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Abstract

Language and communication development is a complex process influenced by numerous
environmental and genetic factors. Many neurodevelopment disorders include deficits in language
and communication skills in their diagnostic criteria, including autism spectrum disorders (ASD),
language impairment (L1), and dyslexia. These disorders are polygenic and complex with a
significant genetic component contributing to each. The similarity of language phenotypes and
comorbidity of these disorders suggest that they may share genetic contributors. To test this, we
examined the association of genes previously implicated in dyslexia, LI, and/or language-related
traits with language skills in children with ASD. We used genetic and language data collected in
the Autism Genome Research Exchange (AGRE) and Simons Simplex Collection (SSC) cohorts
to perform a meta-analysis on performance on a receptive vocabulary task. There were
associations with LI risk gene ATP2C2 and dyslexia risk gene MRPL19. Additionally, we found
suggestive evidence of association with CMIP, GCFC2, KIAA0319L, the DY X2 locus (ACOT13,
GPLD1, and FAM6E5B), and DRD2. Our results show that L1 and dyslexia genes also contribute to
language traits in children with ASD. These associations add to the growing literature of generalist
genes that contribute to multiple related neurobehavioral traits. Future studies should examine
whether other genetic contributors may be shared among these disorders and how risk variants
interact with each other and the environment to modify clinical presentations.
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Introduction

The development of adequate communication and language skills is an important milestone
in child development. There are numerous neurodevelopmental disorders, including autism
spectrum disorders (ASD), language impairment (LI), and dyslexia, that include specific
language deficits in their diagnosis and symptomology. Typically, children with ASD lack
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coherence in conversation and verbal utterances, have difficulties in manipulating language
with the proper syntax, show delays or regressions in speech and language skills, and are
unable to comprehend and follow the language of others (Bishop 2010, Leyfer et al. 2008,
Pennington & Bishop 2009). The language deficits observed in children with ASD have
similarities to the ones seen in children with LI (Bishop 2010). In fact, there are a subset of
children with ASD that are categorized as having comorbid LI (Bishop 2010, Kjelgaard &
Tager-Flusberg 2001). Children with LI have difficulties in the development of
comprehension and utilization of verbal language (Pennington & Bishop 2009). A primary
deficit observed in children with L1 is difficulty in phonological processing and awareness
(Gathercole & Baddeley 1990, Pennington & Bishop 2009). However, these deficits in
phonology are not unique to LI, as children with dyslexia typically have difficulties in these
same phonological domains (Catts 2005, Pennington & Bishop 2009). In fact, children with
LI are more likely to develop dyslexia later in childhood than their peers (Pennington 2006).
The degree of similarity between language traits in ASD and LI, as well as LI with dyslexia,
suggests that these disorders may share core communication deficits and determinants.
Nonetheless, clinical or phenotypic similarities or comorbidities between dyslexia and ASD
have not been noted in the literature.

In addition to similarities and comorbidity in clinical presentation, there are also similarities
in the genes implicated in ASD, LI, and dyslexia. Heritability studies have demonstrated that
LI and ASD share substantial genetic components (Bartlett et al. 2004, Bartlett et al. 2012,
Bartlett et al. 2014). Unfortunately, the relative low number of LI candidate genes has made
the interrogation of specific shared genetic associations somewhat difficult. However, both
FOXP2 and CNTNAP?2 are associated with LI and ASD, with the functional link that FOXP2
regulates the transcriptional activity of CNTNAP2 (Vernes et al. 2008, VVernes et al. 2011).
There is also evidence that FOXP2 contributes to dyslexia as well (Wilcke et al. 2012).
There is less evidence suggesting that dyslexia and ASD may share genetic components. In
fact, there are no known reports examining the heritability of shared genetic components
between the two. However, there is limited evidence that dyslexia and ASD share genetic
contributors. FOXP2 has further been linked to dyslexia and reading-related traits (Kaminen
et al. 2003, Peter et al. 2011, Wilcke et al. 2012). The axon guidance gene ROBOL1 has been
implicated in both dyslexia and ASD, although with limited evidence supporting the
association of ROBOL1 to each (Anitha et al. 2008, Bates et al. 2011, Tran et al. 2014).
Nonetheless, the shared genetic associations of dyslexia and LI as well as L1 and ASD
suggest all three disorders may share genetic contributors.

Therefore, the overall goal of this study is to examine whether genes previously implicated
in dyslexia, LI, and/or language-related traits are also associated with language skills in
individuals with ASD. To accomplish this, we specifically assess associations with
performance on a receptive vocabulary task in two family-based ASD cohorts: the Autism
Genome Research Exchanges (AGRE) and Simons Simplex Collection (SSC). We
hypothesize that both dyslexia and LI risk genes also contribute to language phenotypes
observed in children with ASD.
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AGRE (www.agre.org) and SSC (wwuw.sfari.org) are family cohorts recruited based on a
clinic diagnosis of ASD in a family member. The AGRE is a collection of well-
characterized multiplex and simplex families with a large amount of phenotypic and
genotypic data (Geschwind et al. 2001, Weiss et al. 2009). Following enrollment in AGRE,
diagnosis of ASD was confirmed using the Autism Diagnostic Interview-Revised (ADI-R)
and the Autism Diagnostic Observation Schedule (ADOS) (Lord et al. 1994, Lord et al.
1989). The SSC is a more recent study, where, similar to AGRE, probands were recruited
along with unaffected parents and siblings across 12 participating sites in the United States
(Abrahams et al. 2013, Fischbach & Lord 2010). Each affected proband completed a wide
range of neurobehavioral measures including the ADI-R and ADOS (Lord et al. 1994, Lord
et al. 1989). Informed consent was completed under the guidance of each site’s institutional
review board. De-identified data were obtained by the authors for analysis.

Subjects completed a language measure, the Peabody Picture VVocabulary Test (PPVT), in
both the AGRE and SSC cohorts. The PPVT is a measure of receptive vocabulary (Dunn &
Dunn 1997). Subjects are verbally prompted with a word and four pictures. The subject
chooses the picture that most closely matches the meaning of the prompted word. Raw
scores are converted to a quantitative standard score corrected for age norms. This test
quantitatively measures the ability of the subject to process verbally presented language and
to connect it to a concrete meaning. In total, 941 and 1048 individuals with genetic
information completed the PPVT in the AGRE and SSC cohorts, respectively.

The AGRE cohort was genotyped with the Illumina 500K SNP chip, while the SSC cohort
was genotyped with the Illumina 1M and 1M Duo chips. The difference in genotyping chips
resulted in increased marker coverage on average for the SSC sample when compared to the
AGRE cohort. However, the use of the same manufacturer ensured that there was substantial
overlap among the genotyped markers in the two samples. Markers within the risk LI and
dyslexia genes and/or loci listed in Table 1 were selected for association analyses. Genes
were selected based on prior evidence of association or linkage to dyslexia and/or L1I.
Notably, we excluded markers in CNTNAP2, as the relationship of this gene with language
has already been characterized in the AGRE sample (Alarcon et al. 2008), and markers
within ZNF385D and ROBOL, as the sheer size of these genes would have overwhelmed the
marker composition in our study design. Markers with a minor allele frequency <0.05, call
rate <0.85, Mendelian errors, were not in Hardy-Weinberg equilibrium (p<0.0001) or had
more than 2 alleles were excluded from the analysis. In total, there were 2022 and 904
markers within these risk genes and loci in the SSC and AGRE cohorts, respectively. Of
these, 805 genotyped markers were in common between the two samples.

Genetic associations with quantitative performance, as measured by standard score, on the
PPVT were performed with PLINK using the QFAM function with 100,000 permutations to
correct for family structure (Purcell et al. 2007). The association results of the 805 shared
markers in each individual cohort were then used in a meta-analysis using METAL (Willer
et al. 2010). To conservatively correct for multiple testing, we used a statistical Bonferonni
threshold of 6.21 x 107> (p = 0.05 / 805 shared markers tested). Associations from the meta-
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analysis with p<0.001 are presented in the main text to present suggestive associations
(Table 2). Full association results are available upon request.

Results for the meta-analysis of performance on the PPVT in the AGRE and SSC cohorts
are presented in Table 2, with the top results in individual cohorts presented in Supplemental
Tables 1-2. There were two associations that survived correction for multiple testing:
rs11149652 in ATP2C2 (p=5.00x1075) and rs7588016 in MRPL19 (p=3.90x107°) (Table 2).
Three other markers within ATP2C2, rs12446219 (p=6.44x107°), rs4782624 (p=2.34x107%),
and rs8059665 (p=8.56x10~4), showed suggestive associations. Another LI risk gene located
within the SLI1 Locus on chromosome 16, CMIP, showed suggestive evidence of
association (p=1.79x1074). No other markers in MRPL19 showed suggestive associations in
these cohorts; however, there were suggestive associations with a marker in GCFC2,
rs17011662 (p=1.09x104), which is located in the same DY X3 locus on chromosome 2. In
the SSC sample, there were multiple associations with markers in KIAA0319L
(p=1.00x107°) (Supplemental Table 2), with suggestive evidence in the meta-analysis
(p=1.52x10%) (Table 2). There were other notable suggestive associations with markers in
DRD2 and several genes in the DY X2 locus including ACOT13, GPLD1, and FAM65B.
However, in the meta-analysis, we found no evidence of association for other language
genes such as DCDC2, KIAA0319, FOXP2, DYX1C1 and CYP19A1 in the DY X1 locus,
RCAN3,and ABCC13. However, there was suggestive evidence in the association results in
the individual cohorts (Supplementary Tables 1-2).

Discussion

In this study, we examine whether genes previously implicated in dyslexia, LI, and/or other
language related traits are also associated with language skills in children with ASD. We
aimed to determine whether genes identified with related communication traits may also
contribute to language deficits observed in children with ASD. There were associations of
ATP2C2 and MRPL19 with performance on a measure of receptive vocabulary. In addition,
we found suggestive evidence for other language-related genes, including CMIP, GCFC2,
DRD2, and KIAA0319L, as well as several DY X2 genes (ACOT13, GPLD1, and FAM65B).
These results demonstrate that genes that contribute to other communication disorders also
influence language traits in children in ASD.

ATP2C2 is one of two risk genes, the other being CMIP, in the SLI1 locus on chromosome
16. The SLI1 locus was first identified in genome-wide linkage studies (SLI Consortium
2002 and 2004) of LI, with subsequent association studies implicating ATP2C2 and CMIP in
LI and phonological short-term memory deficits in children with LI (Newbury et al. 2009,
Newbury et al. 2011). Phonological short-term memory is a common endophenotype for L1,
while receptive vocabulary typically is a marker of general verbal cognition (Bishop 2010,
Pennington & Bishop 2009). The association of ATP2C2 with a more general language
measure expands its role for one solely in LI to now also include language deficits in ASD.
Further supporting a more general neurocognition role of ATP2C2 is the previous
association of ATP2C2 with attention deficit hyperactivity disorder (ADHD), a condition
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commonly comorbid with dyslexia and LI (Lesch et al. 2008). The evidence here
implicating ATP2C2 in language skills in children with ASD further suggests that the SLI1
risk genes contribute to general language and neurobehavioral traits and not specifically to
LI

The other gene for which we found substantial evidence for association, MRPL19, is located
within the DY X3 locus on chromosome 2. MRPL19 was initially implicated in dyslexia
through family-based studies (Anthoni et al. 2007, Fagerheim et al. 1999, Kaminen et al.
2003, Paracchini et al. 2011, Peyrard-Janvid et al. 2004). Markers in this locus have been
associated with Verbal 1Q (Scerri et al. 2012). Receptive vocabulary measures, including the
PPVT, are sometimes used to estimate Verbal 1Q, indicating that here we expand the
association of MRPL19 from Verbal 1Q performance in the general population and dyslexia
cases to include ASD cases. Additionally, Roberts et al. recently reported a deletion
including this locus in a case with ASD (Roberts et al. 2014). The DY X3 locus has shown
repeated associations with overall language skills, as measured by Verbal 1Q and receptive
vocabulary tasks, in multiple sample types (general population, dyslexia, and ASD),
suggesting that DY X3 genes (e.g., MRPL19) influence general language and communication
traits.

Our associations of dyslexia and LI associated genes with language skills in ASD add to the
growing literature showing that genes appear to contribute to multiple related
neurobehavioral, neurocognitive, and language traits, as opposed to specific disorders (e.g. a
specific dyslexia gene, a specific ASD gene, or a specific LI gene). Risk variants of
associated genes whether common or rare alter a cellular process, such as calcium transport
with ATP2C2 or neuronal migration with DCDC2/KIAA0319 (Meng et al. 2005, Paracchini
et al. 2006, Xiang et al. 2005). These alterations either individually, as seen in syndromic
and rare variants, or interactively with other genetic variants or environment, including both
common and rare variants, yield the nuanced clinical presentations of these disorders.
Discerning how these variants and/or environmental factors interact to cause specific types
of clinical presentations will be vital to determining the etiologies of these disorders and to
improving remediation of language skills.

Our study is subject to several limitations including (1) selection bias of genetic markers
included in the analyses based on the current literature of dyslexia and LI, (2) differences in
genotyping chips used in the AGRE and SSC samples limiting our coverage of the genes
examined, and (3) the use of only a receptive vocabulary measure in assessing language
skills in both cohorts. However, we hope the results of our study prompt the expansion of
language batteries used in studies of individuals with ASD as well as highlight the
importance of resources with large amounts of genetic and behavioral data such as AGRE
and SSC.

In conclusion, our study shows that the L1 associated gene ATP2C2 and dyslexia associated
gene MRPL19 also contribute to language skills in children with ASD, linking language and
communication process in these three disorders. For example, genetic associations shared
between dyslexia, LI, and ASD likely influence general language skills, as measured by
tasks similar to receptive vocabulary measures used in this study. On the other hand, genes
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associated with dyslexia and LI, but not ASD, may influence phonological processes, known
to be important in dyslexia and LI, but not necessarily in ASD. Genes associated with
language and behavior appear to be associated with general communication and behavior
phenotypes as opposed to specific disorders or traits. Future studies should further
interrogate the degree to which these and other related disorders share genetic factors and
begin to examine how these factors may interact to bring about individual conditions,
marking a beginning of personalized medicine in polygenic, complex disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

We thank all the families and participants who took part in these studies. This research was funded by the NIH (T32
GMO007223 [JDE], F31 DC012270 [JDE], R01 NS043530 [JDE, JRG], P50 HD027802 [JRG]) and the Manton
Family Foundation [JDE, JRG]. We gratefully acknowledge the resources provided by the Autism Genetic
Resource Exchange (AGRE) Consortium and the participating AGRE families. The Autism Genetic Resource
Exchange is a program of Autism Speaks and is supported, in part, by grant 1U24MH081810 from the National
Institute of Mental Health to Clara M. Lajonchere (P1). We are grateful to all of the families at the participating
Simons Simplex Collection (SSC) sites, as well as the principal investigators (A. Beaudet, R. Bernier, J.
Constantino, E. Cook, E. Fombonne, D. Geschwind, R. Goin-Kochel, E. Hanson, D. Grice, A. Klin, D. Ledbetter,
C. Lord, C. Martin, D. Martin, R. Maxim, J. Miles, O. Ousley, K. Pelphrey, B. Peterson, J. Piggot, C. Saulnier, M.
State, W. Stone, J. Sutcliffe, C. Walsh, Z. Warren, E. Wijsman). We appreciate obtaining access to phenotypic data
on SFARI Base. Approved researchers can obtain the SSC population dataset described in this study by applying at
https://base.sfari.org. The content is solely the responsibility of the authors and does not represent the official views
of the NIH.

Abbreviations

ASD autism spectrum disorders

LI language impairment

AGRE Autism Genome Research Exchange

SSC Simons Simplex Collection

ADI-R Autism Diagnostic Interview-Revised

ADOS Autism Diagnostic Observation Scale

PPVT Peabody Picture Vocabulary Test

GWAS genome-wide association study

PING Pediatric Imaging Neurocognition Genetics

ADHD attention deficit-hyperactivity disorder
References

Abrahams BS, Arking DE, Campbell DB, Mefford HC, Morrow EM, Weiss LA, Menashe |, Wadkins
T, Banerjee-Basu S, Packer A. SFARI Gene: a community-driven knowledgebase for the autism
spectrum disorders (ASDs). Molecular Autism. 2013; 4(1):36. [PubMed: 24090431]

Alarcon M, Abrahams BS, Stone JL, Duvall JA, Perederiy JV, Bomar JM, Sebat J, Wigler M, Martin
CL, Ledbetter DH, Nelson SF, Cantom RM, Geschwind DH. Linkage, association, and gene-

Autism Res. Author manuscript; available in PMC 2016 April 01.


http://https://base.sfari.org

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eicher and Gruen

Page 7

expression analyses identify CNTNAP2 as an autism-susceptibility gene. American Journal of
Human Genetics. 2008; 82(1):150-9. [PubMed: 18179893]

Anitha A, Nakamura K, Yamada K, Suda S, Thanseem I, Tsujii M, lwayama Y, Hattori E, Toyota T,
Miyachi T, lwata Y, Suzuki K, Matsuzaki H, Kawai M, Sekine Y, Tsuchiya K, Sugihara G, Ouchi
Y, Sugiyama T, Koizumi K, Higashida H, Takei N, Yoshikawa T, Mori N. Genetic analyses of
roundabout (ROBO) axon guidance receptors in autism. American Journal of Medical Genetics Part
B Neuropsychiatric Genetics. 2008; 147B(7):1019-27.

Anthoni H, Zucchelli M, Matsson H, Miiller-Myhsok B, Fransson I, Schumacher J, Massinen S,
Onkamo P, Warnke A, Griesemann H, Hoffmann P, Nopola-Hemmi J, Lyytinen H, Schulte-Kérne
G, Kere J, Nothen MM, Peyrard-Janvid M. A locus on 2p12 containing the co-regulated MRPL19
and C2orf3 genes is associated to dyslexia. Human Molecular Genetics. 2007; 16(6):667—-77. M.
[PubMed: 17309879]

Bartlett CW, Flax JF, Fermano Z, Hare A, Hou L, Petrill SA, Buyske S, Brzustowczi LM. Gene x
gene interaction in shared etiology of autism and specific language impairment. Biological
Psychiatry. 2012; 72(8):692-9. [PubMed: 22704665]

Bartlett CW, Flax JF, Loque MW, Smith BJ, Vieland VJ, Tallal P, Brzustowicz LM. Examination of
potential overlap in autism and language loci on chromosome 2, 7, and 13 in two independent
samples ascertained for specific language impairment. Human Hereditary. 2004; 57(1):10-20.

Bartlett CW, Hou L, Flax JF, Hare A, Cheong SY, Fermano Z, Zimmerman-Bier B, Cartwright C,
Azaro MA, Buyske S, Brzustowica LM. A genome scan for loci shared by autism spectrum disorder
and language impairment. American Journal of Psychiatry. 2014; 171(1):72-81. [PubMed:
24170272]
Bates TC, Luciano M, Medland SE, Montgomery GW, Wright MJ, Martin NG. Genetic variance in a
component of the language acquisition device: ROBO1 polymorphisms associated with
phonological buffer deficits. Behavioral Genetics. 2011; 41(1):50-7.
Bishop DV. Overlaps between autism and language impairment: phenomimicry or shared etiology?
Behavioral Genetics. 2010; 40(5):618-29.
Catts HW, Adlof SM, Hogan TP, Weismer SE. Are specific language impairment and dyslexia distinct
disorders? J Speech Lang Hear Res. 2005; 48:1378-1396. [PubMed: 16478378]

Dunn, L.; Dunn, L. Peabody picture vocabulary test-third edition. American Guidance Service; Circle
Pines, MN: 1997.

Fagerheim T, Raeymaekers P, Tagnnessen FE, Pedersen M, Tranebjaerg L, Lubs HA. A new gene
(DY X3) for dyslexia is located on chromosome 2. Journal of Medical Geneicst. 1999; 36(9):664—
9.

Fischbach GD, Lord C. The Simons Simplex Collection: a resource for identification of autism genetic
risk factors. Neuron. 2010; 68(2):192-5. [PubMed: 20955926]

Gathercole S, Baddeley AD. Phonological memory deficits in language disordered children: Is there a
causal connection? J Mem Lang. 1990; 29:336-360.

Geschwind DH, Sowinski J, Lord C, Iversen P, Shestack J, Jones P, Ducat L, Spence SJ, AGRE
Steering Committee. The autism genetic resource exchange: a resource for the study of autism and
related neuropsychiatric conditions. American Journal of Human Genetics. 2001; 69(2):463-6.
[PubMed: 11452364]

Kaminen N, Hannula-Jouppi K, Kestild M, Lahermo P, Muller K, Kaaranen M, Myllyluoma B,
Voutilainen A, Lyytinen H, Nopola-Hemmi J, Kere J. A genome scan for developmental dyslexia
confirms linkage to chromosome 2p11 and suggests a new locus on 7g32. Journal of Medical
Genetics. 2003; 40(5):340-5. [PubMed: 12746395]

Kjelgaard MM, Tager-Flusberg H. An investigation of language impairment in autism: implications
for genetic subgroups. Language and Cognitive Processes. 2001; 16(2-3):287-308. [PubMed:
16703115]

Lesch KP, Timmersfeld N, Renner TJ, Halperin R, Roser C, Nguyen TT, Craig DW, Romanos J,
Heine M, Meyer J, Freitag C, Warnke A, Romanos M, Schafer H, Walitza S, Reif A, Stephan DA,
Jacobs C. Molecular genetics of adult ADHD: converging evidence from genome-wide association
and extended pedigree linkage studies. Journal of Neural Transmission. 2008; 115(11):1573-85.
[PubMed: 18839057]

Autism Res. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eicher and Gruen

Page 8

Leyfer OT, Tager-Flusberg H, Dowd M, Tomblin JB, Folstein SE. Overlap between autism and
specific language impairment: comparison of Autism Diagnostic Interview and Autism Diagnostic
Observation Schedule scores. Autism Research. 2008; 1(5):284-96. [PubMed: 19360680]

Lord C, Rutter M, Goode S, Heemsbergen J, Jordan H, Mawhood L, Schopler E. Autism diagnostic
observation schedule: a standardized observation of communicative and social behavior. Journal of
Autism and Developmental Disorders. 1989; 19(2):185-212. [PubMed: 2745388]

Lord C, Rutter M, Le Couteur A. Autism diagnostic interview-revised: A revised version of a
diagnostic interview for caregivers of individuals with possible pervasive developmental disorders.
Journal of Autism and Developmental Disorders. 1994; 24(5):659-685. [PubMed: 7814313]

Meng H, Smith SD, Hager K, Held M, Liu J, Olson RK, Pennington BF, DeFries JC, Gelernter J,
O'Reilly-Pol T, Somlo S, Skudlarski P, Shaywitz SE, Shaywitz BA, Marchione K, Wang Y,
Paramasivam M, LoTurco JJ, Gruen JR. DCDC?2 is associated with reading disability and
modulates neuronal development in the brain. Procedings of the National Academy of Sciences
USA. 2005; 102:17053-17058. GP.

Newbury DF, Paracchini S, Scerri TS, Winchester L, Addis L, Richarson AJ, Walter J, Stein JF,
Talcott JB, Monaco AP. Investigation of dyslexia and SLI risk variants in reading- and language-
impaired subjects. Behavioral Genetics. 2011; 41(1):90-104.

Newbury DF, Winchester L, Addis L, Paracchini S, Buckingham LL, Clark A, Cohen W, Cowie H,
Dworzynski K, Everitt A, Goodyer IM, Hennessy E, Kindley AD, Miller LL, Nasir J, O’Hare A,
Shaw D, Simkin Z, Simonoff E, Slonims V, Watson J, Ragoussis J, Fisher SE, Seckl JR, Helms
PJ, Bolton PF, Pickles A, Conti-Ramsden G, Baird G, Bishop DV, Monaco AP. CMIP and
ATP2C2 modulate phonological short-term memory in language impairment. American Journal of
Human Genetics. 2009; 85(2):264—72. [PubMed: 19646677]

Paracchini S, Ang QW, Stanley FJ, Monaco AP, Pennell CE, Whitehouse AJ. Analysis of dyslexia
candidate genes in the Raine cohort representing the general Australian population. Genes Brain
and Behavior. 2011; 10(2):158-65.

Paracchini S, Thomas A, Castro S, Lai C, Paramasivam M, Wang Y, Keating BJ, Taylor JM, Hacking
DF, Scerri T, Francks C, Richardson AJ, Wade-Martins R, Stein JF, Knight JC, Copp AJ, LoTurco
J, Monaco AP. The chromosome 6p22 haplotype associated with dyslexia reduces the expression
of KIAA0319, a novel gene involved in neuronal migration. Human Molecular Genetics. 2006;
15:1659-1666. [PubMed: 16600991]

Pennington BF. From single to multiple deficit models of developmental disorders. Cognition. 2006;
101:385-413. [PubMed: 16844106]

Pennington BF, Bishop DVM. Relations among speech, language, and reading disorders. Annual
Review of Psychology. 2009; 60:283-306.

Peter B, Raskind WH, Matsushita M, Lisowski M, Vu T, Berninger VM, Wijsman EM, Brkanac Z.
Replication of CNTNAP2 association with nonword repetition and support for FOXP2 association
with timed reading and motor activities in a dyslexia family sample. J Neurodev Disord. 2011;
3(1):39-49. [PubMed: 21484596]

Peyrard-Janvid M, Anthoni H, Onkamo P, Lahermo P, Zucchelli M, Kaminen N, Hannula-Jouppi K,
Nopola-Hemmi J, Voutilainen A, Lyytinen H, Kere J. Fine mapping of the 2p11 dyslexia locus
and exclusion of TACr1 as a candidate gene. Human Genetics. 2004; 114(5):510-6. [PubMed:
15007729]

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D, Maller J, Sklar P, de Bakker
P1, Daly MJ, Sham PC. PLINK: a tool set for whole-genome association and population-based
linkage analyses. American Journal of Human Genetics. 2007; 81(3):559-575. [PubMed:
17701901]

Roberts JL, Hovanes K, Dasouki M, Manzardo AM, Butler MG. Chromosomal microarray analysis of
consecutive individuals with autism spectrum disorders or learning disability presenting for
genetic services. Gene. 2014; 535(1):70-8. [PubMed: 24188901]

Scerri TS, Darki F, Newbury DF, Whitehouse AJ, Peyrard-Janvid M, Matsson H, Ang QW, Pennell
CE, Ring S, Stein J, Morris AP, Monaco AP, Kere J, Talcott JB, Kingberg T, Paracchini S. The
dyslexia candidate locus on 2p12 is associated with general cognitive ability and white matter
structure. PLoS One. 2012; 7(11):e50312. [PubMed: 23209704]

Autism Res. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eicher and Gruen

Page 9

Scerri TS, Morris AP, Buckingham LL, Newbury DF, Miller LL, Monaco AP, Bishop DV, Paracchini
S. DCDC2, KIAA0319 and CMIP are associated with reading-related traits. Biological Psychiatry.
2011; 70(3):237-45. [PubMed: 21457949]

SLI Consortium. A genomeside scan identified two novel loci involved in specific language
impairment. American Journal of Human Genetics. 2002; 70(2):384-98. [PubMed: 11791209]

SLI Consortium. Highly significant linkage to the SLI1 locus in an expanded sample of individuals
affected by specific language impairment. American Journal of Human Genetics. 2004; 74(6):
1225-38. [PubMed: 15133743]

Tran C, Wigg KG, Zhang K, Cate-Carter TD, Kerr E, Field LL, Kaplan BJ, Lovett MW, Barr CL.
Association of the ROBO1 gene with reading disabilities in a family-based analysis. Genes Brain
and Behavior. 2014; 13(4):430-8.

Vernes SC, Newbury DF, Abrahams BS, Winchester L, Nicod J, Groszer M, Alarcén M, Oliver PL,
Davies KE, Geschwind DH, Monaco AP, Fisher SE. A functional genetic link between distinct
developmental language disorders. New England Journal of Medicine. 2008; 359(22):2337-45.
[PubMed: 18987363]

Vernes SC, Oliver PL, Spiteri E, Lockstone HE, Puliyadi R, Taylor JM, Ho J, Mombereau C, Brewer
A, Lowy E, Nicod J, Groszer M, Baban D, Sahgal N, Cazier JB, Ragoussis J, Davies KE,
Geschwind DH, Fisher SE. Foxp2 regulates gene networks implicated in neurite outgrowth in the
developing brain. PLoS Genetics. 2011; 7(7):e1002145. [PubMed: 21765815]

Weiss LA, Arking DE, The Gene Discovery Project of Johns Hopkins & the Autism Consortium. A
genome-wide linkage and association scan reveals novel loci for autism. Nature. 2009; 461:802-8.
[PubMed: 19812673]

Wilcke A, Ligges C, Burkhardt J, Alexander M, Wolf C, Quente E, Ahnert P, Hoffmann P, Becker A,
Muller-Myhsok C, Cichon S, Boltze J, Kirsten H. Imaging genetics of FOXP2 in dyslexia.
European Journal of Human Genetics. 2012; 20(2):224-9. [PubMed: 21897444]

Willer CJ, Li Y, Abecasis BR. METAL.: fast and efficient meta-analysis of genomewide association
scans. Bioinformatics. 2010; 26(17):2190-1. [PubMed: 20616382]

Xiang M, Mohamalawari D, Rao R. A novel isoform of the secretory pathway Ca2+,Mn(2+)-ATPase,
hSPCAZ2, has unusual properties and is expressed in the brain. Journal of Biological Chemistry.
2005; 280(12):11608-14. [PubMed: 15677451]

Autism Res. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Eicher and Gruen

Table 1

Page 10

List of genes previously associated with LI, dyslexia, and/or language-related traits examined in AGRE and

SSC
Gene Location #in #in  Gene Location #in #in
AGRE SSC AGRE SSC

RCAN3 1p35.3- 8 20 ANKK1/ 11923 26 59
1p33 DRD2"™

KIAAO319L  1p34.2 6 66 DYX1C1  15¢21.3 11 37

GCFC2 2pl12 9 20 CYP19A1 15q21.1 36 258

MRPL19 2pll.1- 17 30 CMIP 16023 111 183
ql1.2

DYX2* 6p22 260 657 ATP2C2  16qg24.1 88 128

FOXP2 7931 69 151  ABCC13  21gl1.2 21 36

Abbreviations: # in AGRE, number of markers examined in AGRE; # in SSC, number of markers examined in SSC

*
DY X2 refers to the dyslexia risk locus DY X2 on chromosome 6, which contains 12 genes including risk genes DCDC2 and KIAA0319

*%

ANKK1 and DRD2 are located adjacent to one another on chromosome 11 and therefore grouped together
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Table 2
Associations (p<0.001) with performance on the Peabody Picture Vocabulary Test from meta-analysis of
AGRE and SSC.
Marker Ch BP Gene Allelel Alldle2 Dir. AGRE P-value SSCP-value Combined P-value
rs11149652° 16 84414399 ATP2C2 A G - - 1.47x1072 7.00x1075 5.00x1076
157588016" 2 75649214  MRPL19 T C ++ 2.64x1072 3.70x1074 3.90x107°
rs12446219 16 84415015 ATP2C2 T C --  270x1073 7.76x1073 6.44x107°
rs17671350 6 24898628 FAM65B T C --  9.10x1073 2.43x1073 6.45%x107°
rs6928074 6 24680062 ACOT13 A G --  1.10x1072 3.41x1073 1.06x107*
rs17011662 2 75691522 GCFC2 T C ++ 1.51x1072 2.46x1073 1.09x107*
rs12039012 1 35472284 KIAAO319L A G --  223x1072 2.26x1073 1.52x1074
1s2966099 16 81516843 CMIP T C ++ 2.85x1072 2.03x1073 1.79x107*
1512562622 1 35439579 KIAAO319L T C --  223x1072 3.60x1073 2.29x1074
rs4782624 16 84431560  ATP2C2 A G ++ 6.90x1072 8.20x1074 2.34x1074
12242592 11 113408708 DRD2 T C ++ 1.92x1072 4.50%x1073 2.40x1074
1s793671 6 24428434 GPLD1 A G ++ 4.10x1073 2.16x1072 2.71x1074
152927332 16 81475688  CMIP T G ++ 9.26x1073 1.41x1072 3.53x1074
rs12596138 16 81457144 CMIP T C - - 3.40x1072 3.67x1073 3.61x107
rs2734849 11 113399438 ANKK1 T C - - 1.46x1072 1.02x1072 3.94x1074
rs4581480 11 113453752 DRD2 T C ++ 3.72x1073 5.20x1072 6.59x1074
rs9393532 6 24164229 A G ++ 1.85x1072 1.47x1072 6.97x107
rs8059665 16 84429583 ATP2C2 T G --  1.39x107! 1.42x1073 8.56x1074
1s2927321 16 81481164 CMIP T C ++ 2.48x1072 1.47x1072 9.17x1074

Abbreviations: Ch, chromosome; BP, base pair; Dir, direction of effect

*
Survived correction for multiple testing
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