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ABSTRACT: Copy-numbe variations/(CNIVis) ate impor- deletions, and one with a partial duplication of ELP4 and
PAXG6. These cases were referred for neurological pheno-

tant in the aetiology of neurodevelopmental disorders and
types including language impairment, developmental de-

show broad phenotypic manifestations. We compared the

presence of small CN\Vis disrupting|the ELP4-PAX6 o lay, autism, and epilepsy. Six further cases with a pri-
mary diagnosis of autism spectrum disorder (ASD) and

cus in 4,092 UK individuals with a range of neurodevel-
similar secondary phenotypes were identified with ELP4

opmental conditions, clinically referred for array compar-

it memaie b, sl WICEE ammal (n = deletions, as well as another six (out of nine) with neu-
4,783). The phenotypic analysis was then extended using rodevelopmental phenotypes from DECIPHER. CNV: at

the DECIPHER database. We followed up association us- ELP4 were only present in 1/11,252 controls. We found
ing anl autismipatienticohore (=13,143)l compatediwith a significant excess of CN'Vs in 3discovery cases compared
six additional control groups (n = 6,469). In the clini- with controls, P = 7.5 x 107, as well as for autism,

- ) .
cal discovery series, we identified eight cases with ELP4 P = 2:’7 x ‘10 - Our results S“?’ge“ th.at EI.‘P4 deletions
are highly likely to be pathogenic, predisposing to a range

of neurodevelopmental phenotypes from ASD to language
impairment and epilepsy.
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recurrent de novo and rare segregating CNVs have begun to ex-
plain the overlap of diverse phenotypes in individual cases and
families [Cooper et al., 2011; Malhotra and Sebat, 2012]. CNV is a
strong risk factor in both focal and generalized epilepsies, and they
are also found in 8% of patients with epileptic encephalopathies
[Mefford et al., 2010, 2011]. Recent findings in the rare epileptic en-
cephalopathies illustrate the connection among epilepsy, language
impairment, and autism spectrum disorder (ASD) through over-
representation of novel CNVs containing cell adhesion genes (e.g.,
cadherins and contactins) [Lesca et al., 2012]. However, there are
also differences between disorders, for example, specific language
impairment cases, while having an increased burden of CNVs, do
not in general show enrichment for novel or de novo events [Simp-
son et al., 2015], whereas rare CNV is an important source of risk
in ASD [Pinto et al., 2014].

The examples above indicate that a given genomic alteration can
sustain broad susceptibility to several phenotypes depending on
the genetic background of the subject. So-called “hotspot” CNVs
also manifest this phenotypic variability. The recurrent 15q13.3 mi-
croduplication increases the risk for intellectual disability, idiopathic
generalized epilepsy, ASD, and schizophrenia [Helbig et al., 2009;
Poot et al., 2011]; and deletions at 16p13.11 contribute to a diverse
spectrum of epilepsy disorders [Heinzen et al., 2010]. The 16p11.2
hotspot is also pleiotropic; deletions are common in ASD and devel-
opmental delay, [Marshall et al., 2008] and duplications have been
associated with seizures and speech delay [Shinawi et al., 2010].
Other notable examples of pleiotropy are CNVs of the CNTNAP2
gene, which are implicated in ASD, Gilles de la Tourette syndrome,
schizophrenia and epilepsy, and AUTS2 with ASD and mental retar-
dation. Interestingly, AUTS2 and CNTNAP2 may interact with each
other on a molecular level [Poot et al., 2011], indicating emerging
convergent pathways for neurodevelopment.

A report of a deletion of the ELP4 gene (MIM #606985) at 11p13,
and adjacent 3" PAX6 (MIM #607108) enhancer elements has been
described in a case with aniridia, autism, and mental retardation.
This case differs from the “classical” PAX6 gene deletions causing
aniridia alone, as only the 3’ enhancer elements are deleted in this
case and ELP4 is included [Davis et al., 2008]. A more recent paper
also describes a family with deletion of PAX6 and ELP4 with aniridia,
ptosis, and mental retardation [Hu et al., 2015], and furthermore, a
region responsible for the autistic behavior and severe developmen-
tal delay of WAGR syndrome has been narrowed down to 1.6 Mb in-
cluding ELP4and PAX60n 11p13 [Yamamoto etal., 2014]. ELP4has
previously been associated with the electroencephalographic (EEG)
signature of the common childhood epilepsy rolandic epilepsy (RE)
[Strug et al., 2009], and both EEG abnormalities as well as epilepsy
are frequent in ASD and language impairments [Nasr et al., 2001;
Parmeggiani et al., 2010]. These examples illustrate again that ge-
nomic alterations can show broad phenotypic manifestations during
neurodevelopment, as well as incomplete penetrance.

In the present study, we report the presence of a number of
deletions of ELP4 and the regulatory elements of PAX6 in a UK
database of individuals with a childhood onset developmental con-
dition referred for clinical genetic testing (Brain and Body Genet-
ics Research Exchange, BB-GRE). We test the hypothesis that the
burden of ELP4 CNVs is increased in those with neurodevelopmen-
tal conditions compared with controls. This phenotypic analysis
is then extended using the DECIPHER database of chromosomal
imbalances in over 10,000 cases of developmental disorders. Using
a CNV-led approach, we then further expand the phenotype as-
sociated with ELP4 microdeletions to cases with ASD and varying
comorbidities, and carry out a second case-control analysis. These
data support our hypothesis that disruption of ELP4 and the reg-

ulatory regions of PAX6 contained within its introns can lead to a
range of neurodevelopmental conditions with complex interactions
between the genotype and phenotype.

Methods

Study Design

We used a three-stage design: first, testing the hypothesis of CNV
enrichment at ELP4 in a clinical discovery sample of developmen-
tal disorders (Brain and Body Genetics Research Exchange (BB-
GRE, https://bbgre.iop.kcl.ac.uk) and control dataset (WTCCC),
both from the UK; second, extending the phenotypic analysis to
a larger dataset of developmental disorders (DECIPHER); and fi-
nally, replicating the association to neurodevelopmental disorders
in ASD cases (Autism Genome Project [AGP] and two Canadian
ASD cohorts) compared with a large multicenter control sample
set.

Samples

Clinical Dataset—BB-GRE

Children (4,092) referred to Guy’s and St Thomas NHS Founda-
tion Trust, southeastern UK from pediatricians and regional hospi-
tals, https://bbgre.iop.kcl.ac.uk. Individuals referred for array com-
parative genomic hybridization (array-CGH) testing for a range
of developmental problems including developmental delay, ASD,
speech or language delay, or congenital defects. Individuals had
clinical diagnoses made prior to genetic testing, which was part of
standard clinical care. Genomic data and referral phenotype infor-
mation were anonymized and recorded in a clinical database (63%
males; August 2014).

Global Clinical Dataset—DECIPHER

We performed a search in the DECIPHER database [Firth et al.,
2009] in order to identify additional cases with small CNVs that
included and/or disrupted ELP4. DECIPHER (Database of Chro-
mosomal Imbalance and Phenotype in Humans Using Ensembl Re-
sources, http://decipher.sanger.ac.uk), is an interactive Web-based
database of over 10,000 cases that enables clinical scientists to main-
tain records of phenotype and chromosome rearrangement, to aid
patient diagnosis by linking to other bioinformatics resources and
interactive tools, and to share this information with the clinical
research community.

Canadian ASD Samples

The cohort contained 349 probands previously published [Li-
onel et al.,, 2011] and 350 additional patients diagnosed with ASD
from Canada described below, totaling 699. Individuals were re-
cruited from four different Canadian sites: The Hospital for Sick
Children, Toronto; McMaster University, Hamilton; Memorial Uni-
versity, St. John’s, Newfoundland, and University of Alberta, Ed-
monton. All had a clinical diagnosis of ASD, using the Autism
Diagnostic Interview-Revised (ADI-R) and/or Autism Diagnostic
Observation Schedule (ADOS).
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AGP Samples

European ASD cases (2,147) were genotyped as part of a study
by the AGP Consortium for rare CNVs affecting autism and are
formally described in Pinto et al. (2014). All cases had a clinical
diagnosis of autism rated using the ADI-R and/or the ADOS.

Control Populations

A total sample of 11,252 controls from six different datasets
were included this study. Group 1 was compared with the BB-
GRE cases, and groups 2—6 with the AGP cases: (1) WTCCC,
Wellcome Trust Case Control Consortium controls—4,783
population controls from the UK [WTCCC Consortium et al.,
2010]; (2) Ottawa Heart Institute (OHI) controls—a cohort
of 1,234 control individuals collected as part of a large case
control GWA study [Stewart et al., 2009]; (3) German POP-
GEN controls—a sample of 1,123 individuals of northern
German origin (Schleswig-Holstein) [Krawczak et al., 2006]; (4)
Ontario Population Genomics Platform (OPGP) controls—a
Canadian sample of 416 control individuals of European ancestry
(http://www.tcag.ca/facilities/cyto_population_control_DNA.html);
(5) HapMap3 controls—a sample of 1,056 individuals from pop-
ulations from around the world from the International HapMap
Project (http://hapmap.ncbi.nlm.nih.gov/); (6) controls from the
AGP project—consisting of 2,640 of European ancestry assembled
from three studies in which subjects had no obvious psychiatric
history: “Study of Addiction Genetics and Environment,” “Ontario
Colorectal Cancer case-control study,” and “Health, Aging, and
Body Composition.”

Genotyping and CNV Analysis

Array-CGH Analysis of BB-GRE Samples

Array-CGH testing was carried out at the Guys and St Thomas’
Services cytogenetics CPA accredited laboratory. We have previously
described the protocols, analysis, and interpretation using an Agilent
oligonucleotide array 60K platform (AMAID 028469 and 017457)
and a patient versus patient hybridization strategy and 3-probe
minimum aberration call in Ahn et al. (2010, 2013). The average
probe density over ELP4 is 8.5 Kb, giving a limit of around 25 Kb
for detection. CNVs in this population are available by application
to BB-GRE, https://bbgre.iop.kcl.ac.uk/.

Canadian ASD and Control Groups 1-5

Canadian ASD cases, and control populations 1-5, were geno-
typed using the Affymetrix Genome-Wide Human SNP Array 6.0
with standard protocols. Arrays meeting Affymetrix quality control
guidelines of contrast QC > 0.4 were further analyzed. Raw data
analysis was carried out using a multiple-algorithm approach to
maximize sensitivity and specificity of CNV calling, as described
previously [Lionel et al., 2011; Silversides et al., 2012]. Briefly, ar-
rays were analyzed for CNVs with Birdsuite [Korn et al., 2008],
iPattern [Pinto et al., 2011], and Affymetrix Genotyping Console
and merged into a single dataset. A CNV call was considered high
confidence if it was detected by at least two of the calling algorithms
and spanned at least 10 Kb and more than five consecutive array
probes. Average probe density over ELP4 was 2.0 Kb, giving a limit
of around 10 Kb for detection.
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AGP Samples and Control Group 6

Atotal 02,147 ASD cases and 2,640 controls were genotyped with
the Illumina Infinium 1M SNP microarray. CNV calling was per-
formed using a multialgorithm approach incorporating PennCNYV,
iPattern, and QuantiSNP [Pinto et al., 2010]. Subsequent analyses
focused on those CNVs spanning five or more array probes and de-
tected by at least two algorithms. The analysis is formally described
in Pinto et al. (2014). The average probe density over ELP4 was 2.1
Kb, giving a limit of around 10 Kb for detection.

Association Analysis

A two-tailed Fishers exact test was used to compare frequencies
of ELP4 CNVs in the 4,092 cases in BB-GRE with the 4,783 controls
from the WTCCC. Subsequently, another two-tailed Fishers exact
test was used to compare the frequency in 2,845 unrelated ASD cases
compared with 6,469 controls from control sets 2—6 combined.

Limitations

A limitation of this study is that the CNVs were not identified on
the same platform or by the same analysis method between the sam-
ple sets. Therefore, there is a chance of false CNV enrichment related
to probe density, data quality, and analysis methods. However, all
platforms are high-density, with probe coverage shown in Figure 1.
This ensures ELP4 and the surrounding region is well-covered, and
indeed the control data are generated on higher density platforms
than the BBG-RE cases, resulting in a higher CNV detection power
for controls. We have also ensured that all reported CNVs can be
called using all three methodologies. For example, the platform used
for the BB-GRE cases is the least dense and has a 25-Kb limit for
detection. Therefore, no CNV is included from the other case or
control groups that is smaller than this size. The Canadian ASD
cases and control groups 1-5 also use the same platform and anal-
ysis methods as each other. Cases and controls (control group 6)
from the AGP study also used the same array and analysis methods
as each other. To reduce the chance of error, all of the CNV call-
ing methods from each data set employ published, rigorous quality
control measures, as detailed above, ensuring that CNVs called are
highly unlikely to be false positives. All of the ASD CNVs have also
been validated by orthogonal methods such as qPCR. By also using
data sets with different platforms, we have shown that our results
are consistent even between the different methods used.

Results

CNV of ELP4in the BB-GRE Databhase

Out of 4,092 individuals referred for neurodevelopmental dis-
orders, we identified nine patients with small (<1 Mb) CNVs dis-
rupting ELP4 that could also have been detected by the other array
methods. Eight CNVs were deletions (Fig. 1; Table 1), varying in
size from 26 to 101Kb. The ninth CNV was a 232 Kb duplication of
the first seven exons of ELP4 and the PAX6 gene. This patient also
carried a “hotspot” deletion of 1.2 Mb at 16p13.11, which is also im-
plicated in several neuropsychiatric disorders [Heinzen et al., 2010].
One deletion (patient 117374) is intronic, but does however disrupt
regulatory enhancers of PAX6and so is included in our analysis. Four
of the deletions were maternally inherited and two were paternally
inherited, one arose de novo and one had unknown inheritance. The
inheritance pattern of the duplication was also unknown. Clinical


http://www.tcag.ca/facilities/cyto_population_control_DNA.html
http://hapmap.ncbi.nlm.nih.gov/
https://bbgre.iop.kcl.ac.uk/

845

(ponurpuo))
“Top1ostp [eyuaurdofoaap aarseatad ‘sreaf 3
a8 1 Judsqe o) sypuowr g1 Je afenduef Jo uorssarSox m
X umowun 865691 LSHSLLTE 6585091¢€ ‘so0uBQINISIp [BIOIARYDq Aeap [Byuswdopad] s1eaf W 0£685T M,
Juaurredu fre]
X [eUINRN 1€2°2L1 06S€84T€ 6585091¢€ [es130[01nau jo suSis ou AJUaLIND) "BIPLIUE [BL)IE] s1eak 7 W 1¥%€/87 Q_
*S3NI[EULIOUQER [RIORJOTURID MM
Surpasy oqn) Surrmbar erdeydsAp a1oa0s s
«a8engue| ou quawrdopaaap 10jowr aandepe auy M,
pue 10jow $s013 Juasqe pue eruo)odAy 219438 YIIM «a
x or0U (T 864%0T 0712081¢ TTEL6STE Aydonod4y apsnur Ayiqestp [eniod[[Iur 212498 sTeah G 1 698267 S
Ix or0U 3(T LV0°€09 LSYSLLIE 0TPTLITE “UOTIRWLIOJUT 13Y}INY ON] "BIPLIUY 1834 1> W 70£59C Z
X oaou >q 6%5°T65 9/50TL1E LTO8TTIE “Arewroue 193any s1eak §7 1 8TL6VT m
‘erxexdsAp 1ojour ouy ‘sisoyrd M
Qumnbs 943 131 Ut e[NORW JO JUOIJ UT UOTJESUIPUOD =)
[eUTAI ‘SEWOULINAU ‘QH AV Ae[op Te3uswdo[aadp W
Ix [eUINRN 7ST€LS 80/¥9S1¢ 9SH1660€ priw “erserds4p [eonroo yym Asdoido resog s1eaf £, W $1945C W
syuaned YIHAIOAA m
AND 1210 AND 2oURILIAYU] (dq) az1g doige 18y 1185618y adfyouayg By Xag Al
'TVZNLE PUB EVEN.LE
sydnasiq 'z0S€9¥97-9%L0FH9T syrex) onsnne Surdows 9fenue|
191 UonAR X onou o 01097 P1698L1€ 70609.1¢€ Sundopye Ajurews Aejop [eyuswdopadp 21LIPON s1eak g W €690€T
1x [eurR 955°TY 1€9LFL1€E 9£050LT€ sanmoyyIp Sururea] ‘wsnny steak 07 W PLELTT
VZLINVI Iop10sIp JuawdoPAdp s[Bys Jojour ‘Ke[op aaniugod
sydnasiq "89FFIHE6-666L61€6 P ‘(a[nuad Yis>) Afeydadomdrw Topiosip
‘g1 uoneordngy x [eusaled 1L¥1€ 0VLTTLIE 0LT1691€ aSengue] pue yaads Kepop [eruswdoppas 1024 | k| 109211
1odsjoy
11°€1d9T 9€£50€9T-05£870ST
9Ly uonAP( €X umowyun 989°C€T FLS6FBIE 6889191¢€ eruojod4y Lepp reauswdopaasq s1eah 71 1 1€0T11
X [PuIIE 0850€ LVETETE 89/109T€ AeSawomornuaa ‘eruojodAy Kepp [eyuswdopasq syquow g W €00LTT
swa[qo1d 101ARYIq TIPIOSIP
Ix [eUIIBN L66°LS STETHITE 6TEV8STE a3engue| ‘SaN[NOYFIP UONIBINUI [BDOS (A s1eak ¢ N 685911
2ouepeq 10od
x umowyu 89101 68LVL91€ TTYELSTE Areydasonruw ¢(Surssardoxd) Aepop [eruswdoppas(y s1eak ¢ El 910621
'sauaf ou surejuo))
"TT008EL6-LLETOEL6:STYD Aepop a8enSuey
uonapd X [euIRN 67TV9 SFFSTITE 02219S1¢€ pue 223ds ‘SannoyJIp UONEIIUNUWIWOD [BID0S s1edk 7 W 09¥611
jasuo jo afe
Je sypuowt Fz< Asdaids ‘qSVy TapIostp Justudoraasp
Surjods pue Surpear aopiosip agenduef
X [eurd)eq LT0°TS 9LT9¥S1€ 09TS6¥1E pue yo2ads ($€-0T OI) Ae[Pp 2ADIUZ0D 219499 s1eak ¢ W 046801
sywaned 7Y9-99
AND 1210 AND dueILILYU] (dq) azig doige 13y 11815618y adfyouayq 1591 Je 28y X29 dail

wsipny Jo Apng ueipeue) e wolj 33Iy] pue oy ay} wolj sjuaned aay] ul pue ‘aseqereq YIHdI93a ayr woiy
sjenpiaipu] auty ul ‘pjn-ae’joydoraap-a16iqq//:dny) aseqejeq anauay |eatul|) I4D-44 Y} WL} SJualed SUIN Ul PAYRUSP] LLIY) UO 477 Jo uoneal|dnpoIdI| suQ pue suonajapoIdI ‘L 3|qel


http://bbgre-dev.iop.kcl.ac.uk

*JUDWISSISSE [BITUTD I5E] I8 95k sajedrpur o8y ‘Gursa) O -AelIe Je oFe sajedIpul 15311ydy

-ared 193518 SUT[qIg,

‘ATHNL sydnistp

$2INZ195 OU ‘Ae[oP 10j0T ‘AB[P
reauawdoaaap prru ‘surdqoxd a8enSuey aarssardxa
‘(sypuow 9¢ Je) saseayd 1s11y pake[ap (sypuowr

TS6SLLYST-THETLLYSTXAYD uondpPJ x umowuy VLITIT €6EVILTE 617TS91¢€ 81 12) SpI0M 151 pake[ap tAepop aSenSue] ‘wisnny ES e700-6STTININ
SINZIDS
ATHWL sydnastp ou ‘Aep 1010w Aefop eruatdo[aasp prrw (syjuowr
1S6SLLYST-THETLLYSTXAYD uondpPJ x umowyuy VLITIT €6EV9LTE 617TS91¢€ 17 %) spIom 1s1y padepop tAe[op s8ensue ‘wsnny d 2€00-6STTININ
swp[qoId uoneuIpIo0d ‘g/L< OJ [BQI2A £(SYIUOW gF IB)
saseayd 1Sy Pakeap ¢(SYIUOU 9¢ ) SPIOM ISIY PILE[p
X [euIIR 008°9L 895€591¢ 89/9/S1¢ ‘Aeop a8enSue[ [BqQIaA SAINZIdS OU SWSHINE LIS W 10050097 0€10T
$9INZI3$ OU ‘(syjuowr
1x [euIaeN 1SS°0€T SLY6VITE FT681ISTE € 1) spIom sy pakejop Ae[op afengue| ‘wsnny W S8TOVN
'04< OI [BqaA {(sypuow ¢z 1e) saseayd jsay [eord4y
‘I1V£2T100 sydnasip (SyIuowW G J8) SPIoMm IsI1j Pake[ap ¢Aefop adenSuey
1€956F911-€9TF665 1 136142 ‘woneordngg x [eUwINEN 960611 986L09T¢ 06888¥1¢ [eqI2A $210Z[25 OU FUIUON>UNJ Y1 ‘WSHNE 111G W 10279658
*0£< OI [BQI9A {(Sypuout 9¢ 1e)
saseayd 1Sy Pakeap ¢(SYIUOW 7 &) SPIOM 18I PIAL[p
X [euId)eq 209v61 8015S9T¢ 90509% 1€ ‘Aeop a8enSue[ [eqIaA SAINZIdS OU SWSTINE LIS W € L19¢
sywaned qSy
AND ®Y0O AND aoue LI U] (dq) az19 doige13y 1eIS618Y adfyouayq ReN ar
‘$£94NZ Jo uonut sydnisip
06£96€9%-LTTE8EOT-XIYD “olaeyaq
uonedrdng X umowun 87S9TT €090/81¢€ SLOTHLIS snsnne Kepp reyuswrdoaadp [eqos erpriuy s1eak $7 W G/T68T
Juauaredwr [ensia o) anp
Apa8re[ samuamdyap paads Surssadoxd o) anp Lefap
X [eurd)eq 60006 8695781¢ 689S€LT1¢€ [eyuatrdo[aAdp PIIA 1oBIRIED [E)TUSSU0D “IPLITUY s1eaf 6 1 TSL0LT
ANDO
WA 211D sidnisp
9055095€-69T09€S€-0TIYD ‘uonepieial
uonspJ X juateq 890051 LSHSLLTE 68¢5791¢€ [BIUSW P ‘SI9PIOSIP (232ds pue [e101ALYdg s1eak W 1L¥19T
AND 21O AND soueIIaYU] (dq) az1s doyg618y 1eIS613Yy adfyoudyq By X33 ar

panunuoy | ajqel

HUMAN MUTATION, Vol. 36, No. 9, 842-850, 2015

846



Window Position

Human Feb. 2009 (GRCh37/hg19) chr11:31,370,950-31,886,050 (515,101 bp)
kbl {

Scale t 1 hg19
chrit: | 31,450,000 | 31,500,000 | 31,550,000 | 31,600,000 | 31,650,000 | 31,700,000 | 31,750,000 | 31,800,000 | 31,850,000 |
Chromosome Bands Luce%iaze%bv FISH Mapoina Clones
)
O] P
Afty GenomeWideSNPE LI LI 1010 10 100 TREEEEER TRERERERE 0 0 FE Qe v wn Iﬁiwlﬁiﬂ "ﬁ'ﬁigf?ﬁ I?I (LN AT SO 1 T AU T WA RY (Y RN Y TR
Human 1M Single, | IIL I Terewerm el LI 0L L T A T | F*W?ﬁnll“ﬂlg@ﬁgéﬂl (L IO | 1 (AU VTV T O RO
rqbes
BGRE probes CGH2.43 | | | | 1 [l q [l RN PR (g fen i R {00 (ufrft] [l
i UCSC Genes (RefSeq, GenBank, CCDS, Rfam, tRNAs & Comparative Genomics)
DCDC 1 feet+ IMIMIP 4 | it PAXE mig—fa
DCDC1 et | PAXE mt—m
DNAJC24 sl IMMP 1L febecetetecitecen PAXE gl
DNAJC24 ELP4 [+ } 1=+ -t i RCN1
DNAJC24 | assnasassarans oy y | ELP4 =+t - > HH--H - - b ..{. ;.|
ELP4 b } aad. t }
PAX6
PAX6
PAX6
PAX6
PAX6
PAX6
PAX6
PAX6 b
BB-GRE Cases
108970
119460
129016
116589
117003 [35533555]
112031 3 33>223333332230239232322323323320392333332332333333233923932332232232232 32>
112601
117374
130693 ) EEEEEEER
3617 3
8596_201
NAD285
20130_6005001
MM1259-004
MM1259-003

o YA T N> 22> 2>22232323222233332232323322333332333233332323333233223333333)

DECIPHER Cases

Xty te Y 355555355555 959555959 529555559550 999323555550555595523595503555333335335339333339933333333333335333339333333333333)
el 3555 7355555333553 3 3335533353033 933 3333333033030 FI 323333300 30033300 330003133330 3993590303300F39055I99035393933I3II033333I3IIIN>

289275

5333735355 9533553933535935335333333533533333)]

Figure 1. Deletions (red) and a duplication (blue) identified over the ELP4-PAX6 locus on 11p13 in nine patients from the BB-GRE clinical
genetic database with neurodevelopmental phenotypes, six patients with autism from the AGP and Canadian ASD resource, and nine patients with
neurodevelopmental phenotypes from the DECIPHER database. Hg19 (http://genome.ucsc.edu/). Tracks showing positions of probes genotyped
from the lllumina 1M Single Array, the Affymetrix GenomeWide Human SNP6 Array, and the Custom Agilent oligonucleotide array used for BBGRE
patients are above the UCSC gene tracks. Alternatively spliced gene transcripts are shown.

information was not available for the parents as it is not collected
for BB-GRE and referring clinicians cannot be contacted. Three
of the deletion patients carried a second CNV (Table 1), none of
which are predicted to affect the phenotype; patient 119460 had a
deletion of unknown inheritance of 77.6 Kb at 5q21 with no genes
present in the region, and 112601 had a maternally inherited 226 Kb
duplication at 5q15 disrupting FAM172A, a potential tumor sup-
pressor. Patient 130693 carried a maternally inherited duplication
of 23 Kb at 6p22.2, disrupting the MHC-associated genes BTN3A3
and BTN2AI.

All cases were diagnosed with a neurodevelopmental phenotype:
five had speech and language delay or disorder, with one also di-
agnosed with epilepsy; two had social communication difficulties;
and two had a diagnosis of autism, with one further case showing
emerging autistic traits. Six of the patients also had a range of cogni-
tive delays (Table 1). Unfortunately, we do not know the age at last
neurological assessment for BB-GRE cases; only age at array-CGH
testing is recorded. Therefore, some cases may have been too young
for some phenotypes to manifest and be reported, for example,
117003.

Only one CNV involving ELP4 was found in the WTCCC control
set: a 221Kb microdeletion (Supp. Table S1). On comparison of the
UK BB-GRE samples with the WTCCC controls, the difference in
CNV frequency disrupting ELP4 was significant: Pvalue=7.5 x 107,

Microdeletions of ELP4in the DECIPHER Database

We identified nine individuals with a small (<1 Mb)
CNV  encompassing ELP4 in the DECIPHER database
(https://decipher.sanger.ac.uk) [Firth etal., 2009]. All were deletions
(Table 1), with at least one breakpoint within the gene. Detailed phe-

notypic information was available for eight of the nine patients; six
individuals were diagnosed with developmental delay or intellectual
disability. Several cases had speech delay: two had behavioral dis-
orders, one was diagnosed with a pervasive developmental disorder
(PDD), mostlikely ASD, and one further case had ASD. Another case
was also diagnosed with ADHD and epilepsy (257614). Three cases
were too young at the age of last clinical visit (263619, 265704, and
287341) for a full assessment of neurodevelopmental phenotypes
such as ASD.

Two cases, 289275 and 270752, had deletions that disrupted PAX6
exons that caused aniridia, an abnormality of the iris. Cases 265704,
263741, and 249728 also have aniridia most likely due to PAX6 en-
hancer disruption within the large ELP4 intron 9. A map of PAX6
regulatory elements can be found in Kleinjan et al. (2008). Case
257614 also has a congenital eye malformation but deletion break-
points much further from PAX6, within ELP4intron 3 where it is not
thought there are any PAX6 enhancers, the last being located within
ELP4intron 4. The remaining three cases, while having breakpoints
very similar to those with aniridia, do not share that phenotype,
indicating a complex genotype—phenotype relationship.

Two cases carried a second CNV: 289275 had an intronic dupli-
cation of ZNF674 at Xp11.3, and 261471 had a 245Kb deletion at
10p11.21, disrupting CUL2, CREM, and CCNY, genes not involved
in neuronal development.

Microdeletions of ELP4in Autism Cases

Given that several individuals from BB-GRE and DECIPHER
have ASD, PDD, or social communication difficulties, we decided
to investigate the prevalence of ELP4 CNVs in two autism cohorts.
Out of 2,446 cases from the AGP [Pinto et al., 2014], three had
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microdeletions of ELP4 (Table 1). All three fulfilled the criteria for
a strict definition of autism, and were verbal (verbal IQ >70), but
experienced language delay of first words and phrases. None of
the cases had a history of seizures or epilepsy. Case 8596201 also
carried a 500Kb maternally inherited duplication disrupting the
collagen gene COL27A1 that is highly unlikely to contribute to the
neurological phenotype.

Three out of 699 individuals from the Canadian autism study also
carried ELP4 deletions (Table 1). An affected sister pair both had a
112Kb deletion of half of the gene, and a male case carried a 130Kb
deletion of the 3’ (but proximal due to reverse gene orientation) part
of ELP4 and neighboring IMMPIL. Again, all three had speech and
language delay and the sister-pair had mild developmental delay.
Interestingly, the sisters also both carried a deletion of one copy of
exon 2 of TMLHE, an enzyme involved in carnitine biosynthesis, on
Xq28.

A case-control analysis of the frequency of ELP4 CNVs from
unrelated individuals in these 2,845 ASD cases compared with 6,469
control individuals from groups 2—6, where no ELP4 CNVs were
found, yielded a highly significant Pvalue of 2.7 x 107.

Discussion

In this study we have found a strong and consistent pleiotropic as-
sociation between CNVs disrupting ELP4 and neurodevelopmental
conditions over several experimental platforms. We have described
CNVs that can be captured and called from all three high-density
platforms/methods. We have also addressed the potential problem
of enrichment bias of CNVs in cases, as all control data are generated
on higher density platforms than the BB-GRE cases, or the same as
ASD/DECIPHER cases, resulting in a higher CNV detection power
for controls. CNVs disrupting ELP4 appear to be rare in the general
population given that we found only one CNV in the six control
groups studied (total n = 11,252), and that there are no regions of
segmental duplication around the gene (UCSC Segmental Duplica-
tion track, [Bailey et al., 2002]). ELP4 now joins the growing list of
genes such as CNTNAP2, SHANK3, and NRXN1, where heterozy-
gous copy number variations are repeatedly associated with a wide
range of neuropsychiatric disorders [Gregor et al., 2011; Poot et al.,
2011; Lesca et al., 2012].

We have extended the phenotype associated with disruptions of
ELP4 from the EEG signature of RE and speech sound disorder
[Strug et al., 2009; Pal et al., 2010] to ASD, social communication
difficulties and speech/language disorder, developmental delay, and
epilepsy. This corroborates and expands upon the findings of Davis
et al. (2008) and Hu et al. (2015) who found inherited deletions
of ELP4 and PAX6 enhancer elements and exons in patients with
autism, aniridia, and mental retardation. The ELP4locus may influ-
ence the development of language function, as a frequent trait across
almost half of the 24 patients described here are speech and language
difficulties. There appears to be a genetic crossroads between child-
hood epilepsy, autism, and speech and language disorders. Several
genes and pathways provide a common link such as the cell ad-
hesion genes cadherins and catenins, glutamate receptors GRIN2A
and 2B, brain-expressed nuclear proteins such as AUTS2, and the
transcription factor FOXP2 [Poot et al., 2011; Graham and Fisher,
2012; Lesca et al., 2012, 2013].

ELP4 is one of six subunits (ELP1-6) of the Elongator complex,
which plays a role in transcriptional elongation [Wittschieben et al.,
1999], tRNA modification, and polarized exocytosis [Huang et al.,
2005]. This complex also regulates the migration of multiple cell
types, for example, ELP1 colocalizes with filamin A in membrane
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ruffles, and when depleted creates a disorganized actin cytoskeleton,
contributing to motility defects [Johansen et al., 2008]. Impairment
of Elongator may be involved in several different neurological dis-
orders [Nguyen et al., 2009], for example, variants within ELP3
are associated with cases of sporadic ALS, a progressive motor-
neuron disease [Simpson et al., 2009]. Furthermore, mutations of
ELP] cause familial dysautonomia [Slaugenhaupt et al., 2001], a
neurodevelopmental and neurodegenerative disorder with EEG ab-
normalities and seizures, characterized by defects in neuronal de-
velopment and survival. Elongator also underlies the migration and
branching of cortical projection neurons during development and
memory consolidation [Creppe et al., 2009]. Thus, there are sev-
eral mechanisms through which disruption of ELP4 could result
in altered neuronal development and migration, as well as the bal-
ance of neuronal excitatory and inhibitory circuits. These changes
may disrupt Elongator function in a temporal and regional manner,
depending on cellular context and the different array of Elongator
targets available.

It is of note that the large intronic regions between exons 9
and 12 of ELP4 are ultraconserved. They contain long-range cis-
regulatory enhancers for downstream PAX6, which are tissue- or
developmental-stage specific in their expression [McBride et al.,
2011]. PAX6 is a transcription factor crucial for the correct devel-
opment of the eyes, spinal cord, several brain regions, and other
organs. Deletions of PAX6 with WTI cause Wilms tumor, aniridia,
genital anomalies, and intellectual disability (WAGR syndrome).
Loss-of-function mutations in PAX6 also cause aniridia. A rare case
of duplication of PAX6 and the last two exons/introns of ELP4 has
been reported with frontotemporal neonatal seizures, developmen-
tal delay, microcephaly, and minor ocular findings [Aradhya et al,,
2011]. Recently, PAX6 has also been proposed as the foremost tran-
scription factor governing glutamatergic neuronal differentiation
[Kim et al., 2014], linking it with the major idiopathic focal epilepsy
gene glutamate receptor GRIN2A. Therefore, disruption of PAX6
and/or its regulatory elements within ELP4 and its link via the glu-
tamatergic neurotransmission system described above, as well as
the case reports described in the introduction, also make it a prime
candidate for involvement in the neurodevelopmental disorders de-
scribed in some cases here.

The genetic model of disease described here is clearly not mono-
genic: in 14/24 patients, the ELP4 CNVs were inherited (13 unrelated
events due to the ASD sister pair), four occurred de novo and six were
of unknown inheritance. The phenotypic status of most parents is
unknown and therefore a precise estimation of penetrance will re-
quire further segregation studies in a prospective cohort, especially
since in other published reports the phenotype is also inherited.
However, presuming that many of the parents are unaffected, these
inherited CNVs are unlikely to cause a phenotype by reduced ex-
pression from haploinsufficiency alone. It is most likely that an
interacting model of disease is in action and screening of the second
allele of ELP4 and its regulatory regions can rule out the unmasking
of recessive mutations. We note that sequencing of ELP4 exons has
failed to find mutations within RE patients [Reinthaler et al., 2014]
and postulate that disruption of the regulatory elements of ELP4
and/or of PAX6 within its introns could be causal in the develop-
mental disorders described here.

A two-hit hypothesis can explain CNVs that are nonsyndromic,
that is, those that are associated with variable phenotypes and not
always inherited, such as the deletions described here [Girirajan
and Eichler, 2010]. One hit may reach a threshold to induce some
subclinical features and create a sensitized background, onto which
the second hit (mutation or second CNV) occurs producing a more
severe phenotype. If we assume that these disorders share common



neurodevelopmental pathways, the final disease outcome will then
differ depending on the combination of genes affected. Interest-
ingly, a sister pair with ASD in our study who shared the same
ELP4 microdeletion, also shared a microdeletion of exon 2 of the
carnitine biosynthesis enzyme gene TMLHE, on Xq28. Deletions
of TMLHE are important in nondysmorphic autism in male-male
multiplex families, although with low penetrance [Celestino-Soper
et al., 2012], however the significance in females is unclear. It is
possible that deletion of the only copy of TMLHE is enough of a risk
factor for some males to develop ASD; but for females (who nor-
mally have two copies of TMLHE), further “hits” are necessary, such
as the loss of ELP4in these sisters. Several other patients also carry a
second CNV, as described earlier, but it is unlikely that these specific
CNVs contribute to the neurological phenotype. Exome sequencing
of the patients without a second causal CNV may uncover coding
mutations that would contribute to the developmental burden of
ELP4loss.

The predominance in our datasets of deletions verses duplica-
tions is unlikely to be a platform bias as both array-CGH and SNP
arrays were used. Deletion enrichment could be a consequence of
undiagnosed duplications, but as this study was not driven by a
particular diagnosis this is unlikely. When CNVs are generated by
nonallelic homologous recombination between low-copy repeats,
a deletion and reciprocal duplication are generated [Malhotra and
Sebat, 2012]. A possibility is that the duplications could be selected
against due to negative genetic selection, that is, a lower viability or
fecundity of carriers. However, since the breakpoints for ELP4CNVs
differ between cases and there are no low-copy repeats that could
explain the generation of CNVs, this mechanism is also unlikely.
Instead, there is more in common with deletions seen at NRXNI,
which may occur by a mechanism involving inverted repeats of vari-
able sizes, or from a significantly higher AT nucleotide content at
the breakpoints, generating a rearrangement hotspot of genome in-
stability. These nonrecurrent breakpoints could be generated by a
nonhomologous end joining mechanism of double-strand breaks or
by replication errors and may be influenced by the genomic archi-
tecture of a region in particular people [Enggaard Hoeffding et al.,
2014].

Examination of the data from the CNV morbidity map of devel-
opmental delay [Cooper et al., 2011] shows four microdeletions (<1
Mb) with breakpoints within ELP4 (n = 15,767), and five microdu-
plications (Supp. Table S1). All duplication cases had neurological
deficits, and two deletion cases and one duplication case had ASD.
However, seven microdeletions of ELP4 were also found in the 8,329
control individuals, one of which is the WTCCC sample reported
here. This increase in frequency of smaller CNVs among controls
compared with all of the other control datasets used in our study
indicates that they may be due to an artifact from the less dense Illu-
mina arrays used by Cooper et al. (2011), compared with the more
rigorous platform and methods used to analyze their cases. Indeed,
the authors commented that their detection power is substantially
higher for cases, the reverse of our study, and will manifest itself
as false positive enrichment for CNVs in controls. However, more
information (not publicly available) is needed about the specific ar-
rays used for each control with an ELP4 deletion, their LRR and BAF
images, and probe coverage over ELP4 to draw further conclusions
about potential false positives and array bias in their investigation.

Future work will focus on the functional consequences of the ELP4
deletions by investigation of expression levels of the gene in these
cases. Work with cellular and animal models with ELP4 deletions
will help to cement the role of ELP4 in neurodevelopment through
identification of altered interaction networks and developmental
pathways such as neuronal migration, branching, and survival.
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