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Abziract

‘we s2quenced xores from more th.an 2.550 simplex families each having a child with an autistic
spectt 1m (isordvr £..SD). By ¢ \mpar’ag affectes .0 unafi >cted siblings, we estimate that 13% of
{e nove (UN) missens 2 mutatior.~ and 427 of DN !kely gene-disrupting (LGD) mutations
contribute to 2% an.a 9% of diag.oses. r,pe stive ly. Including copy number variants, coding DN
mutatior. contr oute to about 30% ot all simpli'x a1 d 427 of “emale diagnoses. Virtually all LGD
mut-.daons ~ecur opposite wild-type alleles. T Z L targets ., atfected females significantly overlap
toe targets in males of lowe * IQ, but n :1ither ove:iaps signif _anti 7 with targets in males of higher
IG. we estimate that LGD mutation in «oout 400 5oues can eontriute to the joint class of affected
females and males of lower 10, with an ¢ crlappine and simila~ nu.nber of genes vulnerable to

yduosnuepy Jouiny WHH

causc uve missense mutation. L.3D targets *.. wtne joini class ovet 'ap 1 rith published targets for
intellec.uar (isab lity aru schi.ophrenia, and are enricl e ;or chromatin modifiers, FMRP-
associated gei es a~u emb. yonically expressed genes. Virtnally all significance for the latter comes
from affected *cmale-.

Introduction

AS) is characterized by impaired social interacti~., and co~.munication, repetitive behavior
and rstricted interests. It Rus a : trong malv bias, eczccially in high-functioning affecteds.
The co1*=Lutior £ om trans+.ission has lony been suspected . m increased sibling risk!, but
more recen*.y the r2ic of germline de novo (DN) m»‘.uon has *.cen established, first from

3, ¢nd subsequently from

large scal¢ cory number variati~.. ((UNV) in si.nplex Lailies
exome seq 1encng. Thz smaller M?{ variants observed bv TivA se juencing pinpoint
candidate gcne targets® 8. i nese developments he ¢ prome2d o new model for causation,

and re-evaluation of sibling risk®:10.

ydLosnuel Jouiny |NHH

We report here * 7hole axor.c suqur acing of the Simoas Sirepiex Cellaction (SSC)!! and an
extensive list of DN mu tate{ t.cgets ncluding 27 recurrer. L (1 ~nsen e, frameshift and
splice site) targets. The s'ze and uniformity of this study alle w <1 uapre cec 2nted evaluation
of genetic vulnerability to A5D. We subdivide target set. by = *..ion tyr. (missense and
LGD) and affected cl il status (gender anc non ‘erbal 1Q, o whir% we re’er t.uoughout as
simply “IQ”), and explore the overlup between ta-get sets a..d their zurichment {or certain
gene categories. We malk~ ostimates <. the nui1ber of genes vilnerah!_ 10 a 5.2 1 mitation
type and the proportion o ° <Z.uplex autism resuitins from DN .nut: ‘ion for ~.ch affect-u
subpopulation.

Results

SSC sequencing and validation
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We report on 2,517 of ~2,800 SSC farilies including -80( previously nublish>d% "~ We
sequenced 2,508 affected children 1,9'1 unaffect-u sibl'ags and the parents of ~zcn famil~ .
Within the SSC, the overall gender ias in affecteds, 7 males *» 1 female, 1s nearly” {wice tha,
typically reported. Exomes were analyzea at Cold Sz.ing Harbr r Laboratc.y (CSHL), Yale
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School of Mediri=~, 2l Uiiversiy ot W.shington (Extended Data Figs. 1 and 2,

suppl *mentary "“ahle 1), Pi=i.05 vere Flind with respect to affected status. For uniformity,
~u data were reanalyzec wit t'.e CSY.L pipeline, allowing comparison of analysis tools. All
call: wei = validated or st.ongly supported, as listed (Supplementary Table 2) and described
Meti ods .

L'N riutation rates, cor.ribution =:.a targets o° de novo mutation

r'or g~satest precision we measured DN iates L. que d familes (one affected and one
r.affected child) over genomic posi*.ons at whiziy all family members had >40x sequence
coverage (Methc 1s, Supple .entary T-Lie 3). Thie ‘jo.nt 40% region’ in the SSC was 32 Gbp
w1 total, or 48% of the targetc 2 cxome, fr2.u 1,867 quacs. DN events were shared by siblings
1% of the time (Supplementarv Taole 2): and '% ot mut.tions had nearby nucleotide

yduosnuepy Jouiny WHH

posiuons altered, pre sumably b 7 <3.gle mutagevic events ‘Supplementary Table 4)!2-14. The
o erai’ 1ate 0* oase “ubstitution is 1.8%1078 ‘+1/ =) per base pair (Supplementary Table 5).

Ratcs of DN synonymous mutation in afferica (0.34 . =r child) and unaffected siblings (0.33
~r chil”y do not diff~. significantly (F'g. 1) Dy costras, LGD mutations occur at
sigriricantly lugher rate; n affected vs. w affected s.blir.gs (Fig. 1, Extended Data Fig. 3).
Th~ 1ate of I " 5s is 0.12 in unaffectea sibliugo and 0 1 in affected probands, an
‘as. erta nment differential’ of 0.21-0.12 = .20 {p-vah'< 27 107°). Thus, we estimate ~42%
(0.0£7/0.2") of LGD events in n*obands contritw.e to ASD u.cgnoses. For DN missense, the
rate is 0.8~ for unaffer*_u siblins s and 0.94 for ~{iected p1oba-ids, an ascertainment
differeniual of ©.12 (p-v2lue 0.01). We estimate only ~13% (u.1.7/0.94) of DN missense
events in r.obarjs contribute to ASD diagnoses Tnere is 2 wiac confidence interval for the
missense : scel tainment diff~.cntial (Supplemeita, rable 6): - or t s reason, we consider
primarily te LCD _vents for ~ur analysis and look ur<.. missens: data as supporting.

ydLosnuel Jouiny |NHH

To identify gene targets for DN mutation, we exam.aned all famly dat 1 including trios. We
provide a comy lete list of all mutations (L upplementa=, 1able 2} .iong with the number of
mutations of eacu wype in ech grue (Spplementary ™ic 7). 391 )N LGD mutations in
353 target genes were icent1 ed ar . validated in autism Jrobands Z/ .argit genes were
recurrent (Fig. 2). Amor.g 1,507 missense ‘argets in proan s, 1</5 we e rec urrent.

We examined all alle. > transmitted opposi.e a 1N LGD te rget. V''c saw n» instance in 391
observations in which the allele ~zposite an ' GL target car.1ed a *~.¢ transmiti :d LGD
variant (in <1% of pareru: exomes), and only fow in which sach ar uuele co.cd = -are
missense variant. Thus, tl = N mutations do not 2. 1erally cauvse ' omozvyous loss-nf-
function of their target (Supplementarv T.uie 8).

Confirming previous results’ 13, a iy mut=,u uuanrs three tim > us efien on the poternal
background as the maternal, and mut-.ion rates === with 1ge of eithe’ par-..t (1'xter dec. Data
Fig. 4, Methods). The latter may p-ovid~ a partial exp.anat on for inc rea ‘ed & 1ti..a rates in
children born of older parents.
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Functional clustering in taro~t 52l

Previc is studies p.voci ted viden~e of functional clustering in targets of DN LGD mutation
n « ffec ed individuals® 316, Cur larzer dataset was examined with an improved null ‘length
moal” for mutation in w.iich th ¢ probability of DN mutation in a gene is proportional to its
‘engtl (M.cthods, Ext :nded Data Fig. <. We te: ted for enrichment within DN LGD and
missen< ta gets in prc Lands ~.ud siblines for six gene classes, those: 1) that are FMRP
tar-ets, w'.n transcripts bound ¥, u e fr. gile X mental retardation protein®:!7; 2) encoding
chrov.atin modifiers; 3) expressed p. efer *nt.ity in smbryos!3:1%; 4) that encode
ostsynaptic density proteins2®; 5) “Lat are esez.ual®!; and 6) identified as Mendelian
disease genes?? ( Table 1, St pplemer‘..y Table , iviet10ds). These data provide the
strongest evidence yet for overtap of DM LGD tareats 1. affected probands with FMRP
targets (55 observed vs. 34.1 ev.pected; n-valu> 4*10™%) « nd chromatin modifiers (26

yduosnuepy Jouiny WHH

observed vs. 11.8 exj ected; p-v - tue 3¥107 ). W= also obs: rved signal from mutation in
genes xpressed in _mbryonic development 3 /55 observed vs. 45.0 expected; p-value
2*%,073, “rhe l-=.er signal comes mainly from the small number of female affecteds (23
obsr.ved v, 8.5 expected from 67 LGD ‘argets: n-valu> 5¥1079). The 27 genes with

ecurr.at LGDs chow stro.\g enrichme at fc. FMRP 1argc ts (14 observed vs. 2.6 expected; p-
viue 4*13 ) and ~L.omatin modifiers (6 observes vs. J.9 expected; p-value 2*¥1074). In
co.trast. »2 significant enrichment for \ese gene ses is seen for the DN LGD targets in
una.tect."d siblings.

The 1,500 DN misse+.c targets *1 proband: ar- aiso enric *»- _or FMRP targets and
embryonicall;, expresseZ genes. We observe 171 FMRP “.igets '144.8 expected; p-value
0.03), and 220 r.nbryonically expressed genes /. 71.4 exr=ctad; | -value 0.03). As before, the
signal for *mb -yonically e+ iessed ¢ 2nes come: zunost entire.y frym the small number of
female affe ~teds (+o observe?, 51.1 expected from 247 argets: p-v2lue 0.002). With the
exception of ¢i:x~zun modifiers, contributory D1 mi,ense and LG.) mutations tend to

yduosnuepy Joyiny WHH

~

strike similar functional ~lecczz (T Cues,

De novo mutation and 1Q

Higher 1Q probands are .»eavily ~xewed towards males? . Fe. iorthor ar aly ses, we chose to
divide the affected m-..e porulation rough'y in half into 1 igh>r a= 5 lower " sets. We
investigated whether hizuer IQ (>90) male: cor prise a pc sulatio= with a uisi.uguichable
genetic signature. There is a decre~scd ascertainr.ent differuatial for N LGD -..utations in
male children with higher Iy relative (v other ffed teds (Exter ded D>, rig. 2.
Supplementary Table 6). Th:, 1s not statistically sicoificant ov=r ti = joint 4. region
However, over the entire data set, the dro (1 1Q is 5 points for ma’.s with DM LG D
mutation compared to those withut mutati~z, (p-value 0.01; Fig. 2). "viean IQ of affected
males with recurrent DN LG1)s drops 20 nelius (p-valre 0.00001, Tig. ). Significanc > is
also evident as we examine targets b* runctir=ai vizss. Miles with L/3D ruutat.ons ‘'n F MRP
targets have an average 14-point d op (v-value 0.001). Thi  trend coi tin.es v itk LG
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targets in the other functional clas ses- —chromatin moifie s and embryonice 11y ~..presse?
genes—but with reduced significaice. Ve obser - little signal from DN missersc mutatio.,,
even in recurrent targets, either beca.se these event; are lese likely to coi tribute <. wey are

Nature. Author manuscript; available in Jw1C 2015 *.qay 1°.
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less severe. Fer~'~ =rZlauds suuw tne sa ne trends as males, but as they comprise a smaller
popul.tion, the s‘enificance I wear (Fig 2).

Fur her vidence for a di tinguish-.ole signature among the higher IQ comes from the
funct'ona’ enrichment v ithin N target ger< s°ts. LGD targets in females are enriched for
« Il three fiz1ctional gene riasses. T o targets Za lower IQ affected males are significantly
enrick.cd for the FMRP-2-,uciated and ~hromatin modifier gene classes (Supplementary
Tuple 6. However, for L GT wargets in h'gher IO - ales we see no statistically significant
en.chment for any of the gene categ. ries.

Over.aps between tarnet= :) groups of chiluren and ‘ypes »f mutation

We partitioned children into four »zunary gro':ps, uaffc sted siblings, affected females,

yduosnuepy Jouiny WHH

affootad iaaes win vigher 1Q, ind »flocte I ma'es wi h lo ver 1Q. We analyzed these and
variove ~~t, ation< for three types of DN mut wtions. LGDs, missense and synonymous
(Suvpplcmr.atary Table 6). Targets of synonymous mutations in all children and targets of
LG)) and m’,sense mutations in unaffecte »iblings nove no significant overlap with targets
from ap;, other grour. ‘we see no significant cverlay bet veen targets in higher IQ males with
twe s from suer grovz.. In strong contri st, the 67 _GJ) targets from affected females
oveiiap signifizantly with the 166 LGL targe., irom J~wer 1Q affected males (10 observed,
1.3 expc cted, p-value 7%1077). We theretos< =2, 10 the gro 1p of lower IQ males and
affeced i»males as a ‘joint’ class. In this clase, e 874 nusscnse and 223 LGD targets also
overla» significantly (2 observe 4, 22.1 exect=Z, p-value 0 01)08). Thus, not only do
missense and “uD mut>*.un target genes with shared fur~tiona ity, the same genes are
sometimes targe’cd.

Number of vulnerable gen~s

Our analysis of f~zional clustering and overlaps with:,, target c) asse s suggests that the

ydLosnuel Jouiny |NHH

mutations ascertained in n=oboz 2, (o, p o estricted sets of viiuerable genes. We next sought
evidence for ex.'ess recurrence ~£1- gets. Ve first examined ynonymous mutations and
mutations in unaffectec chi dre... An»ung the 647 synonym~.., 2ven's in L robands, there are
25 gene targets found in more th-.1 one child. close to tk2 nu'! >xpc-tat on Hf 19.9 (p-value
0.13). Recurrent LGD (n=3/" /9 events) o mi: sense targ=ts ‘70/1 143 ever.ts) in unaffected
siblings are also clos.* te aull expectations \o-ve lue 0.2 anc p-value $.u4, “osp=iuvaly). In
affected males with higher 1Q there ~.¢ no exces: recurrent ‘.rgets aroug 137 T Sus
mutations (2 observed, 1.0 zapected. » value ).3) » among 776 misse~,c m.*=.:ons (26
observed, 24.7 expected, n-v-iue 0.4). In contrust, Among pro.yancs the numk2r of rec —ent
LGD (n=27/391 events) and missense tare=%, (145/1.975 events) ar= uot comr-tibi 2 with the
null expectation of 7.6 (p<0.0001> .ad 115.0 7 ,-value 0.001), res sect’, cly. Given these
findings, as well as the lack ¢ f overl~y petwez., g c*< of higher an 1ov-or [Q males, we
focused on the joint class of female prubands 2~ ~ffecte.! males of Ir.wer 1. ior te jHint
class, there were 22 recurrent LGL targ~.s among 254 evets with 3.3 e pecizd [p-va'ae
<0.0001). For the 944 missense e 'ent', 60 recurrent t7 cget . are observ>d wi h 10 = expected
(p-value 0.0005).
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We next used re~ =220 unaiysis and the 'ength model to estimate the number of vulnerable
genes (Fig. 3) ar.d the nrob~L:11y & at a resurrent mutation of a given type is contributory
(wiatho 1s). The most lik ely . wwriber el genes vulnerable to DN mutations in the joint class is
estinnate ! to be 387 for L 3D tarcets with a 95% credibility interval (CI) of (149, 915), and
404 tor DN missense ‘argets (CI: (71, 30£3)). 1'rom the length model and our estimate that
~nly 42%, ¢ £ LGD mu‘a*.ons are contributer,, we have 90% confidence that a given LGD
mut~.don c~atributes to wutism in = gen * recurrently hit by an LGD mutation (Methods). By
.ne sar.e methods, we cczupute 35% corn fiden~2 n contribution from missense mutations in
re urrent targets. Using existing mod :ls for prio+.izing targets’, we list all targets of

5 w their r2=i (Supplementary Table 9).

o

woourrent DN cod'ing mutaticz, accordin

Discussion

yduosnuepy Jouiny WHH

The SSC was assemb'ed with the explicit h 7potiesis 112 .inding targets of DN mutation
wuuld He a path tr gene discovery. We now w.ave 353 candidate LGD gene targets, 27 genes
recu trencly hi* oy LGD events, and 145 recur_... u.i7sense targets, each with about 40%,
90 and 55% chance o* eing contribu’ory, reczzctivel .

V' use e ascertai=.uent differential s a1 estima*. of » ontribution. The sum of the
ascertainm _ut differentials for missense, nonsense. ~unsensus splice site disruption and

fran esh.ft DN mutations is 0.21 per affected child “.uding .06, the ascertainment

differ anti: | from large DN 724 v's2:3, bring- we total *= .27 (t'ig. 4). Excluding higher IQ
males, the ralue ic $.53. In aff_cred females .. 15 0.45. This 1s » conservative estimate for the
role of DN r.utatior .. the SSC families because we *.ve not v-.t ascertained intermediate-
size DN CNVs, copy-neutral rear. gements, . egulator, inuta‘ion or mutations of
noncoding gens.

Although the CS7" ‘2 a simplex collection, it is likc ly =iy margin ly depleted for high-risk

ydLosnuel Jouiny |NHH

families because small heand 220 (v cu's the birth of mul*iie affer.ced children, especially
if the unaffected' sibling is fem~12. *e est-mate!” anc confir~:® oy gender bias in unaffected
siblings (1400 females and '2¢ ¢ mal-s, p-value 0.008v) th~t 1% >f the SSC families are
high-risk. In a simple ge 1etic me zel, DN mutation plays no »2I~ in hig\ -risk families but is
obligatory for low ris” ramilzs!?, so DN mutz tion woul 1 ccntribs te 1o ~6/,% of the SSC.
The sum of the ascer air.nent differential for al. observabls DN tvrz, n 2li t = probhands is
about 30%, about halt of that. If the -.umber of u.'observed ~ad conseZuential P mutations
is similar to the number of cuserved 274 cons ‘que 1tial DN ex sme mu#2ion 't 4. actual
contribution is not far frc m th.. predicted by this simple mod. L.

Targets and cognitive defects

We examined the incidence a1d tarzcis of DIy LUL w.tations for “luld-on with lower and
higher 1Qs. Affected children with hi_ner 10< L. » greater incidenr e of L.30 mu atic ns
than unaffected siblings, but a low :r in.dence than at ecte 1 females or inale. w.n lowver 1Q.
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Moreover, there are few recurrent y h't genes among *ae I N LGD targ~ts 0:'a.foied m2! s
with higher IQ, and little overlap \rith \"e DN I 2D targ .ts of affected males w:li lower 17,
or females. LGD targets in higher I({ males are not _ariched I r the FMk P-assor.wed gones.
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These observatio=~ cuz sco a winierent dis‘ribution of genetic mechanisms causing ASD in
nighe, 1Q males.

We -an xamine overlap between _GD targets for autism, with published targets for

intel) >ctu.l disability ("2s) ane schizophreniz \3cz)?> 2%, We applied our length model for
11utation - cidence a1 d frund sigrilicant overlup of ID and Scz targets with ASD targets
(Tabl~ 1), b t only in tne ;uint class of fected males with lower IQ and females
(Supple-uentary Table 6. Th.c overip c. n have »=. ny explanations: diagnostic conflation;
pleZotropy for the same mutation; dit ‘eren.. consear .nces for different mutations in the same
oencr 2LG varyll g genetic or er, ironment-! vackgrormd. The DN targets of affected males
with hisko 15 G not overle v theos sets, ag2'., suggesi'ng distinct mechanisms.

Properties of taraet clascec

yduosnuepy Jouiny WHH

This st7> 2z . ficie.tly large and uniform ‘o e able 1..icrences about targets, distinguished
by mut tir.. type., properties of affected children and target functions. We observe a
sign'ficant cuntribution from missense mu*.uons, wi» an overall magnitude comparable to
that fror. LGD muta*uns. Both LGD 2.ud mi.sense mut. tion targets are enriched in the same
1 1~aonal oz..¢ sets, eczocially amony lover IQ ma’es ( supplementary Table 6). Excluding
hichor [Q malz,, we estimate the most likely ..umber ~.f genes vulnerable to LGDs is ~400,

Targe s in autism are enrizied it certain fuction»! categc -ies, providing deeper support for
previot =1y publiziied obseruuons® 8. FMRr-associated gerz. nd chromatin modifiers are
prominent *argets “.. all groups except higher IQ m~Ics. The fc. mer are thought to function
in neurop! astic ity. Embryonic»'ly exoressed ge1es ar< signific: ntly - enriched as LGD or
missense t.rgel’ buf <.y in ferzics. Enrichment in thes~ genes ruay reflect that these
contributory mutations ~.use alterations before a ‘emale n=2.ccu e e.fect takes place.

yduosnuepy Joyiny WHH

Recurrent LG ‘. g cucoae receptors, ion channels a» & synaptic proteins likely to
function directly = =cro- ucuiry (e.g. 5SCN24, GRiN2R ~ud RIMS"}, but also proteins
functioning in cytoskel: tal 1>"..0deli.g (e.g. ANK2 and M~ /51 a1.2 transcriptional
regulation. Chromodom: in helizase gene fa= ily membe rs ¢ .rry many 'ecu rent LGDs. The
most frequently hit g_ne is ZHDS (ref. 30 , foi'owed by JH.L? {5 LGDs® and four other
members (1 LGD eac™ of that family. CH.)8 is a transcrij tiona! Zcgulato * thought :» be
important for suppression of the V' ut-beta-c~*enii' signaling pathw~, through L. stone H1
recruitment3!. Another i=u1guing t~:get is the srotin kinase /JYRK ’:, hit fo..= ' m=: and

located in the Down syna “<.ue critical region’.

Gene vulnerability and molecular mech>7.:sms

We cannot determine the penc tr=..ce of szocific mutaticns observed hete, as w= 22 nou see
them often enough in an unselected popula*.on. Nevcrthel »ss, we int odrce che ferri ‘g 2ne
vulnerability’ as the probability th it a -, 1ven type of m itati »n in a giv2n x> ~ontributes to a
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given condition. Genes with non- ero vulnerability d _fine the vulnerab.c ~I¢5s. 'we co~
extend this concept to ‘class vulne.abili.;” d=f..ed as . mean gene vulner-Liity over o
class of genes. Mathematically, class .mlnerabili*; v is crzupui=d by solv ng th_ rollowi 1e
equation for V:
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F*A =P*H*V (EQD)

whore b is the prevalenc » of lue con.dition, A is the ascertainment differential for DN
mutz*ion. of a given tyr~ in th~ gene class, P s the expected proportion of the population
vith 1*! iputations o - that z1ven tyne, and H is ‘he probability that such mutations hit the
gene cluss.

We c~.1 compute a distrivution of cle ss v lne~.uilit * for all vulnerable genes targeted by a
c.ven mutational type (Methods) be-.use F, A ~..a P have empirically sampled distributions
and H has a distr 'bution inf".red from ¢ total ler_wun of the gene class. The distribution of
ciass vulnerability for DN L™ Ds in males with lower I\V) has a mode around 0.4 (Fig. 3). In
other words, ~40% of DN LGz in vulnerabl.: gene. in : male contribute to diagnoses of

yduosnuepy Jouiny WHH

wwer 1Q ASD. Simi.arly, ~10% ~finissen.'e m itatioi s in vulnerable genes contribute to
angneses ot 'ower 'Q autism (Fig. 3). The 1104 for LGD vulnerability in females is four-
fol.l lov ~. than [or lower IQ males, mainly because the prevalence is four-fold lower.

Red :ced pruetrance in females is not we'. understood, but may be consequent to sexually
~umorraic develorzent. Lupport for this is seen in the o lative enrichment of embryonically
e ruressed genes as toigets in females.

Par ial ¢ ene vulnerability can be explainea i 2 veral woys: some LGD mutations result in
autis n, svme have little effect. and some prod: ¢ other diag.29ses or even lethality.

Regar lles:  many LGT (nutatior s will stroglv ;..edispos : to ASD. We expect this to be
reflecteu in dezieased fir-cuonal variation in the human ez..¢ pcol, as we have previously
shown for “MRT-associated genes®.

Given our 1nal,sis of _¢ne vulner,oility and the lack of e, .uence .or compound
heterozygos.‘v, damage ‘s a single allele will ofte 1 have se~ cre ¢ nsc quences for

ydLosnuel Jouiny |NHH

development. What underlies vulnerability to hapluinsufficien~; ¢ Ha f the normal gene
dosage can rest It in half the level of gene products, a» 2 wnere are .uany examples where
physiology requucs p1yper dosac"237. Also, having t v copies o1 a gune will reduce
variability of expressior 38. % ith or.iy one functional alle’e, there coui be increased
variation in levels of exzressic.y, including uaigerously low leve's a: ~.itic:.l moments in
lineage developmen. alter.ng the composi-ion f tissues. : Tonoallelic »z.pression also needs
to be considered?®. F1.ally, some trunc»*.on eve,'ts might 1 ad ‘o domina=.: negative .lleles.

Present and future implications

From the clinical perspective, early diagnosis zud fa.nily counsziung 2. complicat :d if there
are hundreds of genetic targets, espe~.auly if fev- are known with certair,. Sequ.cucing of
more cohorts is thus clearly " varranted Irom the therapeutic persyect ve. *.c good Lows is
that in almost all cases DN mu..ations e _cur in probands ‘n whom a nc(mal allv1e 1. als)
present. It is theoretically possible *.at erlancing acti7ity >f the remainiag a'lei s .nig it
alleviate symptoms. So in our vie v, th : long-term pro:;nos s for treating AsD is pesitive.
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Moreover, ASD targets overlap w th t. rgets for inte'iectu .| disability ana scuiizophr.uia, so
mechanism-based treatments migh. work ru: aitferent uiagnostic categori=z. 1n the
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intermediate ter™, £:n2louar viusiering si'ggests that treatments might be tailored to a
smallcr number f converg-ii padi .ays.

Met!ols

Sainple colle stion

The ~.ajorit;, of the famrlics (2,517) ca ne from current or former members of the Simons
Simple, Collection (SSt™. 1ne SSC wa: assemtic1at 13 clinical centers, accompanied by
de‘ailed and standardized phenotypic anaiysis as *=gorted previously!!. Multiple IQ
“luwswies (Verba , nonverbal ~..u tull speciium) were “ecorded; in this work, we stratified
~=bzlds vy nonverbal 1Q, v-hicl, we refer *2 as simply “I1Q” throughout the text. Families
with single probands and unaffect= siblings - cre 1 "efe. entially recruited, whereas families

with 4oL Gbanas were specit.callv _acluded: !, Fan ilies from two associated collections

yduosnuepy Jouiny WHH

were 2le~ 225, .aced- the Simons Ancillary “oli>ction (GAC, n=123), and the Simons Twin
Ccllect'or (STC, n=13). The SAC includes tamilies that failed inclusion criteria for the
SSC typical’y because a parent, sibling or cccond- o: third-degree relative of the affected
~aticipr.at has been “lagi osed with ASD, or (ur ca.=s ii' which the proband’s ASD
(1asuosis w, question=Lie. The STC con ists of farilie s of monozygotic twins in which at
lea=. one co-tu 18 affected by ASD. "he wsuwtiona’ review boards of Cold Spring Harbor
Lal oratry, Yale Medical Center and Univ.zzis; ur Waeling ton, Seattle approved this study.
Writ en i, formed consent from all subjects w2z vpbtained vy SFARI. Blood samples were
drawr fro11 parents ar< cnildren (affected . nd i.artected anc sent to the Rutgers University
Cell anu DNA Leposite, (RUCDR) for DNA preparatie=. UNAs from 2,517 families (of
~2,800 tot .1 in t%.c SSC) were used in this studv Results from ;71 of the SSC families
included I ere vere publishe? in earl er work®". Tl.c samples werc split across the three
centers: Ccld Spi= darbor T zuoratory (CSHL), the ™ _partment ~f Genetics at the Yale
School of Mcdicine ©VALE), and Department of Gienor2 science s at the University of

yduosnuepy Joyiny WHH

Washington (UW). The snlit wac not =22 %orm with respect t~ ..umbe of families or the
proportions of .) female probands »nd 2) sobands v ith lower I (Extended Data Fig. 2,
Supplementary Table 1). A nuruer of «amilies were s.quen~= at n ultip:= centers, with 24
families sequenced in al three cer.ers (Extended Data F.g. 1 Supylem >nte vy Table 1).

Exome capture, sequencing a.\d v.idation

The three centers differed in the pre~.>¢ exome c.'pture plat “orm, rea< icngth ar< validation
protocols.

CSHL—The protocols described in Iossifor .. al.8 v ere applieu to t=. ramilies ne vly
sequenced at CSHL. Briefly, SeqC'~, £Z Hum~.. £xome Library v2.0 “Xoche NimbleGen)
reagents were used with a cu tom bar-oding r>tz2~1 that enablec siv.altmaeous exoire
enrichment of <4 genomes anu the seruencing of <8 ind.7iduals per Itfumi- a 1'iSe.y 2 00
lane. All exome sequencing was pe.forn od using pait *d-e \d 100-bp rea is. # 1l 1 *ong and
weak LGD candidate variants as "vell 1s additional variant . from fam.lies s¢ qu enc~u at
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CSHL were subjected to experimc ntal validation. ¢ne-specific primers were de<*_ued for
PCR amplification of candidate SN/s and indels, an~ amplicens were pcoied and s~5.>nced
on an [llumina MiSeq. Approximately 103G vaiants w2, ¢ valida ed per lan > with paired-cuu
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150-hp reads. Who=2 =20 Ui, wie parente | origin was determined by phasing of linked
wranst itted SNV s

UW —S. mples were cap ured an-’ sequenced by one of three methods. In the pilot set (19

% quad: ), samples were ~apture 4 using Sea".p £ Z Human Exome Library v1.0 (Roche

§ 1TimbleG~1 ) reagents (UT%y-M 14" The rer.ining samples were captured using SeqCap EZ

<1—> Hurr.n Exe.ne Library ~Z.0 (Roch=s NimbleGen) reagents’. Newly sequenced samples were

5 ~ither r.ocessed as in O Poak et al.” (U V-M2) <. vith a modified (UW-M3) protocol

= (Supplementary Table 10). For UW-] 12, single-nl~.. captures and single-plex sequencing

QZ) i (uon-pooled) were perforiaed as deeziioed previously’. For UW-M3, single-plex

g ~ortiis was pertormed as in UM -wi12; how, cr, in the ost-capture PCR, an 8-bp index

8 barcode was added. Post-PCR libr=.ies were cuanti.ied . nd pooled in sets of ~96. These

'(3' noclz oo, O dien sequenced on he TTnme Mideq ple tfor v to evaluated library complexity
and semr!2 20 Libutiun. Pools were rebalariced »vased Sua performance, then sequenced

acinss .u'uple FiSeq 2000 lanes using paired-end 50-bp reads. Additional lanes were added
untt. sample-, reached target coverage (20>: ~30%; »-* ~90%). If additional coverage was
reyuires for some sar.pie.', subpools w.re alsu gencrate 1. For samples processed with UW-
111 und UW Jv12, predi~icd de novo c: lls vere validated using standard PCR and Sanger
serwencing’. Fur UW-M3 processed s: mples, custom WVIIP (Molecular Inversion Probe)

desig ned without or with deger=rate tags, and Luols of ~5u- 1 00 probes were generated3%-41,
As de. crib>d earlier*! Lcts of fa nilies (~9¢ samies) wer: car tured using these pools with
50-106 ng of Zenomic P{A as template. Capture products wer. then pooled and sequenced
on an Illur ana Miseq. Candidate sites failing M'™T QC or eantuio or showing evidence of
significan shi ts in allele b~!.uce, w >re validat »d =.sing the st~ada d PCR/Sanger method. If
sites repeai>dly =*!.u the assey, iney were discarded. Movel sites 2alled by the CSHL
pipeline were ~ralida*< using the same methods a* UW-2.15.

yduosnuepy Joyiny WHH

YALE—Wholc¢ blood-derived genomic LNA was er:iched for <aonic sequences using
SeqCap EZ Human Exome Libr.cy v2 & (Roche Nimui!ouen) reage its. £l family members
were barcoded and each poo. of frur samples was seque.ced usin. 75-Yp | aired-end reads
on single lanes of the I"'umin~ HiSeq 20C7 m: trument. Vhere pessicle, all four family
members were sequenced on the same lanc to 1yinimize bai~h effects ‘.l st~one and weak
LGD candidate variancs from the CSHL pipeline along wih <. addition.uc set of T 5O
candidates from the Yale pincliue, were “Luje sted to experimer:at validatis as follows:
variant-specific primers vere d-.igned for PC\' inplificatior of candidate S NVs ana i~dels
from all family members, and amplicons wers .ent tor Sanger s_quen~iag.

Sequence Analysis Pipelines

Sequence data were interpreteu as fan iy genotvnes usin_ pipeline tosls at ach re:necive
data center. Almost all of the data v/ere r_analyzed w1 h th: CSHL p pel ne. Ve <'.ow _he
coverage (Extended Data Fig. 6) : nd v 1elds (Extended Dat 1 Fig. 7) fo- de novo calls from
each center. The 24 families sequcnced' at all three _enter, demonstrated good agr-_inent
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between pipelines and platforms (Scoplementary Takles 11 and 12).
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The analysis pin='"=22 Souviawcu candidair de novo events, defined as variants present in the
child ond absent in hath pa-z.i,. V. tilter.d out variants seen frequently in the parents of the
~ulectidn (allele freque ey >0 5%), ~sasoning that most of these would be false positives
due ‘o w even coverage 11 a pare.t. Candidates generated by local pipelines or by the

comn on \"SHL pipel-..e wers validated ~% wne 1 2spective centers with re-sequencing and
2,504 we.e verified. 1 cur fina! Lail set, w= clude all verified calls from each center, and
omi* any c~.1 that was r jected. I» ~ddiiion, because almost all (1,640 of 1,644) strong point
.autati sns generated by \.c commor. CS:{L pir_un> were verified when successfully tested
(Supplementary Table 11), such stror z candidate: are included in our call set even if the
vauaaton test fa'led or if the candidate -vent was » .. tested. All frameshift mutations were
.awudated, and we exclude al th.au were reizoied. All de novo calls used in the subsequent
analysis, along with their validatiZ. status, ar. usted in t1e Events Table (Supplementary

yduosnuepy Jouiny WHH

Tuuiv 2). ripelines for analysis and - anidav'on \7ere b ind wvith respect to affected and
rmaffe Licd s us.

CS\IL (uniform) pipeline—Sequence d-..a trom tu> three centers were analyzed with the
c~mput-daonal pipelin. aescribed in Torsifov o al.~ ™ biief, the Illumina analysis pipeline
(ZAOAVA 1.5) was usez ror base call , ar d custom ,oft vare was used to de-multiplex reads
an- wim barer Zes from CSHL derivea data. Cawa fror. Yale and UW were de-multiplexed at
the resp >ctive centers prior to analysis throuzh the CSPL p.neline. BWA*Z was used to align
sequ 'nce reads to the hgl9 reference genome Zud both Picasd (http://

picara sou ceforge.net’, and GA "K*? were use” Jor marki 10 F CR duplicates, family-based
sequence real’_nment ar2 quality score recalibration. As < scrived previously, a
multinomi . mezel-based family genotyper was =sed to gereraw candidate SNV and indel
‘Mendel v iola ors,” each an~_.ated v ith: 1) a cown¥ience score (de 1ovoScr) that reflects the
posterior p.obau.'*t, ot Mend-! violation at the locus- 2} a goodn.-s-of-fit-score (chi2Score)
showing the ¢~oree #2 which the assumptions of t.'e mn'*.uomial noc 21 are applicable to the

yduosnuepy Joyiny WHH

observed data; 3) counts of reade »~= 211 {e and per family mz.uber; ~.ad 4) allele frequency
and noise rates ‘or the candidate nn<ition ased on tl ¢ whole ~ uection. Candidates SNVs
with denovoScr >60 a1 d chi2Seure >.0001 were labeied ‘st*~ng’ 1 rovia~d that the position
was not polymorphic or n0isy in *’.«¢ population, and tha’ the raren‘s w.'re . omozygous for
the reference allele.

For SNVs, a cutoff de..ovoScr value of £5 was cictated by *he lcsire to F-ep false r_zitives
to a minimum, and was choser .iter comrwung th ¢ proportion ~f ue novo ~ind. dates that
appear at polymorphic lc ci (a snrogate for fal. e rusitives) as a fur.cuon of ti ¢ scuie (2ee the
Supplement of Tossifov ez al.®). The low false »_siti e rate (<5} was ~L0 confirr.cu
through experimental validation (Sur~icmentarv Taole 11). In ad ution. »-. obs~, ¢ that only
1% of DN mutations are sha*.u betweer .wo siblings (Suppleme. tary Tabl~ Z), pu.iing a 3%
cap on false positives due to 1 lure to cz.rectly observe narents. At st gent t' ucsholes the
false negative rate is generally high, out thzough simulatic 1s we dete rmi 1ed ‘*ha*, even with
stringent thresholds, regions with Jeep coverage (40% Hr h gher joint ~ove.. gu) had low
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false negative rates (<5%).

Indels were treated differently than SN'Vs. The m»-lanomi=! .avdel assum. 2s a s~ aller
bias, appropriate when calling SNVs, but not for <. novo inde! .—particularly for long
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events (>10 bp) T~ 222, Lo dus, cutotts 101 ‘strong’ indels were lowered (denovoScr >30
and c1i2Score >'072 To r-2uce 1 ise, wo added requirements for ‘clean’ read counts:
vaients were not allowe 1to 127 ¢ anv (eads containing the candidate indel, and were
required o have at least . 5 reads supporting the reference allele. At least one of the children
had t¢ hav e >6 reads . ith th~ candidate *..ian. and those reads had to comprise >5% of
~2ads. Evpcrimental viaation ~oimnonstrate s what the false positive rate in the strong indels
is <'u%, a~.d simulatio s tor inde’. without extreme allele bias (the majority of those <10
oup) ret ¢al that the false > gative rat in  vell-r< ver °d regions (40%) is <5%.

AN fo4 e " oIN 7s and indels 27 reported Lore unlese rejected by validation. To address the

hioh #2102 0 aiive rates, we defi=ca a class =7 weak” SNV and indels drawn from
thresholds lower than strong candidz.cs. All woux L GD candidates were subjected to

yduosnuepy Jouiny WHH

validatinn ~=2 5.0 those succ >ssfulls- va.idat.d are -epo ted. In addition, during method
develonment (= 5 Sc: Ipel** or through ma ual nspec izu), we validated a large number of
ca.did. tes “nat di. not meet even the weak aetinition. Candidate variants found as valid
und °r these r.rcumstances are reported here .ua 1aoc!2d as “not called.” This label is also
ue.d wh~a the CSHL. ... orm pipeline .aisse” u val! fro n the UW and YALE data that was
tuce_ssfullv ~.udated.

UV ! pir citne—All samples using UW-..11 and 1™/v-M2 =. otocols were processed as

desc -ibe.' earlier’. For UW-M3, updated versior= ot BWA “1,.5.9-r16), Picard-tools (1.48)
and C ATk (1.0-6125) w=:c used. GATK’s Unifie” Genot per was used in single sample
mode v 74 filter Tags (AR ~ 3./75, low qualicy, QD <5.0, Q1741 <50.0) and in parallel with

the SAMto JIs pir-iine as described previously*?. ©

Ly positic. < with >8-fold coverage were
considere 1. Ctild genotype ca'l, we ‘e compar. d to th.c parent: | gc1otypes to identify
possible d¢ nov everis. PredicteS UN SNVs were analv-.u agai’.st a set of 946 exomes to
remove recu.vent artifa~:, and likely undercalled tes. Ind<ls weoe aito called with the
GATK Unified Genotyper and SAMtools*, and in.iuded onlv “.ose " vith >25% of reads

showing a vari. nt at a minimum depth of 8x. These wz,¢ then fi'*Ured against a larger set of

ydLosnuel Jouiny |NHH

1,779 exomes (a> with SN ’s). Those s'.es passing (i.* =t present) in u.® exome screen and
also not present in mult.nle .~ W-MZ processed families v, ere manaily ev: luated by
inspecting alignments ir che Ir egrative Gzuo mnics Viewer (attp:”/

www.broadinstitute. wg/io./home). Sites with ¢ bvious mi.~lignments /<.g. non-gapped
indels or soft-clipped unly reads) were rz.uoved. Moreover if vcads supr-:ting the = .edicted
DN mutation were present in >£7%0 of 20 (=, (1ore reads in one < wne pare~ts, t\e site was
excluded. For sites with ower e crage, a variar* was exclud :d if present in =1%o (c.2.
1/10 or 2/20) of parent reads or (for quads) if »* icas. one varia.* .ead v present .. one
parent and the other child.

Yale pipeline—The Yale da» = cre an>', zed as desciihed in Sanaers ¢t al.® Pzizfly,
CASAVA 1.8 was used for demultiriexing ~.a base «allin, reads we re 7.1g1 ed to 1.gl1¢ with
BWA*2, and SAMtools*’ was use 1 for marking PCR c upli :ates and ,encsming. In-Fouse
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scripts were used for family-base:! ass 2ssment of de .ovo mutations and ~nr otuuon aciin: t
genes and the exome variant serve. (vai.onttocls.source.orge.net/Annotation’Z v S).
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Recurrence and overlaps

Null 110dels fco target cverlas aru recurrence—We introduce the term mutation-
chi d-ty se to refer to a st ot <vents ut a certain mutational type (e.g. missense or LGD) in
chilcten »f a certain type (e.g. r.ale affecteds with higher IQ or unaffected siblings). We
ybser e “.rget enrich aent i, gene clacses, and Jocument overlaps and recurrence between
and witlun imutation-c ~ad-tvz os. To me~zure significance, we use a null model in which the
prroabilit, that a gene 5 hit bv .u atio. is proportional to its length, a model supported by
obse~vation (Extended Data Fig. 5). We «x2+..ine th> distributions of lengths of gene targets
~1 de novo svnonymous, missense ~.ad LGD mu.ation in affected children and siblings.
These distributio s are comi rared to ~Z.uulations ¢ gei'es picked at random or in proportion
to their length. The data fit wcil with th< inodel th~* mu‘ation frequency is linearly
dependent on gene length. The group with the larges* deiation from this rule is the set of
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DN targets in affected children, = uwn for m sser.se (p- ralue 0.001) and for LGDs (p-value
v.)01, Suppl=ment-.cy Table 13). These p-va'r<, are defined as the probability that the

me lian 'ongth U1 the target class can arise under the null model, and are computed by
sim.latior;, of equal number of genes wr.ghted bv length. While the deviation is statistically
1gnifi_ant, it is % such a ininor amour it th-.c we igncre 1 for the null model.

M.-asurins, uverlaps—We test for o.erlaps betwe~a targets of a given mutation-child-
type anc other sets of genes (e.g. overlap ot N LG wrget ' in affected girls with FMRP-
associated genes) as well as =, crlaps betwe<z., targets ~f *two (ifferent mutation-child-types
(e.g. o rerl: » betwe=:, wne targe*; of DN mis=-.se in all prolaads and the targets of DN
LGDs in all robands}. in both cases, observed overlars are con pared to those expected
under the "engt’-based null mode! “iscussed a*.uve.

Let T be th> targ2*c or mutaties, ot'a given type in a ch’li of a givon type, S a predefined
gene set, ana O the i=icrsection of T and S. We as < for 2.y gene (7 th, t carries a single
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mutation, what the probahilitv n(®) iz <1t the mutation (and l.cnce ¢ falls in S. We estimate
p(S) by collaps.ng all recurrent hite +5 one , and appl; ing the 1=2,gth-based null model to S.
Thus p(S) is the ratio ¢ “ (1) the sum ¢ exome-capturcu lenc*h< of the geaes of S, divided
by (2), the sum of the exyme-captured lengths of all gen :s. Stnolc nen ary Table 7 shows
the length of the capturcd poriion of all gines ‘n the exo ne we araly.e. Using “I” to
designate the numbe. of *.iembers in a set, ve t.en perforn: a two-si<_u binuiniz] est of |O|
outcomes in |T| opporcunities given t_ probabili 'y of succe =2 p(S).

When we test overlaps b >tween *=.gets of two 1ifS_rent mutat on-riuid-types we lake ~ne of
the targets as T and compare the other targets 22 5. }'owever, b>*ure consuructing ™ and S,
we cleanup targets shared by T and S “..at result #um mutations suared bziweer z.vlings in
the same family, or from mu':ipie mutat Lus of different types afi>ctii g a si=gic ge in one
child. We then apply the meth~2 ot the zuragraph above Finally, we r.verse th ¢ pooceture
for creating of S and T, and report toth re<uits (Supp.>mei tary Table 6).
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Test for excessive recurrenc >— f we have R re_urreat genes in Kk cvei ts in a
mutation-child-type class, we test .or exc=ee »=_urrence oy comparing R to th_ number v,
recurrent genes expected under the gee length-Fused nu!! Luoc2l. We bui'd the cxpectat on
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by performing '? 220 ;... uiauvus. 1n eac.) simulation, we sample K genes with replacement
where the probanilitv of sa=i; 1.z - gene s proportional to its length. We then count the
Lumbe: of recurrences.

Estiinati »n of the pumbe: of vulner>Lie genes—To estimate the number of
vulnerabl. enes for « gi~en mut=lion-child-, pe, we start with the observed number of
ever*s (K). “ae observe .umber of rec irrent events (R), the estimated posterior
“Zustribaons for the rate.” =7 mutatic1s o the gi_u type in the ascertained (Mdist) and for
th~ unaffected (Pdist) population. We then explore ,ossible number of vulnerable genes (T)
£2ua 1 w0 4000, For each T, w2 estimate ‘2irough a <*.nulation described in the next
reraziapiy we likelihood LT = ¢(R|T, MA%,, Pdist, k). Assuming all numbers of
vulnerable genes from 1 to 4000 »-_ equally I*.cly, ve c mpute a posterior distribution of

yduosnuepy Jouiny WHH

tha =2 UL ol goues 0(T) proportiorzi o 1 (T) and dctern ine the maximum value and 95%

confider~z i Lvals

To «stiniate th¢ likelihood, L(T) = P(R|T, MA 5, Tdiot, K), we perform 10,000 simulations
for everv 1. In each sim. ation:

1. W randomly select T distinct vu nerable cenes from all genes, without respect to
len~4i. Unlike mutation, which strikes a gen~. according to its length, we assume
that the chance a gene can cause auusu 1f m2ated is independent of its length.

2 Ve select the nuriuer 17 of contrit atory evz.us v7 sa11pling from a binomial
“stribvt o Binom/I{, A/M), wherc P a randomly se'_-ted rate from Pdist, M is a
rardomlv < iected from Mdist, A=M-P is » campled - .certainment differential, and
/4 /M ‘s an estimate of t%.c proportion vf contr*Lutory \ vet ts.

3. W=sima'=ic N contrib utory mutation events +;, selecting N events with

~

repla~emenrt Jom the T vulnerable genes pron~:uonal to the r length.

ydLosnuel Jouiny |NHH

4. To siruieie tanuom events, we : elect K-N gene: rom all vell-covered genes with

replace »==* prop nuovna’ .o the’, length.
5. We record the . .umuer of .ecurrent events in the K selectud ev 2nt: from above.

We set L(T)=P(R|T, *dist. Z dist, K) to bu the vroportio.' 01 ~im2,ations i, which the
number of recurrent ¢ ve.its is exactly R. P( ") is obtained t y norm=lizing " [,. ro. every
simulation in which the number of zccurrent ever ts is exact y R, we Liso recorc 1) the
proportion of contributory uvents am<.ug the 1 *cur.ent events .nd 2) t=.e vuli 2.»ilitv point

estimate as discussed in t1e .cxt section.
Vulnerability—We use the equa*:un descrit<u 1n the text:
F*A=P*H*V (5qI)

where F is the prevalence of the g'ven _ondition in the pop 1lation, A is ti.> s >ertair-aent
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differential for DN mutations of & givin type in perss as a<certained for (b2t o.wttion, T 1.
the expected proportion of the pop 1latio.: with ;uch DM mutations, H is the ».voability .t
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such a mutatior »#* %2 luiger, aua v 1s tl e mean class vulnerability. These variables are in
ract rendom vanblee with <.puie .y de.ved distributions.

We first demonstrate the metnod f.r computing the class vulnerability point estimate for
gene. vulerable to LG mutwcions for the 45D males of lower 1Q, assuming that the
variabies < e fixed. Gae i+, 75 mal<, 1s diagnrzod with autism, and we estimate (from
empi~.cally lerived gend<. oiases) that 3/4 of these males are of lower 1Q, yielding a
r.evalen.ce F = 1/100. F.om uur stuly, 6 23 of th=2> have an LGD. Because the expected
preportion of people with a DN LGL mu.ation is P = 0.11, only A = 0.12 of this

enheoo lauon neve an LGD ir o vulnerah!s gene that contributes to ascertainment. Thus
F*A = 12*1577 5 the propc rtior o1 males thz. nave lo wver IQ and autism resulting at least
partially from a DN LGD. This prezoruon is 220 g ven by P*H*V where H is the
nrohahilitr+bos 0 O T GD hits within the gones vulneiable to LGD mutations, and V is the
mean clase vil=crabis 'ty for these genes. P, 1s ai-eady “*.ied, is 0.11. We have computed the

yduosnuepy Jouiny WHH

nunbe of _enes - ulnerable to LGD mutatious, N, for the affected males with lower 1Q to be
abo 1t 400 gew.es (Supplementary Table 6). A,suming membership in the target class is
inzepenent of gene leng h, and about 70,000 couc>. we calculate H = 400/20,000 = 0.02,
«ud solve V 2 ve 0.55.

We assuo the following prevalence: F-1/75 for ASD in males, F=1/100 for ASD with
low.r IC, in males, F=1/300 for ASD with higher ' in male, and F=1/300 for ASD in girls.
A anc P ae empirically dezived gamma di wibutio»z (o1 the sampled Poisson rates of DN
LGD r*adions = artected »=a unaffected s.olings. By keepi~_ the observed number of
LGD event- and th= voserved proportion of LGD ev<.us const~..t, we sample from the
distributic a of .arget number N ~..u ‘he distrib.tions . A ana P a. described in the previous
section. W= set H to be e ratio o (e total length of unifrz.uly sz mpled vulnerable genes to
the total len,th of the an~!yzed captured exome, ¢..u compr*c o ulncrability point estimate

yduosnuepy Joyiny WHH

as described just above. These sampled values are Z.splayed in F.g. 3 lower panel. The mode
for V is 0.4 for waies ot lower IQ.

Parental age and pt asii '« of D’ mutations—We 17.ed two d.Feren strategies for
modeling the relationshii» betwe on rates of TN substitut ons and the ag s o “the parents.

The first strategy docs r.c depend on know'edg > of the par_at of o=*in feo U N substitutions,
which we do not know for the vast m.jority of DN substitu.’uns. Berzuse the ac.s of the
mother and the father are *2ungly cor~_iated, ve can effectively use th*s strcte. 7 only to
explore the relationship t etw-cn the father’s age and the rates of 1N substit:ions. Ove.
probands and siblings in the 40x-joint fam:', arget, ve model the »..nber of =wta‘ions per
child as sampled from a Poisson A:,u1bution = wh rate R.=T *(A “F.+5), where R, is the
rate of DN substitutions per child. F_ is the 5. u1 .2 father at the B:.un < the child, [, is the
ratio of the length of the 40x-target ir wnat child = the to.al exome le igth au1d A ai d E are
whole population parameters, estir @ated vy maximizin 3 the likelihocd o rera'l czudre 1.
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The second strategy is applicable nly to DN mutat’uns f.r which we have sauccessf.iy
‘phased’ the parent of origin by prcximity w a linked ,olymorohism. For c.cn parent=!
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gender, we separ*c!; £l {unu a wwo-sidel one-sample t-test to compare the parental ages of

J

each 1 hased DN muitation t2 .0 - un of Larental ages in our population.

DN subx titutions increas * ~0.4 pe~ paternal decade (Extended Data Fig. 4), consistent with
previbus . tudies!? and ‘e incease in autis™ - a function of paternal age*®-*7. Where we
could uete. mine pare.'tal pnase, DM substituticus arose more frequently in the paternal (287)
than . the raternal (80 Lackground. .\mong phased DN events, the mean age at birth was
2 +.6 for we father and 3.0 5 cars fc - the mother . hereas the respective mean ages were

33 Z and 31.1 years for fathers and m.othe.s in the v hole population (p-values of 0.0001 and
0047 - _spocuvily, that these #ilierences ~.ise by ch2uce).

Gene class definition—For deter..ining ove~iap wit1 de novo mutations, functional gene
classes were definad a5 follow.. “FMRT" are ; enes « nco.ling transcripts that bind to
FMRP!7. “Chromatir,” indicates chromatin moc ifiers s Zofined by GO (http:/
w7w.g2nec.tolosy.org/). “PSD” is a set of genes encoding proteins that have been

yduosnuepy Jouiny WHH

ider tificd in rustsynaptic densities2?. “Mend=lia™ »present positionally identified human

dic_ase g=nes?2, and “F=._=ntial” genes ~.re humzz ~rtho'ogues of mouse genes associated
vith lethalitv i \ne Mous-. Genome T atatase?!. “dr LCD (Scz)” are de novo LGDs in
schizo purenia?®4* *~ and “dn LGD (I1Y)” a== de .ovo T.GDs in intellectual disability23-2°.

“En bryd nic” genes are those expressed in post-mo+-cm hun an embryonic brains!?, derived
from dow 1loaded expressie= ua‘al® (http://www.brai=.on.or, /static/download.html). This
data se¢t pr-vides r<.malized <. pression lev:is tor ~17,00u ger=s across brain regions from
36 individu~:s, 18 of »vnich were from embryos. Eack Lrain wa< further subdivided into 14
anatomice. reg ons for a total of CC regions. “ve comn:ica cerreition values for the 17,000
genes, anc gen rated a czuph by cemecting ger.es that had ~ucrela .ions >0.85, then
identified cvnnected comrz.uents and averaged the _xpressior =¥ ge. s within these
components as a runction of the annotated age of 17~ Urain and by, reg .on. Each region is

ydLosnuel Jouiny |NHH

sorted first by - 2., tien vy ype (Extende 1 Data Fig. 8) Tle averased normalized
expression of th> 1 2172 ge. s 1 ¢ first component lecrezses after tith, and hence we call

this set embryonic.

Supplementary Table 7 shov, the genes i.» the eight funitio.al cl> sses tha* are within the
captured exome regic ns .nd were used in a'l anlyses.

Extended Data

Extended Data Figure 1. Num. er of f~.uilies s~ ucuccd hy center
The numbers of families sequunced at ue three centers a e plotted as 4 Ver\ d agrem.

Families sequenced at more than o'.e cer.cr are indica*ed L y the ove lap ying regi~as
between circles. CSHL: Cold Spr ng F.arbor Laborato y; U W: Univer "ity o1 Vash*.igton.
Seattle; YALE: Yale Medical Cen er.
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Ext '‘nde | Data Figure 2. 1'SC seque~.cing by pedigree type and nonverbal 1Q
A sunmery of all SSC frnilies sequenced is indicated across the “ALL” row. Numbers of

3SC to-anes with co nplets exome << guencing data are displayed by center in the following
rows (<ce E.-tended D...a Fizure 1 lege=a ror center designations). The top number in entries
uraer the “Families” co'umn ‘z.uicetes 11e total number of families sequenced, and the
nunber in parentheses below indicat s th > ‘vial nuraber of individuals. Family pedigree
structures ar= =L own across the try, cow with Zender indicated by shape (square for male,
circle for female and affeci>d stat- indicated *, colc - (white for unaffected, gray for
affected). Distributions of non-verbal ' within e~ h cchort are shown for male probands

F..tende Data Figure C. R tes of de nov , LG” and n.’sse1 se mutations in the SSC by child

L tatvr,
Ca the Ioit we shew, the LGD rate per child in siv cypes of children, labeled on the X-axis,

de.ined *; weir affected status, gender, ond non-ve:val IO We test for equal rates for every

(blue) and female nrobands (r¢ 1).

yduosnuepy Jouiny WHH

pair of c.ild types and we show the ones with p-v~iue >0.0% with thin lines on the top of the
figurc . Al hough not signi€. ant, the rates i 1 affecte” fcine les « nd in affected males of lower
nvIQ a-e 'urger thiu the rate 2 males of higuer nvIQ. On the * vht, we show the missense
rates per ch’.d for th. same six groups of children.

Extended Data Figure 4. Paternal o~~~ == * e novo mutation r=*_ at chil . birth
Distribution of »aternal age at birth of chi'dren (top) ~.d rates ~Tue novo mutation in

ydLosnuel Jouiny |NHH

offspring as a function of p wternr~.. age wre shown (bot <.u). Childrei wei> ordered by
paternal age at birth anc spli. into ~J groups of similar s’ze, as shcwn 11 th > lower panel.
The red curve shows th. mear observed i «ies 7f de novo exomic sutzatutiyns in each of the
20 groups, with thex ~oor-.inate equal to th* men each ot < fathers’ zzes v~ 'thi» each
group. The blue line saows a linear fit *, the obs rved rates Tlue dotted Z.een line v presents
de novo mutation rates from *lole gene+i.e s ‘quecing data (K uug et al | 'vatu. 2 488, 471—
475, 2012) scaled to rate: per e~uine based on - presentation 'n th ¢ SeqCap 1°Z Human
Exome Library v2.0 (Roche NimbleGen).

| T

I

Extended Data Figure 5. Coding reg .on s’.e distribution ‘or ¢ uery sets ¢ f genes
PDFs and CDFs (right bottom pas el) «f the distributic as o "the coding regicn .erzu in base

pairs of five sets of genes: a set o1 120 genes pic'.cd un’iormly from the set of »-.ome-
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targeted genes (blue); a separate set ~f 1200 genes r.ked with probabilit'es propr=iivua' to
length of the coding region (green); the sew or gene t-. gets of ne atral muta..ons, including 1)
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synonymous m#~* 213 L. provanas and s blings and 2) missense mutation in siblings (red);
genes with de ncvo missen~: ...uwar-ons i probands (cyan); and genes with de novo LGDs
Zu probnds (magenta). 3lack v ithin “ue histograms shows the distribution of lengths of the
recuren. ly hit genes frorn: each rlass. Coding region length distribution under a uniform
mode' dor s not fit the iength ., of the gen~. witl observed mutations, and genes with LGD
“autatior;, «re longer 112 predicica by a siv.pie length-based model (bottom right).

Extended Data Fi. ure 6. Dis\ "ibutior- vt sequen~:..g dep ‘h
Distributions of sequencing uepth (number of sear~nce reads covering a given genomic

position) per person per positic.. ror the three sequer cing centers are plotted. Center

yduosnuepy Jouiny WHH

designations are as it. Extendea Tata Figui = 1.

1’xte.«ded Dat~ rigure 7. Yicld of de novo L/5D and mi ,sen ;e mutations

We rlo.the yield o1 de novo LGD ana miscense Zutations per sequencing center
(designoiions as in Extended Data Figure 1). In e2<ii case . ¢ show the number of mutations
we cxpect to see based on the estimated rates per cuild, in<“..ated by the numbers above the
bars. Ve a'so show what sorcen age of the expect= numu er v e have observed. Black refers
to stro1 5 calls ir e 40% to-.et, gray refers o strong calls o251 1e of 40x target, and
magenta re’ers to = vak (but valid) calls. The white zcgion rep. ~<ents the difference between

the expect 2d a 1d observed numUers f variants

r

Extended Data ) 'igure 8. Catec~==2*"4n of - mbryonica ly expr-.,ed genes
We downloaded expre: sion dat~ (Karz, H. J. et al. Na.ure 47¢ 483 489, 2011) from http://

www.brainspan.org/stat.>/downle.d.html. The data set fcovides ncrma’ize | expression

ydLosnuel Jouiny |NHH

levels for ~17,000 gen~s acre.s brain regions tom 36 ir.div duals 1b of w'iich were from
embryos. Each brain was (urther subdivide 1 int» 14 anaton :cal regicis tor o ot of 508
regions. We computea correlation val=cs for the 17,000 gei e, and ger_.ated a ev.pn by
connecting genes that had c~Z.clations >3.85. We hen identificu conner*_u ~or_ponents and
averaged the expression f ger_s within these cuimmponents as a fu ction of th = annotat. 1 age
of the brain and by region. Each region is se~ca firsi by age, thon bv 2ype. The aviraged
normalized expression of the 1,917 _cnes in th< urst component fecre~,cs after oirth, and
hence we call this set “embry onic.” Sz¢ Supnlemizztary Table 7 fcr the liel ot embrycnic
genes.
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Supplementary Material

Refer to Web version on PubMed Cen.val fo, ~rr!z entary .iaterial.
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o

Fig. 1. Rates of de novo e\ ents py m-.cational type in the SSC
Rate pexr child are estin>.ted frum the 40% joint coverage target region, then extrapolated for

he en 7. exome. Muratior cypes are Zisplayed dy class, and the combined rate for all LGDs

is shov'a at ‘he bottom. right. T-or each =~ ¢nt type, the significance between probands and

ur.rfecte s is given.
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o

Fig. 2. R >currently hit gei es aad no~.-verbal intelligence quotient (IQ)
Affe 'ted females accour. for 12.5% of the S with mean IQ of 78, whereas affected males

have 1°zan IQ of 86 (1ppe~ panel, p-+.ive 1077 by Student's t-test). The vertical dashed line
indicat.s an IQ of 90. I ne ».udle pane! (ieft) shows IQ for affected children with LGD
mr.atiors m genes hit recurre=iy (-ight). Recurrently mutated genes are clustered into four

catezories as shown. The last four cclum. = give ovirall numbers of DN LGD and missense
MS) mntati~=z In the bottom p2~.c1, we corsiuer eight classes of DN mutations: all LGDs,
recurrent LGD< " ,GDs in F MRP ta-_cts (FX(}, LGD. in chromatin modifiers (CHM),
LGDs in embryonically expressed ger<s (EMB) =i mi. sense mutations, recurrent missense
mutations and svhonymous mi ations. Pzoban1s are diviled by the presence of DN

yduosnuepy Jouiny WHH

mutations and gender Means, 527 confidence aterve s 2°.d p values (Student's t-test) are
shown
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o

Fig. 3. N imber of vulnerzble genes ~.ad class vulnerability
We assur. e the property of beirg vulnerable o~ne is independent of gene length, but the

Orobacliy of being i 1t bv .autation < proportic nal to gene length. We use the observed rates
of mut~.aon of a given ype .. specified populations and number of recurrent mutations to
es*.mate ‘ie number of renes v ume-abl to those mutations (top). The degrees of

vulr _rability in those classes are the ist1 +.uons si own in the lower panel (Methods).
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o

Fig. 4. E ‘timated contribu tions of C™Vs, LGDs and missense DN mutations to simplex ASD
Asce tait ment differentiwis for .aree types of DN mutation (CNVs, LGDs and Missense) are

aterp.<icd as a meas re of Contribion,’ the » ercent of probands in whom the mutation

contrituted ‘o diagnos:s. W= combine *.o three mutation types in ‘Total’ on the assumption
of udditivicy. We presern* this ~.cast re fct ‘All” probands and selected subpopulations as
indizated. We also show the expected' cor tZuution « f all DN mutation in a simplex
collection com=ited from a simn!z genetic ™ouel” (‘Model’). Error bars represent 95%

credibility interv: [s.
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