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Section 1. Project summary and objectives

The primary objective of the EU Autism MOLGEN prcjevas to identify susceptibility
alleles for autism spectrum disorders (ASDs). Tluges the consortium aimed to pool
data and laboratory resources, as well as expleietcally isolated European
populations, such as those from Finland and théhradrHolland. These resources would
then be used to examine ASD candidate loci usinpoals including linkage, parent-of-
origin analysis, association and mutation screenifachieve these aims, the project
was divided into six work-packages covering thelofeing key themes; family
collection, linkage studies, candidate gene analyseovation activities and project
management. These where initially envisaged asdghliace over a period of 36 months.
However, with the arrival of new genotyping teclowgés enabling a more detailed
search for susceptibility loci, an extension to Mm@nths was successfully applied for

during the initial reporting period.

Work-package 1 covered the collection of new autimmilies, both singleton and
multiplex. In recent years, the increasing awargmdghe role of rare variants, including
both single nucleotide polymorphisms (SNPs) andycopmber variants (CNVSs), has
made the acquirement of new families of vital inmtpoce. In addition, the complex
nature of the genetic susceptibility to ASD, malesreasing cohort sizes of great
importance in order to identify common variantsvedak to moderate effect, or rare
variants of large effect. Therefore, the projeaned to collect an additional 100

multiplex and 250 singleton families.

Work-package 2 focused primarily on narrowing tleaks of linkage in those regions
previously identified by members of the consortildespite technological progression in
genotyping methodologies now allowing large scagoaiation studies, including at the
genome-wide level, linkage studies continue to tamévalue to identify susceptibility
loci. By trying to refine these regions, we aimedhelp in the identification of the
specific causal loci underlying them and reveal ramdidate genes for more focused

association studies. Therefore, it was decidednidertake a meta-analysis of linkage



using three available cohorts, IMGSAC, PARIS andnish combined with additional
data generated by the AGP. This work would be smpphted by parent-of-origin
analyses and the use of two relatively isolatedufains, Finnish and Northern Dutch,
to examine the regions of linkage for extended hiaglotypes. In order to take advantage
of progress in genotyping methodologies, we revmadoriginal work plan to use higher

throughput technology (lllumina).

Work-packages 3 and 4 together comprised the cataligene analysis portion of the
project. Both work-packages originally containedpasate genotyping elements.
Specifically, work-package 3 examined candidateegeim regions of linkage, while
work-package 4 investigated candidate genes nassadly within these loci. However,
as with work-package 2, these portions of the ptojeere adapted in light of new
genotyping technologies. To make use of lllumindd&nGat& genotyping facilities in
Oxford, the project was revised to centralise tBeagyping to this site. In addition, the
experiment was designed to include seven genes ringveelements of both
workpackagesNOSTRIN, RELN, GRIK2, PRKCB1, S.C6A4, SHANK3 andASMT. This
more focussed candidate gene based approach baga@lus to obtain greater coverage
of variation in genes specifically implicated in BSby previous studies from our
consortium members. In addition to the centraligedotyping of the seven genes listed,
additional mutation screening and association etudiere undertaken by the consortium

at various sites.
Work-packages 5 and 6 involved innovation and mtojenanagement activities,
respectively, to allow direction of the consortiurdissemination of results and

development of any intellectual property that ibsll produce.

A detailed break down of the objectives of the @cbjs given in Table 1.1.



Table 1.1 Summary of the Autism MOL GEN Project objectives

o

for

Work-package | Task Description

1 1.1 Ascertainment and assessment of at least 1feCted
relative pairs.

1.2 Ascertainment and assessment of at least Zigfle®in
families.

2 21 Perform a meta-analysis of linkage in the tdp
susceptibility regions (2q, 3q, 69, 79, 16p and)lfsing
affected relative pairs (ARP) from the IMGSAC, PAR
and Finnish multiplex samples.

2.2 Analyse fine mapping data on chromosomes 6g/grfadr
parent-of-origin linkage effects in IMGSAC, PARI&nd
Finnish multiplex samples.

2.3 Assessment of methylation/imprinting statuscanfdidate
genes.

2.4 Test the top susceptibility regions in Finnisingleton
trios and Friesland (Netherlands) singleton trmséarch
for extended haplotypes that may further refinedtical
regions.

3 3.1 Screen each candidate genes in 30-50 probands
sharing multiplex families by DHPLC, and identify
variants by DNA sequencing.

3.2 Identify single nucleotide polymorphisms (SNejn the
public databases that tag the haplotypic diveraityoss
these genes in the multiplex and singleton samples.

3.3 Screen new variants and haplotype tag SNP&IRgSfor
association in both multiplex and singleton fansilieom
IMGSAC, PARIS, Finland, Friesland, Germany andylta

4 4.1 Test PARIS and Finnish multiplex samples fantified
mutations inRRELN, LAMB1 andCGEF2.

4.2 Test high density SNPs acroB&ELN, PRKCB1 and
NOSTRIN.

4.3 Test IMGSAC and Finnish multiplex samples
mutations and association iBluR6 (GRIK2), ASMT,
NLGN3 andNLGNA4.

4.4 LD analysis o8L.C6A4 in IMGSAC, PARIS and Finnis
families.

4.5 Test mutations/SNP associations confirmed irtiphex
families.

5 5.1 Intellectual property protection.

5.2 Dissemination.

6 6.1 Coordination activities.

6.2 Reports and reviews.




Section 2. Results

Over the lifespan of the project, various aspedtsthe work-packages have been
modified in light of both advances in technologyldhe autism genetics field in general.
Therefore, we have met the majority of our origimémns, but in some cases have
modified our work to take advantage of the latestelopments. A summary of the

achievements in each work-package over the 42 maftthe project are given below.

2.1 Work-package 1 - Phenotypic assessment of multiplex and singleton families

The aim of work-package 1 was the collection of IAQltiplex and 250 singleton
families and involved the 13 clinical sites of twnsortium, in addition to a collaborating
group based in Chicago. At the end of the projeetfinal family numbers collected were
102 multiplex and 372 singleton. We have therefachieved our target in terms of
multiplex family collection and have considerabbeceeded the number of singleton

families we aimed to collect.

2.2 Work-package 2 - Meta-analysis of linkage and search for extended haplotypes

The primary focus of work-package 2, Task 2.1, weas refinement of ASD linkage
regions. The majority of this work was performedngsan lllumina GoldenGafe384
SNP genotyping array. Six regions previously regubtb show linkage to ASD, 2q, 3q,
6q, 79, 16p, and 17q, were investigated. SNPs wkosen by a haplotype tagging
approach and genotyped in our IMGSAC, PARIS andiBncohorts. This data was then
combined with genotypes for the same SNPs for mxhdit IMGSAC and PARIS families
that had been generated by the Autism Genome Pr@&FP) consortium as part of a
genome wide linkage screen. A meta-analysis ofaljgk was performed, with the
strongest signal observed on chromosome 2gq (MLOML.89, rs2885116) which
approached suggestive levels of linkage (LOD >.1IN®) other significant results were



observed at the other loci examined. In additionti®s main linkage analysis, X
chromosome inactivation (XCI) was examined in asgdMGSAC, PARIS and Finnish
individuals. No significant evidence of skewed Xraimosome inactivation was found.
However it was noted that in some families with atiains in X-linked genes there was
significant skewing. This indicated that skewed egencould indicate underlying
mutations and so a subset of families showing skeX¥el was used for linkage analysis.

This resulted in evidence of a modest increasdleteasharing on Xq27-Xq28.

In Task 2.2 it had originally been proposed to examparent-of-origin effects from
chromosomes 6q and 7q using the linkage genotygatey This analysis was extended to
include all six loci from the linkage meta-analysisorder to make maximum use of the
data available. While some parental effects werseenked, none approached suggestive

levels of linkage and so did not warrant furthesreistigation.

Due to the lack of strong positive results in Ta8Klsand 2.2, the decision was made to
not proceed with Task 2.3. Task 2.3 had been egetsas building upon any positive
linkage results from the previous two tasks by examg methylation patterns for
candidate genes in the linked regions. However tdtlee lack of such positive signals, it

was felt that resources would be better directeather tasks within the project.

Finally, Task 2.4 was to examine our more gendyidablated cohorts of Finnish and
Northern Dutch samples for extended haplotypekerrégions genotyped as part of Task
2.1. However, we found no difference in linkageedugilibrium between these cohorts
and that of the HapMap project. Therefore, we degtim use the data to perform a test of
association. This resulted in five significant asabons surviving correction for multiple
testing being identified. Three associations warthe Finnish cohort, one of which was
in MKL2 and the remaining two on the X chromosome. InNbethern Dutch cohort the
associations were found 8ND1 and on the X chromosome. None of these assocgation
replicated in the IMGSAC cohort and so could intkcpopulation specific ASD risk

factors.



2.3 Work-package 3 - Candidate gene analysis in regions of linkage

Work-package 3 was the first of two work-packagethiw the project concerning the
investigation of candidate genes for ASD. Work-@apk 3 focussed specifically on those

candidate genes located within previously reporrgibns of linkage.

For Task 3.1 30 genes across a variety of linkageHave been screened for variants in
ASD samples. Screening focussed on the exons,ifigmktronic sequence and promoter
regions. The 30 genes examined wé&®-NAT, ACSL4, ASMT, ATP6APL, DLG3,
GPR50, GRIK2, HCFC1, IL1IRAPL2, KCNJ3, MTNR1A, MTNR1B, NLGN1, NLGN2,
NLGN3, NLGN4, NOSTRIN, NR4A2, NRXN1, RP56KA6, RPL10, RPRM, SEZ6L2,
SHANK1, SHANK2, SHANK3, STK23, UPP2, ZNF11 and ZNF533. Of these, variants
of interest which may influence ASD susceptibilitgre identified in 14 genes, identified

in bold in the list above.

In addition to SNP screening, some examinatioraager copy number variants (CNVs)
has also been performed, due to the increasingnmlof published research indicating
that this class of variant is of importance in ASDsceptibility. A CNV of putative
importance identified as part of this study wasnidin thelMMP2L-DOCK4 region of
chromosome 7. Also, due to the variants, includdMyVs, identified in our initial screen
of SHANK3 and the 22913 region, this locus was specificakgmined for CNVs in a
subset of the IMGSAC cohort, however no additiddilVs were found.

Tasks 3.2 and 3.3 together formed a large porticthe genotyping of work-package 3.
In Task 3.2 haplotype tagging SNPs were identified GRIK2, SHANK3 and ASVT
using the publically available HapMap data. As dihe consortium’s revised scientific
plan, genotyping and analysis of these SNPs ilMI&SAC, PARIS and Finnish cohorts
for Task 3.3 was centralised in Oxford and perfatrusing an lllumina GoldenGéte
384 SNP array to make use of this new high-throughgenotyping technology.
However, no associations surviving multiple testiveye found to any of the SNPs in our

meta-analysis. The genotyping array used for thpgeement also contained SNPs as part



of work-package 4. Therefore, the five SNPs with girongest associations, including
two SNPs inGRIK2 (rs2518256 and rs2518261) for work-package 3, waken forward
for replication in the Northern Dutch cohort andldéidnal IMGSAC samples. Again, no
association surviving correction for multiple testiwas found to the twGRIK2 SNPs in

either the replication samples or the total comibiset of samples.

In addition to the centralised genotyping perfornrethsk 3.3, we have also investigated
additional genes located in linkage regions fooesgion with ASD. Fourteen genes in
the 7q linkage region were investigated in Germamilies SEMA3C, PCLO, FZD1,
TAC1, NPTX2, ACHE, SERPINE1, AP1S1, CLDN15, SMO, SEC8L1, FLJ32786, YEA,
AKRIB1) with borderline significance obtained in siNRTX2, SERPINE1l, SMO,
SEC8L1, FLJ32786, AKRIB1). In two separate studie&IF1A and RPL10 were also
examined for association in the German cohort, witly weak evidence of association
being found to one SNP iKIF1A. Finally, EN2 was examined using samples from the
IMGSAC cohort in a case-control study, but the hssdid not support association to
ASD.

2.4 Work-package 4 - Testing of previously identified candidate genes

The final experimental work-package focussed onremimmg ASD candidate genes not
specifically located within reported regions ofkage to ASD. Due to changes as part of
the revised scientific plan for the project, partily the use of an lllumina GoldenGate
384 SNP genotyping array, elements of Tasks 42ladd 4.3 were combined. Haplotype
tagging SNPs were identified for the geRE$. N, PRKCB1, NOSTRIN, SLC6A4, GRIK2
and ASMT, the latter two also analysed as part of work-pgek3. Genotyping was then
performed using an lllumina GoldenGat884 SNP array. No associations surviving
correction for multiple testing were identified. Wever, it was decided to further
investigate the five strongest associatioBRIK2 — rs2518256, rs251826 PRKCB1 —
rs9925126, rs1107460RELN — rs362780) in additional IMGSAC and Northern Dutc
samples as part of Task 4.5. No significant astioas were found in the replication



samples, but when the data from all genotyped sssnphs pooled, the association to the
RELN SNP rs362780 was found to increas@te 0.001, although this would not survive
correction for multiple testing.

Additional genotyping in five genes was performedTiask 4.2. Due to initial results
implicating a role for Leucine Rich Repeat (LRR)ngs in ASD susceptibility from
collaborators in the AGP, haplotype tagging SNPeewsed to investigate association in
LRRTM1, LRRTM3, LRRN1 and LRRN3 in IMGSAC and Northern Dutch samples.
Association surviving correction for multiple texjiwas identified in three of the genes.
The strongest associations were for SNPs witlRRTM3 and LRRN3, with the latter
association being in the Northern Dutch cohort. Kée&vidence of association was also
found for SNPs inLRRN1. In a separate experiment, two SNPSME&T previously
reported as having shown association to ASD wes® @enotyped, however, no

association could be found.

In Task 4.3, a further four geneS.C1Al1, S . C1A2, IMID2C and LDLRAD3, were
investigated for association to ASD in the Finnisimort. The strongest signal identified
was in JMJID2C, which while not surviving correction for multipléesting, was

significant after permutation tests and therefoitecs interest.

In addition to these association studies, sevezakg were also screened for sequence
variants as part of Task 4.3. Three neuroligin geNeGN3, NLGN4X and NLGN4Y,
were screened with only one synonymous mutationgbigientified. Association analysis
of these genes also revealed only a very weak ias®ocin the region oNLGN3 and
NLGN4. A fourth gene ASMT, was also screened, revealing several variantsdimg a
splice-site variant, non-synonymous variants arsiop mutation, the latter present in a
single ASD family, but not in controls. Some eviderof association was found to two
ASMT SNPs, rs4446909 and rs5989681, which were alsociassd with ASVIT
expression levels. However, the final conclusiors aat there is no clear correlation
betweenASMT variants and ASD risk.



In Task 4.4, association was also examinedIdL6A4, but no significant results were
identified. We also attempted to replicate previpusported associations of 3 SNPs in
S C25A12 and CMYAS as part of Task 4.5, but again no evidence of@sson was

found.

2.5 Work-package 5 - Innovation activities

During the course of the project, no discoveriegimeng intellectual property protection,
Task 5.1, were made. For Task 5.2, we have incrghsidisseminated information
related to the work of the project via a varietyawkenues as the project has continued.
These have included over 50 seminars, presentatipress releases, posters and
workshops, in addition to over 40 scientific papeither published, in press or in

preparation which include work performed with fumglifrom this project.

2.6 Project management activities

During the project, ties have been maintained betwadl partners. In particular, this has
been fostered by the annual meetings in Oxford hickvresults have been shared and
general discussion about experiments held. Coiastalso been maintained between
individual groups, including visits between pargjdeading to a number of experiments
carried out at joint sites. Due to the nature of #trong collaboration, it is envisaged that
the partnerships formed will continue on beyondlifiespan of the project itself.

Three periodic reports have been prepared for thegi. Two, each covering one of the
first two years of the project, have been accepiethe EU. The third, covering the final
18 months, has been submitted. A review of thersceporting period was performed
by Professor Antonio Persico in April 2007, for wimiwe received very favourable

comments.



Section 3. Conclusions

During the course of this project we have met teg @&bjectives in each work-package.
Our collection of 102 multiplex and 372 singletoamilies will help achieve the
additional sample numbers needed to dissect thetigearchitecture of the ASDs and so

will provide a valuable resource for future studies

The molecular genetics portion of the project hias @rovided important results. This
work was divided into linkage studies, associastudies and mutation screens. Recent
advances in genotyping technology and subsequemeates in cost have allowed the
advent of whole genome association studies. De#ipge linkage studies can still be of
value in helping to identify and refine criticalcloand thus identify putative candidate
genes for further study. Towards this end, we gitechto refine several linkage peaks
previously identified by our members. DisappoinpgLOD scores approaching
suggestive evidence of linkage were only obtained chromosome 2qg. The lack of
linkage signals in our analysis could be due toaased heterogeneity in our combined
cohort. However, the positive result for chromosdgefurther confirms the importance
of this region in ASD susceptibility. Also of intst is that the subsequent TDT analysis
of the SNPs genotyped as part of the linkage stndihe Finnish and Northern Dutch
cohorts identified significant association in twengs, SND1 and MKL2. These
associations survived correction for multiple tegtand so represent interesting potential

new candidate genes for future study.

In addition to the association study performed gisire genotype results from the linkage
study, we also examined a further 37 genes forcestson to ASD. Of these, several
nominal associations have been identified, but anlgandful survived correction for
multiple testing. This is result is not surprisirgs for even the most well studied
candidate genes in the scientific literature, sasRELN, multiple studies showing both
association and lack of association have beenghdai Therefore, while for the majority
of the genes we have investigated, we cannot cdachat our data supports their role in

ASD susceptibility, neither would it be appropriai@ categorically reject them as



unimportant in these disorders. However, we havasaed evidence for the role of
several genes in ASD susceptibility. Key amongss¢hard RRTM3, LRRN1, LRRNS3,
ND1 andMKL2, each of which we have found association to, eatelevels corrected
for multiple testing. These genes present intargstivenues for future research. In
addition, while our associations for genes sucliNaiD2C, RELN, andGRIK2 may not
survive stringent correction for multiple testirige associations observed are of interest
and can be taken as part of a cumulative caseh@r involvement in ASDs. This is
particularly the case f&RELN, which has been implicated in multiple studies.

The final molecular genetics aspect of our work Isn mutation screening in candidate
genes. This type of investigation is becoming afipalar relevance in ASD genetics due
to the increasing numbers of reports implicating rautations of large effect influencing
the development of these disorders, such as incaéise of the neuroligins. We have
identified rare variants of possible functionaleetf including non-synonymous, splice-
site and stop codon mutations, both in genes agsocwith ASD and in other plausible
candidates. Such variants will serve as importéattisg points for future functional
studies. In addition to such small variants, thpanance of larger CNVs in ASD is also
increasingly recognised. Although our genotypintpdaas not allowed investigation for
such variants, as it has in more dense SNP gemgf\gtudies, we have performed some
focussed CNV identification studies. This has reslin discoveries such as the CNV at
theIMMP2L-DOCKA4 locus which have a putative functional effect.

Therefore, this project has met its stated objestivand helped identify ASD
susceptibility alleles, contributed to the eviderioe previously recognised candidate
genes and loci, generated vital new sample catlestand identified avenues for possible
future research. The publication of our researshilte in high quality scientific journals
also means that not only the members of this ctinsor but also the wider research
community, will benefit from the Autism MOLGEN Pegt.



