[IE] — —  TTHNS [emeeng THNS [ere[ig qu Suureoy
juourredur
e + + + + + + [ensIA

J[qesrewaIUN I9)oWRIp

sa1qy uoxe I0J ureAw

Jsouwr :9[osnuwu uny Ajewrouqe

SyIBays uIRAwWw Kouaroyap $31qYy pajeurAwun ‘sa1qy

ury) A[reqor3 [ Xo[dwoo 219A9S QWAZUS 9ZIS AIqY J[osnu JIoJoWRIp [[eWS poreurfoAw
pue suoxe juel3 [eupuoyooiA uontodoidsip ul uoroNpaI pue saIqy pareur[oAw Jo uonordop Ksdoiq
PaIaNEIs : JATON d1qY QWOS :I[ISNA oyroads-uoN Auny) qrng uoruQ PRI QATON/RIISNIA

02
= ﬁv

®BoL L 9 ¢ 14 € 4 ! [enprAIpuf

(panunuoo) | 3jqer

SPRINGER NATURE



KJ Low et al.

Variant filtering and interpretation

Variants were annotated using Alamut-batch and a
bioinformatics pipeline was designed in-house to identify
shared genes where both siblings had a compound het-
erozygous, homozygous or X-linked recessive variant
predicted to affect function. The following criteria were
applied to detect rare potentially deleterious variants:
minor allele frequency (MAF)> 1% in dbSNP137 var-
iants to exclude known variants and include those with a
MAF <0.0001 (<0.01%) and 0.001 (<0.1%) in Exome
aggregation consortium (ExAC http://exac.broadinstitute.
org/), Exome variant server (EVS http://evs.gs.wa
shington.edu/EVS/) or 1000 Genomes (http://www.
internationalgenome.org/). Variants were restricted to
non-synonymous, those affecting the conserved splice
sites or those within—50/+ 10base pairs of flanking
exons predicted by Alamut-batch to affect splicing.
Biparental inheritance of the CNTNAPI variants was
confirmed by PCR/Sanger Sequencing (PCR primers
available on request). Exonic variants are described
according to NM_003632.2 and intronic variants
according to NG_042091.1. CNTNAP1 variants identified
in this study were classified according to the American
College of Medical Genetics and Genomics (ACMG)
guidelines (See Supplementary Table 1 and Table 1) [13].
The data are deposited in DECIPHER and can be viewed
per DECIPHER IDs provided (Patient 3 has not been
deposited but the data are the same as for patient 2, his
brother).

Protein modelling

A composite, multi-template structure for CASPR was
generated using the Phyre2 server (http://www.sbg.bio.ic.
ac.uk/phyre2/html/page.cgi?id = index) [14] in intensive
modelling mode; individual variants were then re-
modeled on appropriate templates using the Swiss-
Model server (http://swissmodel.expasy.org/) [15] in
automated mode. All coordinate files were downloaded
and visualized in PyMOL version 1.8.4.0 (Schrdédinger,
LLC).

RESULTS

The clinical features and CNTNAPI variants in the 3
female and 4 male patients, from 6 different families,
compared with the previously reported cases [3, 5—10] are
presented in Table 1. All 7 patients had profound intel-
lectual disability (ID) and a strikingly severe neurological
phenotype. None of the patients had any other observed
genomic aberrations.
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Perinatal

Significant polyhydramnios occurred in all but one preg-
nancy. This was associated with preterm labour in 5 but no
patients were born at <30 weeks’ gestation. In the single
pregnancy with normal liquor volume the baby was born at
term. In all patients the birthweights and head circumfer-
ences were within the normal range, but 6 out of made
minimal respiratory effort, were extremely hypotonic and
required rapid resuscitation. Patient 7 was the most pro-
foundly affected and following extensive investigations,
died at the age of 3 months.

Neurology, neuropathology and development

All cases had both central and peripheral hypotonia, with
variably demyelinating/hypomyelinating neuropathy and
variable additional neurological signs: patient 1 had nys-
tagmus, ataxia, tremor, head titubation and 2 other cases had
dystonia. MRI brains scans consistently showed hypomye-
lination/demyelination, variably reduced white matter bulk
and cerebral atrophy. The results of the nerve biopsies for
patients 1,2,3,4 are shown in Fig. 1. The muscle biopsies
were non-specific and did not show any neurogenic
pathology despite the findings of hypomyelination in the
nerve biopsies. This might reflect the time course, as many
of the muscle biopsies were taken early on during the dis-
ease, and in most cases, a substantial time prior to the nerve
biopsies. All our patients had severely delayed development
except one. He had a social smile at the age of 12 weeks and
is attempting single words at the age of 2. Patient 1, the
oldest in the cohort, can communicate some preferences
through noise and body language and is described as
enjoying certain television programmes.

Respiratory

Six out of 7 patients had severe respiratory distress at birth,
5 requiring tracheostomy. In the sixth case, a tracheostomy
was not considered appropriate as the prognosis was poor.
In patients 2 and 3, the tracheostomies were successfully
decannulated, with both boys requiring overnight non-
invasive ventilation. However, both boys have subsequently
required re-insertion of their tracheostomies due to issues
with repeated respiratory infections and respiratory com-
promise, which have resulted in multiple intensive care/high
dependency unit admissions.

Dysmorphology
The facial features of the patients are depicted in Fig. 2. All

patients have consistent myopathic facial features (Fig. 2)
and one a naevus flammus.


http://exac.broadinstitute.org/
http://exac.broadinstitute.org/
http://evs.gs.washington.edu/EVS/
http://evs.gs.washington.edu/EVS/
http://www.internationalgenome.org/
http://www.internationalgenome.org/
http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index
http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index
http://swissmodel.expasy.org/
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Fig. 1 a Normal nerve, transverse section, H&E 40 x ; (b) Normal
nerve, transverse section, Sol. Cyan 40x; (¢) Normal nerve,
longitudinal section, H&E 40 x; (d) normal nerve, longitudinal
section, Sol. Cyan 40 x. All normal nerve sections highlight a
normal population of myelinated nerve fibres of appropriate thick-
ness; (e, f) patient 1: Sural Nerve biopsy (TS) at 9 years of age
showing marked loss of large diameter (thickly myelinated) nerve
fibres, thinly myelinated fibres for axon size, and clusters of thinly
myelinated fibres (axonal sprouting) on H&E (e) and Sol. Cyan (f)
in keeping with hypomyelinating neuropathy; (g, h) patient 2: Sural
Nerve biopsy (TS) at 10 months of age showing modest loss of
large diameter (thickly myelinated) fibres, presence of thinly mye-
linated fibres, clusters of thinly myelinated fibres and a rare onion

Other features

Gum hyperplasia is seen in 2 patients, one of whom had
extra teeth. All patients had a typical ‘cathedral’ palate, but
only patient 7 had a cleft. An anterior larynx with lar-
yngomalacia was reported in patient 5. Patient 6 has a
resting tachycardia of unknown cause. Patient 4 has small
nails, and severe eczema with overlying abnormal skin
pigmentation.

bulb on H&E (g) and Sol.Cyan (h) consistent with hypomyelina-
tion; (i, j) Patient 7: Sural Nerve biopsy (LS) following death at
3 months of age (autopsy specimen). Demonstrates widespread,
almost complete loss of myelinated fibres on H&E (i) and Sol. Cyan
(j) with a few residual thinly myelinated fibres. k Patient 2: Electron
microscopy (EM) highlighting clusters of thinly myelinated fibres
with only a few residual appropriately myelinated fibres. Inset
highlights single onion bulb in keeping with active demyelination.
1. Patient 7: EM highlighting extensive loss of myelinated nerve
fibres with a residual rare thinly myelinated fibre. m Electron
Microscopy of a normal nerve showing a normal complement of
large myelinated fibres and thinly myelinated fibres with propor-
tionate axons

Variants

We identified 9 novel CNTNAP] variants that are predicted
to affect CNTNAPI function in 6 families by whole-exome
sequencing (Table 1). These included three missense var-
iants, four nonsense variants, one frameshift variant and one
splice site variant. Two patients from consanguineous
families were homozygous for a novel missense (c.2141 G
>C, p.(Arg714Pro)—patient 1)) and a nonsense variant
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Fig. 2 Facial features of patients 1,2,3,4,6,7 from left to right. Patient 1
is reported with the mildest phenotype, which is apparent from the
photo comparisons and makes her appear more atypical. Note the

(c.2344 C>T, p.(Arg782Ter)—patient 4. In each family, the
parents were heterozygous carriers of the compound het-
erozygous or homozygous variants identified in the affected
proband. The other 5 patients were compound hetero-
zygotes for either two protein truncating variants (patients 5
and 7) or a missense and nonsense variant (patients 2 and 3,
Fig. 3) or a frameshift and missense variant (patient 6). One
of the nonsense variants, ¢.2344 C>T p.(Arg782Ter), was
identified in two families. All variants described in this
study and those previously reported to affect function are
shown in Fig. 4. The three novel missense variants were
predicted to be affecting function according to the ACMG
guidelines (Table 1, and Supplementary Table 1).

Protein modelling

Since there are no experimental structures for any regions of
CASPR, a 3-dimensional structure of the protein was pre-
dicted using the Phyre2 protein modelling server (Fig. 5). A
high confidence model was obtained for a contiguous region
covering residues 21-960 of CASPR, which includes all
novel missense variants reported here or previously identi-
fied as affecting function (Fig. 5a). All substitutions lie
within conserved structural and functional domains and thus
could potentially cause deleterious effects on CASPR
function. To examine the effects of specific variants, tem-
plate structures used by Phyre2 for calculation of the
composite model were used to re-model wild-type and
variant sequences over the appropriate regions. Modelling
suggested that all missense variants were likely to affect the
underlying structure of CASPR, to a greater or lesser extent,
which is consistent with loss of protein function. For
example, the p.(Leu212Pro) and p.(Cys323Arg) variants
both lie in the first Laminin G-like domain of CASPR
(residues 203-355). Predictive modelling showed that p.
Cys323 forms a disulphide bond to p.Cys355, stabilizing
the loop region between this domain and the following
Laminin G-like domain 2 (Fig. 5b). This bond is disrupted
by the p.(Cys323Arg) variant, likely leading to
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consistent narrow down-slanting palpebral fissures, full rounded eye-
brows, myopathic facies and mouth held wide open. Tracheostomy is
shown in patients 2,3, 4 and 6

destabilization and impaired folding of the protein in this
region (Fig. 5c¢). Similarly, the p.(Leu212Pro) substitution
was predicted to interrupt a region of fB-strand (Fig. 5d),
which is also likely to result in impaired folding of this
domain. The p.(Arg764Cys) variant, which lies in the core
of the Fibrinogen C-terminal domain of CASPR, was also
predicted to have a strong effect on the underlying domain
structure, while variants p.(ProS0GIn), p.(Arg388Pro) and
p-(Arg714Pro) either occur in flexible loop regions or were
expected to have lesser impact on the domain structure (data
not shown). The predicted effects of all variants are sum-
marized in Supplementary Table 2.

Discussion

This series of patients extends the phenotype of CNTNAPI-
related CHN and indicates that survival into infancy and
childhood can occur in this condition. By contrast, of the 19
(the number of individuals refers to the number of individuals
who have been specifically reported in the literature. Several
case reports refer to further siblings or family members with
either very limited data and/or no testing and we have not
included them in this total count) previously published cases,
only 6 survived infancy. Vanderver et al. reported 2 patients
who were 6 years old, although both had a sibling who died
of respiratory compromise. Hengel et al. very recently
reported a family with 3 children with a homozygous trun-
cating variant, all of whom are alive. Lakhani et al. likewise
reported a family in which one child remains alive at age 13
“in a persistent vegetative state” although two affected sib-
lings died within the first hour of life. Amongst our cohort,
only one child followed similar early demise compared to the
majority of those reported. Furthermore, one of our patients
had no neonatal respiratory distress and experienced few
respiratory problems by her current age of 15 years,
demonstrating the potenially broad phenotypic spectrum
associated with CNTNAPI variants. This discrepancy may
reflect differences in the ascertainment of the children—the
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Fig. 3 Sanger sequencing of
variants identified in CNTNAP]
in the affected brothers (patients
2 and 3) and their parents.
Open symbols: unaffected; filled
symbols: affected; square
symbols: male and circular

\

symbols: female The nucleotide
and amino acid changes are

indicated

p.[(TrpS59Ter)];[Trp559=]
c.1677[G>A);[=]

Patient 2
p.[(Leu212Pro));[(Trp559Ter)]
¢.[635T>C];[1677G>A)

p.[(Leu212Pro));[Leu212=]
¢.635([T>C);[=]

.

Patient 3
p.[(Leu212Pro)];[(Trp559Ter)]
c.[635T>C];[1677G>A)

Fig. 4 Representation of the
CASPR protein showing
functional domains and
approximate location of all
reported variants to date. Those
marked with an * were identified
in this study, others are marked
with the paper reference.

Variants are described according |
to NM_003632.2, NG_042091.1

p.(Argl07Ter)®

p.(Pro50Gin)*

p.(Arg388Pro)”.2

Key:@F5/8type @ Laminin G-like

majority of the cases in our study were diagnosed through a
WES looking for diagnoses in children with developmental
delay, which focussed (albeit not exclusively) on living
children. This proves that the spectrum of disease is broader
than previously thought.

TICCGC T

TJ.T.GG.GAT

p.(Cys323Arg)+2

p.(Leu212Pro)”

p.(Trps59Ter)” p.(Arg764Cys)52

p.(Cys968fs)*

p.(Asp867fs)”

p.(Leus21fs) p.(Glu1004Ter)?

€.1735+1G>A" p.(Arg784Ter)" €.2993-2_2994del®

p.(GIn671Ter)%*
p.(Trp672Ter)®

p.(Trp8g6Ter)”

DO EGF-Like @Fibrinogen C-terminal

While all previously described patients and most of ours
had marked ID, we recognised that two of our patients had
made some progress, so developmental delay in CNTNAPI-
related CHM may not always be profound. One of our
patients had a cleft palate and Vanderver et al [8] reported a
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A) Lgﬁminin G-like 1
Laminin G-like 2

F5/8 type C

Fig. 5 Comparative modelling of CASPR. a Predicted structure of
CASPR residues 21-960. The sequence of CASPR (residues 1-1384)
was modeled using the Phyre2 server; a multi-template, high-
confidence model (~98% of residues modeled at>90% confidence)
was obtained for a contiguous region spanning residues 21-960, which
includes most of the extracellular domain (1-1284) and includes all
missense variants discussed here. The protein is shown in ribbon
format coloured by secondary structure succession (N-terminal, blue to
C-terminal, red); the sidechains of positions of missense variants are

single patient with a submucosal cleft palate. Hengel et al.
have now also reported this feature in two of their patients
and so this may represent a less frequent phenotypic asso-
ciation with CNTNAPI-CHN (4/26). We also noted thick-
ened gums in two of our patients and this has also been
reported in one patient by Hengel et al., again possibly
representing a less frequently reported association, although
it is possible this was also not specifically looked for or
noted in previous reports.

Early-onset hereditary neuropathies can be described in
terms of age of onset and hence divided in to CHN and
Dejerine—Sottas neuropathy starting in infancy [16]. De
novo dominant variants predicted to affect function have
been well reported in association with early-onset neuro-
pathies in PMP22, MPZ [16-19] and EGR2 [20, 21,]. In
addition, variants in other Hereditary Motor and Sensory
Neuropathy genes have been associated with overlapping
phenotypes. Baets et al. [16] performed direct sequencing of
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EGF-like 1
o~

Fibrinogeﬁ C-terminal

Laminin G-like 3

shown in stick format and labelled; domain annotation is taken from
the InterPro database entry for CASPR (http://www.ebi.ac.uk/interpro/
protein/P78357). b—d Modelling of the Laminin G-like 1 domain only
(residues 174-355), based on template 3poyA, for wild-type CASPR
and variants p.Cys323Arg and p.Leu212Pro respectively; protein is
shown in ribbon format, coloured by secondary structure type (red, o-
helix; yellow, fB-strand; green, loop); the disulphide bond between
cysteines 323 and 355 in B is shown by a yellow line; view is rotated
compared to Fig. 4a for clarity

the coding regions of MFN2, PMP22, MPZ, EGR2,
GDAPI, NEFL, FGD4, MTMR2, PRX, SBF2 and SH3TC2
in 77 isolated cases of hereditary neuropathy starting in the
first year of life. They detected variants predicted to affect
function in 35 patients but only three are described as
having respiratory insufficiency. One, who first came to
medical attention due to delayed motor milestones, had a
variant in SH3TC2, but had less marked hypotonia and was
able to walk at 24 months. Another with congenital hypo-
tonia and respiratory problems in the neonatal period, had a
variant in MPZ However the clinical picture appeared
milder than in our cohort: the patient was able to walk with
support until the age of 6 years, after which he was
wheelchair bound. MPZ has been reported in association
with a CHN picture, but usually without the respiratory
problems by us. [16—19] Furthermore, while the symptoms
are of early onset, the weakness is not as severe and walking
has been achieved by patients. Unlike in CNTNAP[-CHN,
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cranial nerve involvement is not reported in association with
variants in MPZ. The third patient had a variant in EGR2
but was able to walk at the age of 3, and is therefore distinct
from patients in our cohort. Variants in EGR2 [20, 21,] have
previously been reported in association with severe CHN
and compromise of cranial nerve function. None of the
patients with variants in these 3 genes have had the severe
respiratory insufficiency from birth as we describe. Addi-
tionally, patients with variants in EGR2 can have normal
intellect-a clear difference from the phenotype of
CNTNAPI-CHN. Polyhydramnios and associated pre-
mature labour, does not appear to be a feature in any of
these other groups and therefore provides a clue in the
severe neonatal presentation of CHN with respiratory
insufficiency. Hearing and visual impairment are not a
widely reported finding in CHN in association with any of
these other genes and again this appears to be a specific
finding in CNTNAPI-CHN although it is not seen in all
patients.

Comparative modelling of the missense variants suggests
a possible genotype—phenotype relationship, in that those
substitutions which are expected to have the least effect on
protein structure seem to correlate with a milder phenotype
in our patients. Patient 1, who has a CNTNAP homozygous
missense variant (c.2141[G > C];[G > C], p.[(Arg714Pro)];
[(Arg714Pro)], has no respiratory problems, which is
striking compared to the rest of the group. Protein model-
ling has shown that while the variant may disrupt ligand
interactions, the underlying secondary structure of the pro-
tein and structural core remain unchanged. This could
account for the respiratory and other phenotypic differences.
Patient 6 appears to be making the most progress devel-
opmentally  (c.[149 C > A];[c.2600del], p.[(Pro5S0GIn)];
[(Asp867fs)]). The p.(ProS0GIn) variant is modelled to
cause a possible altered topology of local loop with low
impact. This hypomorphic variant may be partially ameli-
orating the phenotype in this child. In comparison, our only
patient who died at few months of age, had compound
heterozygous nonsense variants. We therefore speculate that
there may be a genotype—phenotype relationship in which
hypomorphic missense variants modify the deleterious
effect on peripheral/central myelination and development of
paranodal junctions. However, we acknowledge that, at
present, there are only a very limited number of known
affecting function missense variants in CNTNAPI and the
role of various domains in CASPR in ligand binding is still
poorly understood. Investigation of further patients with
CNTNAPI-CHN and functional assays to assess the effects
on protein structure/function will elucidate this relationship.
There does not appear to be a clear molecular mechanism to
account for the CHN presentation vs. the AMC presenta-
tion. It is noteworthy as well that Hengel et al. reported a
family of three affected siblings, in whom two siblings had

AMC and the third did not. It is possible that these differ-
ences are more to do with diagnostic labelling and that this
all represents a spectrum of CNTNAPI related disease.

Conclusion

Our study, in combination with previous reports,
demonstrates that biallelic variants in CNTNAPI cause a
distinct recognisable syndrome of polyhydramnios, severe
congenital hypomyelinating neuropathy with central hypo-
tonia and cranial nerve involvement, severe respiratory
insufficiency often necessitating tracheostomy, profound
developmental delay/intellectual disability. Hearing and
visual impairment may be a significant further clue to this
diagnosis. In contrast with previous reports, a significant
number of patients with CNTNAPI-CHN may survive
infancy into childhood. Hypomorphic missense variants
may influence the severity of the phenotype, resulting in a
less severe picture. Further cases will confirm the full
clinical spectrum of this disorder and genetic/functional
studies will clarify and extend the implicatons of our protein
modelling. Neonates presenting with this phenotype will
benefit from early genetic definition to inform clinical
management and enable essential genetic counselling for
their families.
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