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W ritten and verballanguages are neurobehavioraltraits
vitalto the developm entofcom m unication skills.Unfor-
tunately, disorders mvolving these traits - speciically

reading disability ®RD) and language in paim ent
LD - are com m on and prevent affected ndividuals from

develbping adequate com m unication skills, keaving them

at risk foradverse academ ic, socibeconom ic and psychi-
atric outcom es.Both RD and LIare com plex traits that
frequently co-occur, keading us to hypothesize that these
disorders share genetic etiblbgies. To test this, w e per-
fom ed a genom e-w ide association study on mdividuals
affected w ith both RD and LI n the Avon Longiudinal
Study of Parents and Chidren. The strongest associ-
ations w ere seen w ith m arkers .n ZNF385D QR =181,
P=545%x 10"7)and COL4A2 OR=1.71,P=759x%x 107 7).
M arkers w thin NDST4 show ed the strongest associa-
tions w ith LI mdividually OR= 1827, P=140x 1077).
W e replicated association of ZNF385D using receptive
vocabulary m easures In the Pedihtric In aging Neu-
rocognitive G enetics study (P= 0.00245).W e then used
diffuision tensor in aging fiber tract volum e data on 16
fiber tracts to exam ne the im plications of replicated
m arkers. ZNF385D w as a predictor of overallfiber tract
volum es In both hem ispheres, as w ell as gbbal brain
volum e. Here, w e present evidence for ZNF385D as a
candidate gene for RD and LI The in plication of tran-
scription factor ZNF385D in RD and LIunderscores the
In portance of transcriptional regulation In the devel-
opm ent of higher order neurocognitive traits. Further
study is necessary to discem target genes of ZN F385D
and how itfunctionsw ithin neuraldevelopm entoffluent
language.

Keyw oxds:ALSPAC, dyskxh GW AS, bnguage in paim ent,
PING, rmadig diabilty, ZNF385D
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The devebpm ent of radhg and verbal bnguage skills
through early chibhood and hto adokscence ¥ vialto a
chid’s academ & perfom ance, selfpereption of cognidve
abilifes and devebpm ent of socibilyy. Reading disabilsy
RD) and bnguage inpaiment L) arr two comm on
bnguage-based kamig diabilies w th prevaknce est-
mates of 5-17% and 5-8% , rspectivel Pennihgton &
BXxhop 2009; Peterson & Pennigton 2012). RD and LI
are chamacterized by unexphbied difficulies h w rten and
verbalbnguage, respectively, despie adequate ntelligence,
educatbnal and socbeconom & opportuniy Pennigton
& BXhop 2009; Peterson & Pennhgton 2012). RD and LI
have Ifebng detrin ental effects on comm uniatbn and
bnguage skils, partcubrl w thout early htervention. RD
and LI are frequently com oibi; eg. chibren dignosed
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wih LI are mor lkel to devebp RD hter nn chibdhood
Pennihgton 2006). Addibnall, chidren w ith RD andbr LI
exhbideficts h m any of the sam e neurocogniive dom ahs,
hchidhg phonobgial processig, com prehensbn, fluency
and phonobgical shorttem memory Catts et al 2005;
Gathercok & Baddeky 1990; Pennigton 2006 ; Pennigton
& Bihop 2009;W ke etal2007).

The rhtedness betw een RD and LI goes deeper than
sin fhriy h chialpresentaton.RD and LIshare num emous
rik factors and assockted genes, as both arr com pkx
dborders w th substantilgenetic contrbutors Pennigton
& Bihop 2009; Scerm & SchulrKome 2010). Likage,
candilate gene assochtbn and mre varent studis have
Hentfied genes that contrbute t RD andorLI Gmwham &
Fiher2013; New bury et al 2009, 2011; Pheletal 2012;
Rie etal2009;Scerietal2011).Som e ofthese riskgenes,
hclidihg DCDC2, KRA0319, FOXP2, CNTNAP2 and CM P,
contrbute to both RD and LI Newbury et al 2011; Peter
etal 2011; Powers et al 2013; Scerrd et al 2011; W icke
et al 2011). These studes suggest that RD and LI shar
certah rik genes that nfluence cor bnguage processes.
How ever, genom ew fle assochtbn studes GW AS) on
radhg and bnguage are lin fed. Recentl, Luckno et al
2013) com pkted a GW AS on quantiatie perfom ance
on radhg- and bnguage-rehted m easures. The strongest
assochtons were seen between ABCCI13 and nonw oxd
repetiton . These analyses dentfied novelgenes and bcifor
perfom ance on w riten and verbal nguage tasks, but do
not address disorder states @{e.RD orLI) northe com m on
com orbiity ofRD and LT

Neurwin aghg studEs of w riten and verbal Bnguage have
Hentfied varbus bmh rmegbns and m easures in portant
for fluent Bnguage and alerrd 1 inpaited ndiiuals
Shayw iz & Shayw iz 2008; Vandem osten et al 2012).
Som e amgue that these in aghg differences m ay epresent
a medhtory step betw een genetic risk varants and the
ulin ate clniral phenotype Eixher & Gmen 2013). Thus,
recent studes have used these neuroin aghg m easures as
endophenotypes 1 their analyses. These In aghg-genetic
studEs have assockted RD and LI rik genes - hclidihg
FOXP2, CNTNAP2, KRA0319, DCDC2 and C201f3 -w ih
varbus braih in aghg phenotypes - hclidig bran activation
pattems, whie and gry m atter volim es and fiber tract
volm es Cope et al 2012; Daxki et al 2012; Etxher &
Gmen 2013 ;LEgeoks etal 2003 ;Pneletal 2012 ;ScottVan
Zeelnd etal 2010;Scermietal2012;Tan etal2010;W icke
etal2011).

The goalofthis hvesthatbn i to dentify novelgenes that
contrbute to the overbp ofRD and LIbyperform ngaGW AS
on subgctsw thboth RD and LIh an extensiel phenotyped
bith cohort: the Avon Longiudial Study of Parents and
Chidren ALSPAC). The hrge num ber of neurcogniive
assessm ents h the ALSPAC albw s for the sin ulaneous
anal/sis of RD and LI By dohg so, we ain to dentify
new genes that contrbute to both RD and LI W e then
replicate ourresuls 1 the Peditric n aghg N eurocognibn
Genetics PING) study ushg oml radhg and rweceptive
vocabubry m easures. For replcated m arkers, we test for
assochtbns w ih fibertractvolim es prevbusl in plicated n
Bnguage.
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ZN F385D influences reading and language disorders

M aterials and m ethods

Avon LongiudmalStudy of Parents and Chidren
Subpct rcmim ent and colectbn of phenotype and genetic data
for the ALSPAC cohort were compkted by the ALSPAC team .
The ALSPAC ¥ a pmospective popubtion-based, bxth cohort based
on the Avon rgbn of the UK. & conskts m ahl of chibdren of
northem Eumpean descent, bom 1 1991 and 1992. Chidren
wer recmied before bith; recmim ent of their pregnant m others
resuled h a otalof 15458 fetuses, of whom 14 701 wer alve
at lyear of age. Detaik rgardihg the paricpants, recmim ent
and study methodobgks ar descrbed i detni elkewher
http /v ww bristolacuk/akpac) Boyd et al 2012; Godhg et al
2001). The chidren of the ALSPAC have been extensiely pheno-
typed fiom before bith to early adulthood. Ethial approval w as
obtaned from the ALSPAC Ethis and Law Com m itee, LocalUK
Research Ethits Comm itees, and the Yak Hum an hvestgaton
Comm itee.

Reading and language m easures

The rwading, Bnguage and cogniie m easures used for this study
wer colected at ages 7, 8 and 9years. Subpcts wih D 75
on the W echskr htellgence Scak for Chiden W ISC-II) Total
D, compkted at age 8years, w ere exclided fiom the presented
analyses W echskretal 1992). Readiig m easures h the ALSPAC
hiclide a phonem e dektbn task at age 7, shgkw oxd rradhg at
ages 7 and 9years, shgk nonw oxd rwadhg at age 9years, and
radhg passage com prhensbn at age 9years. The phonem e
dektobn task m easures phonem e aw areness, w del considered to
be a core defict 1 both RD and LI Pennihgton 2006 ; Pennigton
& Bishop 2009). For the phonem e dekton task, also know n as the
Audiory Analsi Test, the chid Iistens to a word spoken abud,
and & then asked to rm ove a speciic phonem e fiom that word
to make a new worxd Rosner& Sinon 1971). Shgkw oxd radhg
w as assessed at age 7 usig the readihg subtest of the W echskr
Objctize Readig Din ensbns W ORD).Atage 9, shgk-w oxd and
nonw oxd radihg w ere assessed by askhg the chid to read 10 ®al
w oxds and 10 nonw oxds abud fiom a subsetofa higerlstofw oxds
and nonw oxds taken fiom research conducted by Tereziha Nunes
and colkagues Rust et al 1993). Readihg com prehensbn scores
w ere ascertaned atage 9,ushg the Neak Analsi ofReadihg Abilty
NARA-D Neak 1997).Tw o additonalbnguage m easures, nonw oxd
wepetibn and veral com prehensbn tasks, w ere colected durng
clhiral htewew s at age 8 years. An adaptation of the Nonw oxd
Repetitbn Task NW R), h whith subpcts mepeated recordigs of
nonw oxds, w as used to assess shorttemm phonobgialm em ory and
pwcesshg Gathexok & Baddeky 1996). Chidren ako com pkted
the W echskrO bective Language D in ensibns W O LD ) verbalcom -
prhensbn task, w here they answ ered questbns about a paragmph
read abud by an exam herdescrbig a presented prture W echskr
1996). z-Scors w ere cakubted foreach subfcton each hdvidual
m easure.

Case definitions

W e ain ed to capture persitently poorperfom ers h varbus radig
and verbal Bnguage dom anis as RD and LI cases 11 our case
definions ([abk 1). Therefore, we defined RD cases as havihg
a zscor kss than orequalto -1 on at kast 3 of the 5 folbw hg
tasks: shgkw ord readihg at age 7 years, phonem e dekton at age
7 years, shgkw ord rradhg at age 9 years, nonw oxd readihg at age
9 years, and readihg com prehensbn atage 9 years. There w ere 527
subpcts defined as RD cases. W e defined LI cases as havig a
z-score kss than orequalto -1 on at kast 2 of the 3 olow hg
tasks: phonem e dektbn at age 7years, verbal com prehensbn at
age 8 years, and nonw oxd repetion at age 8 years. There w ere 337
subpcts defined as LIcases.As phonem e aw areness B in portant
1 both RD and LI we chose to hclide i as a part of the case
definion forboth RD and LIto weflect clhial presentation. Ther
were 174 ndvduak affected w th both RD and LI, w ih a mak
to fem ak mtb of 1.71. T the further chamacterizaton of observed
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assochtbns, we created subsets of cases w ih no com orbdiy.
There w ere 163 LIcases exclidihg those w ih com otbd RD ,and 353
RD cases exclidhg those w ith com otbd LI Fy.1).Forallanalses,
contioks w ere defined as ALSPAC subjcts of Eumpean ancestry
w ho com pkted allthe necessary neurbehavbmlassessm ents but
dil notm eet the criterh forcase status.

G enotyping and analysis

Sub®cts werr genotyped on Ium ha Hum anHap 550 bead anays
San DiEgo, CA, USA). Subfcts were exclided if the percentage
of m Bshg genotypes was greater than 2% Q= 6). To prvent
possbE popubtion stratfication, onl subfcts of European ancestry
were hichided. Th our prin ary anaksis of RD and LI hdviualk,
there were 174 cases and 4117 contiok. Therr wer a total
of 500527 sihgk nuckotide polm omphims ENPs) genotyped
before qually assessment and qualty contiol M arkers wer
rem oved if Hawdy-W enberg equilbriim P 0.0001 (= 93) or
iIf m shgness was grater than 10% (= 19). Al m atkers had
a m hor alek fiequency grater than 0.01. AL genetic analses
were perform ed ushg bgktc rgressbn i punk v107 Puwel
et al 2007). To corect for m ukbk testhg, we set a Bonfenoni
conected threshod of o=100x 10"’ = 005400000 m arkers
tested.

Folbw hg our hifalanal/ses exam hihg cases w th both RD and
LL we further exam hed RD and LI case definibns ndiidualy
(e .LIexclidhg those w th com otbd RD, and RD exclidihg those
w th com otbd LI). These analses were com pkted to detem he
w hethera shgk disorder RD orL] w as drivihg assochton spnak
1 the comotbid RD and LI anakysk Fh. 1l). W e ako exam hed
the assochtins of m arkers w ihih severmlprevbusly dentfied RD

Tabl 1: Readnhg and Bnguage m easures used to define RD
and LIcases

RD (m= 527) LIMm= 337)"

Phonem e dekton
age 7 years
Verbal
com prehensbn
age 8 years
Nonw oxd repetiton
age 8 years

Phonem e dekton age 7 years

Shgkw o rradihg age 7 years

Shgkw o rradihg age 9 years

Nonw or rradig age 9 years
Readig com prehensbn age 9 years

RD cases had a z-score of kss than orequalto — 1 on at kast
3 ofthe 5 rradihg m easures.
"LIcases had a zscor of kss than orequalto - 1 on at kast2
of the 3 Bnguage m easures.

LI RD
N=163 N=353

N=174

Figure 1: Num berofRD and LIcases in the ALSPAC cohort
follow Ing the case definitions in Table 1. Ther wer 174
sub®cts w th com otbid RD and LI Ther wer 163 subfcts
w ih LIw thoutcom otbid RD , and 353 subfcts w th RD w ithout
com otbd LL
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and br LI rek genes, hclidhg those recently reported h Luchno
etal Q013), h oerto present therresuls w 1th these phenotypi
definifons. These genes hclided: ABCC13, ATP2C2, BC0307918,
CM P, CNTINAP2, DAZAP1, DCDC2, DYX1C1, FOXP2, KIRA0319,
KBRA0319L,PRKCH ,ROBO1and TDP2.

Genebased analses werre performed on each phenotype
comorbid RD and LI, as well as RD and LI hdviualy) ushg
the VEGAS pmogram , sin ibr to the Luckno et al study Lir et al
2010; Luciano et al 2013). To conect form ulkpk testhg, we set
a Bonfenoni cornected thresholl of a = 2.84x 107°= 0.05A7610
genes tested.

PING replication analyses

Replicaton analses wer compkted h the PNG study. Detais
on the recwim ent, asceraihm ent, neurbehavbml], genetc and
neurwin aghg m ethods and data acquiibn n the PNG study ar
descrbed 1 detail ekew here, but are sum m arized brefly bebw
@Akshoom off et al 1 press, Brown et al 2012; Fellet al 2012;
W ahovd etal 2012).The PING study ¥ a cross-sectbnal cohort of
typially devebpig chidren betw een the ages of 3 and 20 years.
Subfcts w ere screened forhstory of m ajprdevebpm ental, psychi-
atric, and prneurmbgiraldisorders, brah njiry orm edialcondions
that affect devebpm ent. How ever, subpcts w ere not exclided due
o kamig diabilites such asRD and LI.The hum an research protec-
thns progmam s and hsthutbnalevew boars at the 10 hstiutns
W el Comell M edial Colege, Uniersty of Calfomia at Davi,
Un¥ersity of Haw ail, Kennedy Krieger Thstiute, M assachusetts
GenemlHospial Un¥ersiy of Calfomi at Los Angeks, Unversiy
of Califoma at San DEgo, Uniersity of M assachusetts M edial
School, Un¥ersiy of Southem Califoma and Yak Uniersity) partic-
Jathhg 1 the PNG study approved allexperin entaland consentihg
procedures. For nd¥ualk under18 years of age, parental hform ed
consentand chif assent forthose 7-17 years ofage)w ere obtahned.
Allparticipants age 18 years and oHer gave theIr w riten hfom ed
consent.

Sub®cts com pkted the valdated study versbn ofthe N H Toobox
Cognion Battery, h w hith tw o language -and radihg-sehted tasks
wer compkted: the OmlReadihg Recognibn Test and Plture
Vocabuhbry Test @Akshoom off et al h press; W ehtraub et al
2013). Ih the O @l Readihg Recognibn Test, a word or ktter &
presented on the com puter screen and the particpant & asked to
rad i abud. Responses are rcored as conect or hconect by
the exam her, who vew s accepted pronunchtons on a sepamte
com puter screen. The Pitur Vocabuhry Test & a measur of
weceptive vocabulry and adm histered h a com puterzed adaptive
fom at. The partcpant & presented w ih an audiory rcordihg of
a wor and four in ages on the com puter screen; the task & to
touch the in age that m ost cbsel wpresents the m eanig of the
wom.

Sub®cts wer genotyped on the Ium ha Hum an660W Quad
BeadChp Gan Digo, CA,USA), w th m artkers used for replication
anal/ses passihg qualty controlfiters Gam pk callmte> 98% ,SNP
call mte> 95% , m hor alek fiequency> 5% ). W e constmucted a
reference panel as descrbed ekew herr Brown et al 2012; FRl
etal2012;W ahovd etal 2012).To assess ancestry and adm kture
proportons i the PNG particpants, w e used a supewised clistering
appmach in pkm ented 1 the apm xTUrRE softw are A Exander et al
2009) and clustered particpantdata hito sk clisters conespondig to
sk m ajprconthentalpopubtions: A frican, CentralAsin, EastAsin,
Eumpean,Native Am erican and O ceani. In pkm entaton ofancestry
and adm kture proportons i the PNG subfcts I descrbed h detail
ekewherr Brown etal2012;Felletal2012;W ahovd etal2012).
To prevent possbk popubtbn statficatbn, only subpcts w th a
Eumpean genetic ancestry factor GAF) of 1 w ere iclided i genetic
anal/sis of behavbr. These 440 hdviuak of European ancestry
fnean age of 115 6D = 4 8) years, 53.0% mak] wer analzed
usihg quantiatie perform ance on the Oml Readig Recognibn
and Piture Vocabubry scors w ih prnk v1.07, w ih age hclhided
as a covarate Purell et al 2007). To conect form ulpk testhg
@0 totaltests= 10 SNPsx 2 hnguage m easures), w e set statistical
threshols usihg the fale discovery mte w th o = 0.05 Benpm hi&
Hochberg 1995).
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PING in aging analysis

PNG inaghg techniyjues, data acquiin and analses arm
discussed 1 depth ekewher and brefly bebw Brown et al
2012; Fellet al 2012; W ahovd et al 2012). Acwss the 10 sies
and 12 scanners, a standardzed m ulpe m odalty hiph-tesolition
structural M RI pmwotocol w as in pkem ented, nivolving 3D T1- and
T2w ebhted volim es and a set of diffusbnw ehted scans. At
the Unversty of Calfom®i at San Digo, data werr obtahed on
a GE 3T SpnaHDx scanner and a 3T Dicovery 750x scanner
GE Healhcare, W aukesha, W I, USA) ushg ebhtchannel phased
anmay head coik. The protocol hclided a conventibnal three phne
bcalizer, a sagital3D hversbn recovery spoied gradint echo T1-
w eghted volim e optin Zed form axin um gmyi hie m attercontast
echo tine= 3 5m ilkeconds, mpetibn tine= 81m ilseconds,
Iversbn tin e= 640m iliseconds, flp angk= 8 , mceier band-
w dth= + 31 25kHz, FOV= 24 cm , fiequency= 256, phase= 192,
slte thikness= 12mm ), and two axil 2D difusbn tensor
maghg ©OTI) pepobr scans @O0-diectons b valie= 1000,
TE = 83m illiseconds, TR = 13600m iliseconds, frequency= 96,
phase = 96, slce thikness=25mm ). Acquiibn pmwtocok w ih
puke sequence param eters Hentical or near dentical to those
pwtocoks used at the Unversiy of Calfomb at San DEgo
wer hstaled on scanners at the other nhe sies. Data wer
acquied on all scanners to estin ate rhxatbn mtes and m easure
and conect for scannerspeciic gmdint coil nonlhear w arpig.
In age fiks h DCOM fom at were processed w ih an autom ated
processhg stream wrten i M ATLAB WNatkk, MA, USA) and
C++ by the UCSD M ulin odal In aghg Labomtory. T1l-w eghted
stiucturalin ages w ere conected forditortbns caused by gradEnt
nonheartes, corgitered, avermged and rgil resam pkd hto
algnm ent w th an aths bmih. In age postprocessiig and analsi
wer perfom ed ushg a fuly autom ated set of took avaibbk
1 the FreeSurrEr softw are suie htp:/surdernm rm gh harard.
edu/) as w ellas an athsbased m ethod for delheating and Bbelng
W M fibertracts Fischl2012).

D iffusion tensor in agmng

D fffusbnw eghted in agesw ere conected foreddy cunentdstorton
ushg a kastsquare hverse and temtive conjigate gradentdescent
method to sole for the 12 scalhg and transktbn param eters
descrbhg eddy cunent dbtortons acmoss the entie diffusin
M RI scan, explcily takhg hto account the orentatbns and
am pliudes of the diffusbn grmdEnt €huang et al 2006). Head
m otbn w as conected by rgkterng each diffusibnw eghted in age
t a conespondihg in age syntheszed fiom a tensor fit to the
data Hagkr et al 2009). Diffusbn M RIdata wer conected for
spatil and htensiy distortons caused by B0 m agneti field in-
hom ogeneites ushg the mversihhg gradent m ethod Holend et al
2010).D Btortbns caused by gradEnt nonlhearites w ere conected
by app¥ g a predefined, scannerspectic, nonlhear ttansfom ation
Joviih etal 2006).D fffusbnw eghted in ages w ere autom atically
regitered to T1w efhted stuctumlin ages usihgm utualiifom atbon
W els etal 1996) and rgdl resam pkd hto a standard orentation
rmhtive to the Tlwebhted inages w th Botropit 2mm voxel.
Cubi htempohtibn w as used foralresam phg steps. Conventbnal
DTIm ethods were used to cakuhte diffusbn m easures Basser
et al 1994; Pewaoli et al 1996). Scannihg dumation for the DTI
sequence was 424m . W hie m atter fiber ttacts were hbelkd
ushg a probabilstc-aths-based segm entaton m ethod Hagkretal
2009).Voxek contahig prin arlly gray m atterorcerbralspialfluid,
Hentfied ushg FreeSurfer’'s autom ated braih segm entatobn, w ere
exclided from analsis Fichletal2002).Fbertractvolim eswer
cakubted as the num berofvoxelk w ih probabilty greaterthan 0.08,
the valie that proviled optin alconespondence 1 volim e betw een
aths-derved rgbns of hterest and m anualy traced fibertracts.

Statisticalanalyses

In aghg-genetics analysesw ere perform ed h hd¥luak ofEuropean
genetic ancestry. Scanner, age, handedness, socbeconom t status
and sexw ere hiclided as covariates 11 allanalyses Akshoom offetal
I press;Brown etal 2012; Fplletal 2012; W ahovd etal 2012).
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332 subjcts of Eumpean genetic ancestry had com pkted in aghg
m easures thatpassed PNG qualty conttol Fbertractvolim es 11 16
tracts of nterest w ere tested by m ultpk regressbn analses n R
usig the PNG data portal https /fn m ikdataportalucsd edu).

Resuls

SN P and gene-based associations

The 10 strongest GW AS assochktbns w ith com ortbd RD
and LI ALSPAC ar presented 1 Tabk 2. The strongest
assochtbns were obsewed wih ZNF385D (OR=1.81,
P=545x%x 10"7) and COL4A2 OR=171,P=759%x 1077)
TabE 2).Next, we exam hed RD and LI ndviuall - w th
no com ol cases nhclided - detemm hihg w hether one
disorder w as drivihg these associtbns. The 10 strongest
assochtbons for RD cases and LI cases hdwidualy are
presented 1 Tabks 3 and 4, rspectively. The strongest
assochtons wih LI wer wih matkers n NDST4
OR=183, P=140x 10" 7) (abk 3). M atkers on chm-
mosome 10 OR= 143, P=516x 10°°), chrom osom e 8
OR=1.70,P=585x 10" °)and the O PA3 gene PR = 153,
P=692x 107°) had the strongest assochtbns w ih RD
Tabk 4). M atkers w th P< 0.01 w ihih genes prevbusly
m plcated hh RD andprLIarw prsented n Tabk S1, Sup-
portihg hfom atbn foreach phenotype . The sttongestasso-
chtbns w ith these m arkers w ere seen for KRA0319 w ih
com obd RD and LI (s16889556, P= 0.0005177), FOXP2
w th com otbd RD and LI (s1530680, P= 0.0001702), CNT-
NAP2 w 1h LI s6951437, P= 0.0000462) and DCDC2 w ih
LI (793834, P= 0.0002679) (Tabk Sla-Slc).Genebased
analses wer compkted on each phenotype om orbd
RD and LL RD hd¥idually and LI hd¥tlually), and the 10
strongestgene based assochtions are presented i Tabk S2.
None of the genebased assockatbns surwied conecton for
m ulpk testig; how ever, the sttongest assochtions w ere
seen w th: (L) OR5H2, OR5H6 and RRAGA w ih com orbil
RD and LI Q)NEK2,DLEC1and NARS w th LIand G)M AP4,
OR2L8 and CRYBA4 w ih RD .M arkers w ih the strongest
P=alies 1 dicovery analses n ZNF385D, COL4A2 and
NDST4 w ere carred forw ard forreplicatbn analsis h PNG .
W e observed replcaton oftw om arkers w ithi ZNF385D and
perfomm ance on the Piture Vocabubry Test (P= 0.00245
and 0.004173) (Tabk 5).How ever, m arkers did not replcate
w ih the O m1Readig Recognitbon Test (P> 0.05).

In agmg-genetics of ZN F385D

To folbw up on the mplrated assochtions of ZNF385D,
we exam hed the effects of these varbnts on fiber tract
volm es prevbusly in plcated h wriden and verbal Bn-
guage. Before donhg so, we detem hed that fiber tract
volm e was a prditor of perfom ance on O mlReadihg
Recogniton and Picture Vocabulry Tests Fg.2ab).W thh
subfcts of only European genetic ancestyy, ZN F385D geno-
types w ere preditors of overnllfiber ttact volum e as well
as fiber ttact volim es 1 the rght and Eft hem kpheres
(fab®e 6). ZNF385D SNPs wer ako preditors bikter
aly w ihnh the hferbr bngiudial fastulis (ILF), hferor
fronto-occpto fastulis (FO ) and tem poral superbr bngi-
tudhal fastulis (SLF) h this subset abk 6). To dscem
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Table 2: Assochtions w th com orbid RD and LIcases n ALSPAC (= 174)

M arker Chr Base pair M noralkelk MAFAff M AF Unaff Gene 0 dds ratio P valie

1512636438 3 22038281 G 03017 0.1927 ZNF385D 1811 545x 1077
81679255 3 22022938 c 03006 0.1923 ZNF385D 1.805 6.87x 1077
59521789 13 109917621 c 05201 03879 COL4A2 1.71 759x%x 1077
51983931 13 109916103 G 05201 03896 COL4A2 1698 1.06x 10°°
159814232 3 21948179 A 02931 0.1886 ZNF385D 1.784 130x 10°°
157995158 13 109909718 A 05201 03911 1687 144x 10°°
156573225 14 58354640 c 01965 01122 1.935 156x 10°°
54082518 10 17103032 T 03103 02049 CUBN 1.746 217x 107°
15442555 14 58365937 cC 01983 01149 1.905 238x 107°
8259521 3 21942154 T 02902 0.1885 ZNF385D 1.761 242x 107°

Chr, chrom osom e;M AF Aff,m horalek frequency 1 affected subjcts; M AF Unaff, m horalek frequency h unaffected subpcts.

Tabl 3: Assochtons w th LIcases 1 ALSPAC, exclidihg com otbd RD cases 1= 163)

M arker Chr Base Pair M norAlele MAFAff M AF Unaff Gene Odds Ratio P valie

482700 4 116286939 G 03896 02588 NDST4 1.827 140x 1077
157695228 4 116309516 T 03920 02636 NDST4 1801 294x 1077
151940309 4 116306410 T 03865 02606 NDST4 1.788 414x 1077
505277 4 116248257 T 03773 02528 NDST4 1.791 435x 1077
1s476739 4 116248997 A 03773 02529 NDST4 1.79 441x 1077
5867036 4 116381578 C 03957 02696 NDST4 1774 531x 1077
867035 4 116381423 C 03957 02697 NDST4 1.773 545x 1077
2071674 4 2366882 T 0.0920 0.0389 ZFYVE28 2503 190x 10°°
57694946 4 116413588 C 03620 02526 NDST4 1678 895x 10°°
54823324 22 44616787 C 02914 04143 ATXN10 0581 930x 10°°

Chr, chrom osom e;M AF Aff,m horalek frequency 1 affected subfcts; M AF Unaff, m noralek frequency h unaffected subpcts.

w hether these assocktions betw een ZNF385D and fiber
tractvolim es rflectgbbalbrah volim e differences am ong
genotype, w e next exam hed the rhtonshp of ZNF385D
w ih both totalbraih segm entatin and totalcorticalvolim es.
W e found assocatbns forboth m easures w th 11679255
P=0.00072 and 0.00027, respectively) and rs12636438
(P=0.000259 and 0.000069, rspectiel). The effects
appeared to be addiive n nature,w ih heterozygous ndiviiu-
ak havihg htem edate phenotypes rehtive to those hom ozy-
gous forthe m apralkk and to those hom ozygous for the
m horalek.h fact,w hen these totalbraih volim e m easures
w ere hserted nto the m odelas a covarate, ZNF385D asso-
chtbns w ith D TIfiberttactvolim es w ere no bngerpresent.

D iscussion

I this hvestbatbn, we sought to Dentify genes that
contrbute to the com m on co-occunence ofRD and LI h our
dicovery analyses, w e found associtons of ZNF385D and
COL4A2 1 com obd cases,and of NDST4 w th LL.Next,w e
observed assochtbns of ZNF385D w ih perfom ance on a
vocabubry m easure, but not on an oml radihg m easure,
In PNG. Assochtion w ih perfomm ance on a vocabulbry
m easure, athough notexactly recapinbting the com orbdiy
phenotype ,does provile furtherevilence forthe contrbution
of ZNF385D to lnguage . To gah functibnalunderstandig,
w e htenogated the effects of replicated ZNF385D m arkers
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on the volim es of Bnguagetehted fiber tracts. ZNF385D
m arkers assochted bibtermly w th overallfibertractvolim es
and overmllbaih volm e.

Studes have shown that RD and LI share genetic
contrbutors (rzaskow ski et al 2013). How ever, specfic
genes that contrbute to both RD and LIhave onl recently
begun to be exam nied.These studEs have used a canddate
gene approach to exam e thi shared genetic etbbgy.Such
an appmach has been successful hh show g the shared
contrbuton of DCDC2, KRA0319, FOXP2, CNINAPZ2,
am ong others, to both RD and LI Exher & Gmen 2013;
Graham & Fiher 2013; New bury et al 2009, 2011; Phel
et al 2012; Rxe et al 2009; Scerd et al 2011). T fact,
m arkers w ihih KAA0319,FOXP2 and CNTNAP2 @bngw ih
BC0307918) show ed nom hal assochton w ih com orbinl
RD and LI 1 our analyses (P< 0.01). RD AT rsk genes
ako show ed a tendency to assockte w ih LI hdviualy
DOCDC2,KRA0319 and CNTNAP2) and w ith RD hdvdualy
(CNTNAP2 and CM P) P< 0.01).The hck of replraton for
otherRD LIrk genes and differences betw een thi study
and those of Scerretal @011)and Lucino etal Q013)ar
kel a rsulk of different case definitons and num bers, as
w e deshned ourcase chssficatbns to capture aw e mnge
of rradig- and Bnguage-in paired subfcts, as opposed to
usihg hghly specfic neurocogniive m easures.

A ghring om sbn 11 the genetic nvestiatons ofRD and
LI i the hck of hypothesi-fire m ethods. These m ethods
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Table 4: Assochtions w th RD cases 1 ALSPAC, exclidihg com obid LIcases 1= 353)

M arker Chr Base pair M moralkele MAFAff M AF Unaff Gene Odds ratio P value

5180950 10 115697957 G 0456 0369 1431 516x 10°°
152590673 8 126037337 G 0.133 0.083 1697 585x%x 107°
15892100 19 50772522 C 0228 0162 OPA3 1526 692x 10°°
151792745 18 51955991 T 0.187 0.129 1558 122x 10°°
1512546767 8 126151747 c 0.152 0.099 KRA0196 1618 132x 10°°
1512634033 3 146524529 c 0.135 0.087 1646 180x 10°°
15892270 12 105002956 G 0534 0451 NUAKI1 1395 216x 107°
1510887149 10 124156994 A 0278 0357 PLEKHA1 0690 225x 107°
1510041417 5 33218502 T 0226 0.164 1489 258x 107°
156792971 3 68468217 c 0111 0.068 FAM 19A1 1.703 259x% 107°

Chr, chrom osom e;M AF Aff, m horalek frequency 1 affected subfcts;M AF Unaff, m horalek frequency h unaffected subpcts.

Table 5: Replicatbn ofassochtbns h PNG @f1= 440)

OralReading Test Picture Vocabulary Test

M arker M nnoralkele MAF Gene Beta P value Beta P value
512636438 G 0.1l61 ZN F385D - 01867 09452 -288 0.004173*
51679255 G 0292 ZNF385D -1384 05016 —-3.048 0.002445**
59521789 G 04370 COL4AZ2 - 03411 0.7332 08647 03877
=476739 A 0265 NDST4 05406 05891 05159 06062
=505277 A 0280 NDST4 05406 05891 — 03452 0.7301
r=482700 G 0278 NDST4 05498 05828 - 0.05341 09574
57695228 A 0295 NDST4 06258 05318 0.09991 09205
5867036 G 0378 NDST4 02605 0.7946 -01414 0.8876
867035 G 0377 NDST4 02961 0.7673 - 01565 0.8757
51940309 A 0281 NDST4 06049 05456 01296 0.8969

M AF,m horalek fiequency h fullPNG sam pke.

*P valie kss than FDR -adjisted statsticalthreshold FDR -adjisted threshoBd= 0.05x @€/19)= 0.00526.
**P valie kss than FDR -adjisted statisticalthresholl FDR -adjisted threshod= 0.05x (L 20)= 0.00250.

alow fordiscovery ofnew genesbecause theydonotrel on
presekcted canddates. Here, ourGW AS analyses nhdiate
that ZNF385D contrbutes to com otbid RD and LI O urstudy
B notthe firstGW AS on rradig-and bnguage-rehted trais.
Lucino etal Q013)mecently reported aGW AS ofquantiative
m easures of w riten and verbal Bnguage m easures  tw o
popuktbn-based cohorts, nclidhg ALSPAC. They found
strong evilence that ABCC13,BC0307918,DAZAP1,am ong
others contrbute to perfom ance on these m easurs,
although our analses di not provile strong evilence for
them . The anakyticalstiateges differed 1 tw o w ays: ) the
use of dithotom ous mther than quantiative m easures to
condibn genetic assocktbns and @) exam hihg rading
and bnguage together as opposed to ndimidually. Past
assochton studes of RD and LIhave show n differences i
resuls dependig on w hetherassochtons w ere condioned
on dihotom ous or quantiatize phenotypes. For hstance,
KRA0319 tends to assochte m ore radily w ih quantiative
measures, whie DCDC2 assochtes mor often wih
drhotom Zzed varBbks Paracchhietal 2008; Pow ers etal
2013;Scemietal 2011).The presentstudy, w hh exam hes
com otbdity, and that of Lucino et al, whih exam hed
perfom ance on radihg and bnguage tasks hdwidually,
condibned genetic assochtbns on different trais, w hich
can kad to different statistical assochtions. Both analtical
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strateges are vald and have gkaned sepamte, yet rhted
hispht hito the genetic underpinigs of w riten and verbal
bnguage. They dem onstrate the inporance of creatie
and carefil exam hatbn of phenotypes when exam hing
neurmcogniie and othercom pkx trais.

Folow g ourprn ary analsi of com ood RD and LT, w e
nextexam hed RD and LInhd¥dually to determ e w hethera
shgk dkorderw as drivihg the associton sgnals. ZNF385D
dd notassocate w ih etherRD orLIindwidualy, ndiathg
that ZNF385D contrbutes to pmocesses rhted to both RD
and LI, as opposed to only one of these disorers. W ihn
PING, w e obsered assochtbns of ZNF385D m arkers w ih
perfom ance on the Pitture Vocabulry Testand notthe O &l
Readig Recogniion Test.M easures of receptive vocabubhry
e g.the Prture Vocabuhyy Test) are rehted to both w riten
and veibal Bnguage tasks Gcarborough 1990; W ke et al
2007), w hie perform ance on decodihg m easures eg. the
Oml Readihhg Recognitbn Test) appear to be speciic to
radig. Therfore, the Piture Vocabulry Testm ay reflect
the com orbd RD and LIphenotype used i ALSPAC better
than the 0@l Readihg Recognion Test and exphi the
assochtbn pattem of ZNF385D 1 PNG. h addibn to
ZNF385D ,w e observed suggestive assochtins of COL4A2
w ih com otbd RD LLIand NDST4 w ih LI Neiher of these
assochtbns mweplrated h PING, but future studies shoud
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Figure 2: Association of totalfiber tract volum es and neurocognitive tasks. Rebhtonshp of totalD TIfiber tract volim e w ih
perfom ance on @) PIture Vocabubry Testand b)O rmlReadig Test. TotalD TIfibertract volim es w ere predictors of perfomm ance on
both vocabulry P = 0.000602) and radihg P = 0.03596) folbw hg conecton forage, handedness, gender, scannerdevice used and

socbeconom T status.

attem ptto replicate these associatbns, particubrly due to the
know n hvolrem ent of COL4A2 i porencephaly and w hie
m atter ksbns Verbeek etal 2012 ;Yoneda etal 2012).
Gene-based analses dil not revealany associhtions that
suwied cornection form ulpk testihg.Nonethekss, ther
w ere htrguihg gene associatons thatshould be hvestgated
I future studes.Forhstance,w ih LT, there w ere suggestie
assochtbns w ih genes on chrom osom e 19 - 1411, ATF5,
NUP62 and SGLEC11 - whih m ay conespond to the SLD
Inkage peak M onaco 2007; SLIConsortiim 2002), Lucino
et al @013) found a sin far accum ukton of suggestiely
assochted genes approxin ately 5M b aw ay fiom ourgenes.
Addionally, M AP4, a m twtubuk assem bly gene, was
the strongest associted gene w th RD . Ther & evilence
m Trotubuk functbn phys a key wk 1 rradiig devebpm ent
as abenantneurnalm gmton I thought to contrbute to the
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etbbgy ofRD and otherRD candidate genes are thought to
htermctw ithm mwtubulks € g.DCDC2and ACO T13) Cheng
et al 2006). Although htrguhg, these suggestive findings
m ustbe valdated 1 an hdependent cohozrt.

The strongest obsewed associtbns n thi study were
w thm atkersw ihih ZNF385D .ZNF385D hasprevbuslk been
iIn plcated 1 schzophreni and attention deficthyperactiviy
disorder ADHD) Poeln ans et al 2011; Xu et al 2013).
Both schzophrens and ADHD are neumbehavbmldisorders
thought to have core in paim ents hh comm on w th RD and
LT frclidihg com prehensbn and sem antic processihg G iger
etal1992;Lietal 2009;W itutt etal 2005). Addibnally,
ourobserved associatbn of ZNF385D on gbbalbmaih volim e
m ay hdiate that ZN F385D ifluences varbus neurcogniie
trais though is effecton the entie brah.

Genes, Brat and Behavbr 013)12:792-801



Table 6: ZNF385D assochtons w ih D TIfibertract volim es h
subfcts w ith 100% European genetic ancestry 1= 332)

151679255 1512636438
Fbertract Spe P value Slope P valie
AT -3329.9 0.044%* -3717.9 0.023%*
RhtAl -1731.4 0.039%* -1965 0.017*
LeftAl -1l6l6.3 0.055 -1775.6 0.033%*
ROhtLF -251.3 0.011* -234.4 0.016*
Left ILF - 256.9 0.0088** - 254.6 0.009**
Rht FO -200.8 0.032* -190 0.041~*
Left FO -221 0.012%* -226.3 0.009**
ROhtSLF -168.1 0.06 - 206 0.02*
Left SLF -199.5 0.022%* -212.9 0.013~*
ROhttSLF -170.8 0.011%* -180.7 0.0068%**
Left tSLF -163.1 0.023* -169.9 0.016*
RhtpSLF -153.1 0.079 -182.4 0.034%*
LeftpSLF -112.2 0.18 -125.3 0.131
RghtSTC —-148.8 0.052 -165.6 0.029*
Left STFC —-34.54 0.66 -54.3 0.48
cc -977.1 0.15 -1181.6 0.081

AT, allfiber ttacts; CC, corpus calosum ; pSLF, paretalsuperbr
bngiudhalfasiculis; SLF, superbr bngiudnal fasitulis; STFC,
stratal nferbr frontal corntex.

*P  005.**P 0.01.

There ¥ litke know n regardihg the functon of ZNF385D,
although is zihc fingerdom ain suggests i i a transcrptnal
regubtor. The iIn portance of transcrptbnal regubtbn n
w riten and verbal Bnguage & not a new concept. The
most w el studied bnguage gene, FOXP2, ¥ a potent
transcriptbn factor thathas been show n to reguhbte another
bnguage gene, CNTNAP2 Vemes etal 2007;Vemes etal
2011). Addionally, 1 the DYX2 Dbcus, two rsk varents,
READ1 w ihihh DCDC2 and the KRA0319 rk hapbtype,
appear t have the capaciy to rgubte gene expressbn
Couto et al 2010; Dennk et al 2009; M eng et al 2011)
and possbl ntemct Cudw I et al 2008; Powers et al
2013), athough m ore evilence ¥ needed to dem onstmate
these functonalies. ZNF385D varents now Pph thi st
of putative transcriptibnal variants that hfluence w riten
and verbal Bnguage skils. The chamcterzaton of tamet
genes of ZNF385D and of is tmanscrptibnal effects on
these tamgets w il be an in portant next step. Addibnally,
the dentficatbn of taxget genes m ay genemate thempeutic
candilates for treatm ent and rem edition of RD and LI. To
gah further nsght hto ZNF385D, w e perform ed In aghg-
genetics analses of ZNF385D and fiber tract volim es of
Enguageehted tracts. ZNF385D appears to m odubte fiber
tractand totalbmi volim es, w hith m ay subsequently affect
the connectiviy and functionalty of brah regbns in portant
1 the efficent, fluent htegratbn of wren and verbal
Enguage. Thus, dentficatbn of taxget genes and how the
m odubtin of thelr expressin durihg neural develbpm ent
yEls differences 1 fibertractand totalbran volim es w llbe
vialfordisecting notonl the m echanism of ZNF385D ,but
ako forthe devebpm ent of corr Bnguage skils 1 chidren.

Thi study & subfct to severmllin tatons. Fist, athough
the overmll sam pk size of the ALSPAC & fom dabk, the
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num berofcases foreach definiton i rehtively sm all. Thk &
expected 1 a cross-sectbnalcohortofthe genemlpopuktion
as the prevaknce of these dkorders mnges betw een 5%
and 17% Pennihgton & Bihop 2009). The ALSPAC cohort
would not be expected t be enrched for RD andpr LI
cases.Sm allsam pk size coud have hihhdered our statistical
pow erand ability to Hentify risk genes w ih sm alleffectsize.
Second, the rradihg and Bnguage m easures perform ed 1 the
ALSPAC and PNG studis w ers not dentical Phenotypes
I PNG wer trated as a quantiative trat mther than a
dirhotom ous variBbk as i ALSPAC. Therfore, attem pts
to meplrate assochtbns obserwed 1 the ALSPAC cohort
m ay have been ham pered as radihg/Bnguage m easures
1 PNG may have captured different skils than those i
ALSPAC . How ever, the assochatbns observed nhh the PNG
hdicate that ZNF385D phys a substanti], consistent ok i
overmllbnguage processes.Thid, aths-derived tractvolim e
m easures, ke volim es derived from m anuall traced fiber
tracts, are lkely underestin ates of twe fiber volim e for
m ost tracts. How ever, fiber tract volim es wer derived
consktently forallsubpcts and kel wflect htermdiiual
differences. Nonethekss, the strength and ndependent
replication of ourassockatbns and the rehtbnshp w th bran
In aghg phenotypes strongly in plcate ZNF385D i corm
Bnguage processes underlyiig RD and LL

T conclisbn, we ientdfy ZNF385D as a novel gene
contrbutihg to both RD and LI, as well as fiber tract and
overmllbrai volim e.The in plication of anothertranscription
factor h com m unicatbon disorders underscores the in por-
tance of ttanscrptbnal regubtion 1 neurmldevebpm ent of
Bnguage dom ans 1 the brah. Future studes should ain t©
further chamacterkze the m okcubr functbnalty of ZNF385D
and replcate thks assochtbn, as w ellas our nonreplcated
assochtbns - NDST4 and COL4A2 - 1 RD, LI and other
rhted dsorders.
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