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Abstract 

Background 

Human leukocyte antigen (HLA) loci have been implicated in several neurodevelopmental 
disorders in which language is affected. However, to date, no studies have investigated the 
possible involvement of HLA loci in specific language impairment (SLI), a disorder that is 
defined primarily upon unexpected language impairment. We report association analyses of 
single-nucleotide polymorphisms (SNPs) and HLA types in a cohort of individuals affected 
by language impairment. 

Methods 

We perform quantitative association analyses of three linguistic measures and case-control 
association analyses using both SNP data and imputed HLA types. 

Results 

Quantitative association analyses of imputed HLA types suggested a role for the HLA-A locus 
in susceptibility to SLI. HLA-A A1 was associated with a measure of short-term memory (P = 
0.004) and A3 with expressive language ability (P = 0.006). Parent-of-origin effects were 
found between HLA-B B8 and HLA-DQA1*0501 and receptive language. These alleles have 
a negative correlation with receptive language ability when inherited from the mother (P = 
0.021, P = 0.034, respectively) but are positively correlated with the same trait when 
paternally inherited (P = 0.013, P = 0.029, respectively). Finally, case control analyses using 



imputed HLA types indicated that the DR10 allele of HLA-DRB1 was more frequent in 
individuals with SLI than population controls (P = 0.004, relative risk = 2.575), as has been 
reported for individuals with attention deficit hyperactivity disorder (ADHD). 

Conclusion 

These preliminary data provide an intriguing link to those described by previous studies of 
other neurodevelopmental disorders and suggest a possible role for HLA loci in language 
disorders. 

Keywords 

Specific language impairment (SLI), HLA, Neurodevelopmental disorders, Genetic 
association 

Background 

The human major histocompatibility complex on chromosome 6 contains many highly 
polymorphic genes involved in immune function [1,2], notably the human leukocyte antigen 
(HLA) genes. Specific HLA alleles have been associated with more than 100 traits, including 
striking association with autoimmune diseases [3,4]. Given the identification of possible 
abnormal immune responses observed in participants with autism (for example, antibodies 
which react to proteins found in the central nervous system [5]) and similarities between 
schizophrenia and diseases with established HLA associations [6], several studies have 
examined the possible involvement of HLA loci in neurodevelopmental disorders. Such 
investigations have typically targeted autism and attention deficit hyperactivity disorder 
(ADHD) as well as psychiatric disorders such as schizophrenia. Specific alleles (please see a 
note regarding the terminology in the Materials and Methods section) of HLA-DRB1, 
including DR4 and DR12, have been associated with autism, ADHD, and schizophrenia, 
although these findings have not always replicated within or between disorders. In addition, 
association between the A2 allele of the HLA-A gene and autism has been reported [7]. 

Pertinent to the present study is the suggestion that autoimmunity may also be involved in 
neurodevelopmental disorders that include language deficits: a positive autoimmune reaction 
to myelin was detected in children with Landau-Kleffner syndrome, a disorder characterized 
by aphasia and epileptic seizures [8]. Autoantibodies that react with brain tissue have been 
found in a relatively large number of children with an atypical variant of Landau-Kleffner 
syndrome and autism compared with controls. Such antibodies were also found in children 
affected by other neurological disorders, albeit less frequently [9]. Another study found 
antibodies that bound to rodent Purkinje cells in the serum of a mother with a child with 
specific language disorder, a child with autism, and a child with typical development. When 
this serum was injected in pregnant mice, the mouse pups had reduced exploratory behavior 
and impaired motor coordination [10]. The HLA region has also been implicated in a linkage 
study of dyslexia [11]. 

Specific language impairment (SLI) is diagnosed when a child has problems with the 
acquisition of language but shows normal development in all other areas [12]. SLI is a 
heterogeneous and complex disorder with a strong genetic component [13]. Several linkage 
regions and genes have been identified in genetic studies of SLI [14-17]. One gene in 



particular, CNTNAP2 (contactin associated protein-like 2), has been implicated in SLI, 
autism, and ADHD [16,18,19]; in the context of SLI, this gene was associated across three 
language-related measures: nonword repetition (NWR) scores, Clinical Evaluation of 
Language Fundamentals (CELF) expressive language scores (ELSs), and CELF receptive 
language scores (RLSs) [16], all of which have been employed in the present study. The 
product of the CNTNAP2 gene is involved in forming the gaps in the myelin sheath [20], 
which is interesting in the context of the autoimmune reaction to myelin detected in children 
with Landau-Kleffner syndrome. Though clinically distinct, SLI, autism, and ADHD have 
some phenotypic similarities; language may be impaired in all three disorders [21-23]. The 
core linguistic deficit in SLI may not be the same as the one in autism or ADHD. Children 
with ADHD and children with SLI may differ in their conversational profiles. Whereas 
children with SLI tend to have more limitations in the areas of lexical diversity, sentence 
length, and morphosyntactic development, children with ADHD differ from children with 
normal language in their utterance formulation (that is, in the number of pauses, repetitions, 
revisions, or other such elements), and children with autism typically have pragmatic 
impairments [24-26]. Nevertheless, some children with autism exhibit language impairments 
that are more frequently observed in children with SLI and vice versa [22]. Given the genetic 
and phenotypic overlaps between SLI, autism, and ADHD and the HLA linkage and 
associations identified in studies of dyslexia, autism, and ADHD, we decided to investigate 
the possible involvement of HLA loci in SLI. Our initial investigations involved the 
completion of quantitative and case-control association analyses with single-nucleotide 
polymorphisms (SNPs) across the HLA region. We went on to impute HLA types from SNP 
array data and tested for association with language impairment, again within quantitative-trait 
and case-control association models. 

Methods 

Participants 

The SLI cohort in this study included families from five centers across the UK—the 
Newcomen Centre at Guy’s Hospital (London) (now called the Evelina Children’s Hospital), 
the Cambridge Language and Speech Project (CLASP), the Child Life and Health 
Department at the University of Edinburgh, the Department of Child Health at the University 
of Aberdeen, and the Manchester Language Study—as described in previous SLI Consortium 
(SLIC) studies [14,17,27-29]. In addition, this study included 49 newly collected families 
from the Evelina Children’s Hospital cohort which had not been included in previous SLIC 
studies. All individuals were self-reported white British. These collections were approved by 
the relevant local ethics committees, and all subjects provided informed consent for 
participation in this study. All SLIC families were ascertained on the basis of a single 
proband with expressive and/or receptive language skills at least 1.5 standard deviations 
(SDs) below that expected for their age (population mean = 100, SD = 15) and Wechsler 
Intelligence Scale for Children (WISC) Perceptual Organization Index (a composite score of 
the non-verbal subtests Picture Completion, Picture Arrangement, Block Design, and Object 
Assembly) of more than 77.5 (1.5 SD below that expected for their age). Probands did not 
have a diagnosis of autism or hearing impairment. DNA and phenotypic data were collected 
from all children regardless of linguistic ability, and DNA was collected from all available 
parents. All probands met the above criteria for SLI, but we did not exclude probands on the 
basis of a diagnosis of ADHD or dyslexia alone, given the high degree of co-occurrence of 
SLI and ADHD or dyslexia. However, for some of our SLIC samples, data were available for 



the presence of hyperactivity, coordination, and reading problems. From this, we estimate 
that approximately one third of our SLIC samples showed some evidence of ADHD or 
developmental coordination disorder and that approximately one half of our probands had 
reading problems. 

SNP arrays and quality control measures 

SNP data were generated for both SLIC and control samples by using Illumina Omni-Express 
(version 12.1) genome-wide SNP arrays (Illumina, San Diego, CA, USA). Prior to HLA 
imputation, all genotypes were filtered on the basis of several quality-control measures as 
suggested in [30]: samples with a genotype success rate below 95% or a heterozygosity rate 
±2 SD from the mean were removed, as were SNPs with a minor allele frequency of less than 
1%, or a Hardy-Weinberg equilibrium P value of less than 0.001. Inheritance data within 
families were used to exclude SNPs and samples with an error rate of greater than 1%. 
Control data (CEU, YRI, CHB, JPT, Hapmap release #3) were employed through a principal 
component analysis to exclude individuals with divergent ancestry (although some minor 
differences due to population substructure may still be present), and samples with known 
chromosomal rearrangements or discordant sex information (where appropriate) were 
removed. Genotypes were compared with existing SNP genotype data for 700 individuals 
across 734 SNPs, yielding an estimated genotype error rate of 0.00967. 

Imputation and grouping of HLA types 

HLA alleles for HLA-A, HLA-B, HLA-C, HLA-DQA1, HLA-DQB1, and HLA-DRB1 were 
imputed from SNP data across chromosome 6 by using HLA*IMP:01 [31]. HLA*IMP:01 
employs 208 SNPs from across chromosome 6 which it deems informative to impute HLA 
types for the six HLA loci. The HLA*IMP algorithm first selects informative SNPs that were 
typed in both the reference and the sample sets. The client program performs several quality-
control measures on the SNP data. Genotypes are aligned and phased within HLA*IMP by 
using a reference panel (HapMap3 CEU b36). The HLA types are then imputed on the 
HLA*IMP server. 

HLA*IMP provides a probability value Q (maximum of the posterior probability distribution, 
which includes all the probabilities assigned to each allele of a given HLA gene) that may be 
used as a quality measure. We kept imputations with a Q score of 0.9 or above. The 
resolution of the HLA*IMP imputations is a four-digit HLA type. To reduce the number of 
alleles in the analyses while still retaining antigen-specificity distinctions, we grouped the 
HLA types according to the HLA Dictionary, based on their serological equivalence [32], as 
previously employed in similar studies [33]. For simplicity, the serological groups will 
hereafter be referred to as alleles. HLA-DQA1 types were not grouped, since HLA-DQA1 
types were not included in the HLA Dictionary, and they are presented with their four-digit 
designations (for example, HLA-DQA1*0501). Alleles that otherwise did not have a World 
Health Organization assignment were not used in this study. 

A comparison of the imputations for a subset of the People of the British Isles (POBI) 
individuals who were typed for several HLA loci through direct genotyping (samples 
included in [34]) showed a concordance rate of 91.2% between the genotypes and 
imputations with Q ≥ 0.9 (122 alleles across all six loci were used in this comparison). It 
should be noted that the samples were genotyped and not serotyped, and a two-digit 
resolution for the HLA types was used. 



Quantitative analyses 

Three linguistic test scores were investigated by quantitative association analysis. Age-
normalized composite scores of expressive and receptive language ability were obtained from 
the revised version of the Clinical Evaluation of Language Fundamentals (CELF-R) [35]. 
These scores provide a broad overview of two main components of linguistic ability and have 
previously been shown to represent consistent phenotypes for quantitative linkage and 
association analyses of SLI [14,16]. A 28-item NWR test [36] was also administered. NWR 
may be used as a measure of phonological short-term memory (the ability to retain verbal or 
speech-based information for a short period of time), and it has also been proposed to bean 
endophenotype of SLI [37], although its sensitivity is disputed by some [38]. These measures 
were collected for all SLIC children regardless of language ability. Table 1 contains the 
descriptive statistics for the language traits of the sample used in this study, and the 
distribution plots can be found in Additional file 1. For an extensive description of the cohort 
statistics, see [14,17,27,29]. Age-normalized scores were used for all samples, regardless of 
language ability. Nine hundred fourteen individuals from 280 language-impaired families 
were included in the quantitative analyses of both SNP data and HLA types. SNP association 
analyses were performed by using a likelihood-ratio test (“assoc” function) in MERLIN [39]. 
The analyses included 6,725 SNPs encompassing the HLA region on chromosome 6 (25-35 
MB, hg18). Since the imputed HLA types were multi-allelic, quantitative transmission 
disequilibrium test (QTDT) [40] was used for the family-based quantitative association 
analyses of these data. The orthogonal “within family” model was used, and the tests 
considered environmental, polygenic, and additive major gene effect variance components. 
Three tests were run: a general QTDT and two tests of parent-of-origin effects (maternal and 
paternal). We also tested for significant differences between the maternal and paternal 
associations in QTDT. 

Table 1 Descriptive statistics for the language phenotypes of the children in our sample 
Trait  NWR ELS RLS 
Mean 90.858 77.812 88.005 

Standard deviation 19.406 16.742 17.354 
Median 94 76 87 

Minimum 55 45 50 
Maximum 136 131 138 

ELS, expressive language score; NWR, nonword repetition; RLS, receptive language score 

Case-control analyses 

In addition to quantitative tests of association, we performed case-control analyses to 
compare HLA allele frequencies between independent probands and population controls. 
These analyses included 241 independent probands and 566 population controls. To control 
for non-independence, case-control analyses used only the proband from each family, even if 
the sibling met criteria for SLI (as described in the Participants section). The population 
controls came from the POBI study [34] and an Oxfordshire study of gene expression in 
primary immune cells [41] and were included in the principal component analysis mentioned 
earlier. All control samples were from adults who were unselected in terms of their language 
performance and we had no phenotype data for them. SNP-based case-control analyses were 
performed by using the standard case-control analysis based on a chi-squared test (“assoc” 
function) in (PLINK) [42]. SNP-based analyses included 6,725 SNPs encompassing the HLA 



region on chromosome 6 (25-35 MB, hg18). Since the imputed HLA-types were multi-allelic, 
we used a Fisher’s exact test calculator [43] to generate P values for differences in allele 
counts between cases and controls. 

Calculation of relative risks for HLA data 

Relative risks were calculated for HLA alleles that were significantly associated with 
increased or decreased risk in the case-control analysis. Samples with one or more unknown 
alleles (at a given locus) were excluded from these analyses. The calculations of relative risks 
and confidence intervals were performed by using the method described in [44]. 

Multiple testing of SNP and HLA data 

In the quantitative analyses of HLA types, empirical P values were obtained for each of the 
tests performed with a permutation procedure implemented in QTDT using 1,000 
permutations. QTDT performs Monte-Carlo permutations providing a P value with a built-in 
adjustment for multiple testing which is specific to the dataset in hand. Associations with 
empirical P values below 0.05 are marked by a superscript ‘a’ in Table 2. This method was 
chosen, as QTDT may test different numbers of alleles in each analysis, depending on the 
availability of informative families, which is taken into account through the built-in 
adjustments. In the case-control analysis of HLA-types as well as all the analyses which used 
the SNP data, the false discovery rate (FDR) method [45] was used to control for the 
proportion of false positives among the significant results. QVALUE, which uses the model 
proposed by Storey [46], was used for generating FDR q values for the alleles of each HLA 
locus separately (with λ = 0). The q values for SNP associations and HLA allele associations 
with P values below 0.05 are reported in the Results section below. This approach is 
particularly suitable for analyzing a large number of alleles, as using a Bonferroni correction 
in such cases would be highly over-conservative, resulting in a great reduction in power [47]. 

Table 2 Results of the quantitative transmission disequilibrium test analyses 
HLA allele  General QTDT Maternal parent-of-origin analysis Paternal parent-of-origin analysis 

HLA-A A1 0.004 (NWR)+a 0.026 (ELS)+   
HLA-A A3 0.006 (ELS)−a   
HLA-B B8  0.021 (RLS)−a 0.013 (RLS)+a 

HLA-C Cw6   0.019 (ELS)−a 
HLA-C Cw8 0.039 (ELS)+a   
DQA1*0301   0.03 (ELS)−0.011 (RLS)−a 
DQA1*0501  0.034 (RLS)−a 0.029 (RLS)+ 
DRB1 DR7 0.019 (RLS)+   
DRB1 DR17  0.028 (RLS)−  

Associations with P ≤0.05 are shown. The + and − symbols indicate the direction of the 
association, and the associated trait is listed next to the P value. aAssociations with empirical 
P ≤0.05 in the permutation analyses. ELS, expressive language score; NWR, nonword 
repetition; QTDT, quantitative transmission disequilibrium test; RLS, receptive language 
score. 



Results 

Quantitative association analysis with SNP data 

The most associated SNPs in the analyses of the ELS and RLS traits (rs1319972, P = 7.72 × 
10−5 and rs1233579, P = 0.00026, respectively) did not fall within coding genes. The most 
associated SNP in the NWR analysis (rs17266491) fell within the gene LRRC16A (leucine 
rich repeat containing 16A) (P = 6.86 × 10−5) and represented the most significant result of 
the SNP-based quantitative analyses. Across the six HLA genes (HLA-A, HLA-B, HLA-C, 
HLA-DQA1, HLA-DQB1, and HLA-DRB1), the most associated SNP was rs3823342 in HLA-
A. This was found with ELS (P = 0.01173) and had a q value of 0.205. Investigation of 
multiple testing using the FDR method yielded minimum q values of 0.057, 0.064, and 0.155 
for the ELS, RLS, and NWR traits, respectively. These data indicate that between 5.7% and 
15.5% of the highest-ranking SNP-based associations, of which there were 40 for ELS, 46 for 
RLS, and 6 for NWR, are likely to represent false positives. Regional association plots for the 
quantitative analyses can be found in Additional file 1. 

Case-control association analysis with SNP data 

The SNP with the strongest evidence for association (rs9467476, with P = 0.00027) fell 
within the gene LRRC16A. There were five other SNPs within that gene with P ≤ 0.01, but no 
other association trends were found. This association did not survive multiple testing: the 
lowest q value was 0.671, indicating a particularly high false-positive rate in these analyses. 
Across the six HLA genes examined, the most highly associated SNP was rs1058026 in HLA-
B (P = 0.001885). A regional association plot for the case-control analysis can be found in 
Additional file 1. 

Quantitative association analyses with HLA data 

In total, nine alleles in HLA-A, HLA-B, HLA-C, HLA-DQA1, and HLA-DRB1 showed 
marginal association (nominal P ≤0.05). Furthermore, 8 of these 13 associations survived 
multiple testing, with an empirical P ≤0.05, as assessed by a permutation procedure. The 
most significant association was seen with allele A1 of the HLA-A gene, which was 
associated with increased performance on the NWR test (nominal P = 0.004, empirical P = 
0.017). In contrast, the A3 allele of HLA-A was associated with lower ELSs (nominal P = 
0.006, empirical P = 0.016). A marginal association was also found between the Cw8 allele 
of HLA-C, and higher ELSs (nominal P = 0.039, empirical P = 0.048). 

The parent-of-origin analyses highlighted effects of particular interest for the B8 allele of the 
HLA-B gene (minimum nominal P = 0.013, empirical P = 0.029) and HLA-DQA1*0501 
(minimum nominal P = 0.029, empirical P = 0.057). Both these alleles were associated with 
lower RLSs when inherited from the mother and higher RLSs when inherited from the father. 
Note, however, that the paternal parent-of-origin effects for HLA-DQA1*0501 did not 
survive the permutation procedure. Borderline associations were also observed for the 
paternal alleles Cw6 of HLA-C with ELS (nominal P = 0.019, empirical P = 0.037) and HLA-
DQA1*0301 with RLS (nominal P = 0.011, empirical P = 0.035), which were associated 
with lower language scores. Table 2 includes all quantitative associations with P ≤0.05. 



Case-control association analyses with HLA data 

In total, there were three HLA-DRB1 alleles (DR4, DR10, and DR12) with nominal P ≤0.05. 
The DR10 allele of HLA-DRB1 showed a significantly increased allele frequency in probands 
with language impairment compared with controls (nominal P = 0.004), whereas the DR4 
and DR12 alleles of HLA-DRB1 (nominal P = 0.02 and nominal P = 0.05, respectively) were 
less frequent in probands with language-impairment than controls indicating a protective risk. 
FDR analyses indicated that two of these three associations are likely to represent true 
positives (the q value for the least associated allele was 0.235). The DR10 allele had a 
particularly strong relative risk of 2.575 (95% confidence interval: 1.773 ≤ relative risk ≤ 
3.737), whereas those for DR4 and DR12 were both below 1.0 and the 95% confidence 
intervals for DR4 did not encompass 1.0. HLA-DQA1*0301 (nominal P = 0.014) and the 
B57 allele of HLA-B (nominal P = 0.029) were also both significantly less frequent in 
probands with language-impairment compared with controls. FDR analyses of DQA1*0301 
yielded a low q value (0.098), bolstering confidence in its authenticity. In contrast, FDR 
indicated that the association with HLA-B B57 is likely to represent a false positive (q value 
of 0.911). The relative risk values for DQA1*0301 and B57 were both below 1.0 and had 
significant 95% confidence intervals that did not encompass 1.0. Table 3 includes case-
control associations with P ≤0.05 and their relative risks and confidence intervals. Figure 1 
includes allele frequencies in probands with language impairment and controls for HLA loci 
tested. 



Table 3 Results of the case–control association analysis 
HLA allele  Number of alleles 

counted in 
probands 

Number of alleles 
counted in 
controls 

Frequency in 
probands 

Frequency in 
controls 

Fisher’s exact 
test P 

Relative risk 95% confidence 
interval – lower 

boundary 

95% confidence 
interval – upper 

boundary 

Effect 

HLA-DRB1 DR10 395 912 0.018 0.002 0.004 2.575 1.773 3.737 Risk 
HLA-DQA1*0301 453 1078 0.174 0.231 0.012 0.753 0.59 0.961 Protective 

HLA-B B57 443 1055 0.023 0.047 0.029 0.541 0.303 0.963 Protective 
HLA-DRB1 DR4 395 912 0.108 0.158 0.02 0.692 0.510 0.939 Protective 

HLA-DRB1 DR12* 395 912 0.005 0.02 0.05 0.333 0.09 1.243 Protective 

Associations with P ≤0.05 are shown. aThe P value for DR12 was 0.050339 but was included here since the P values were rounded up to the 
third decimal place. 



Figure 1 Human leukocyte antigen (HLA) allele frequencies in specific language 
impairment (SLI) probands and controls. 

Discussion 

SLI is a complex and heterogeneous neurodevelopmental disorder that affects language 
development in children. HLA associations have been reported for other neurodevelopmental 
disorders that show some genetic and phenotypic overlap with SLI. We investigated the 
possible involvement of HLA loci in SLI using several approaches: quantitative and case-
control association analyses both with SNPs in and around the HLA region and with HLA 
types. 

QTDT analyses of HLA-type data identified risk and protective alleles with regard to the 
three measured traits, and these findings did survive multiple testing. HLA-A A1 was the most 
highly positively correlated allele (with NWR, nominal P = 0.004, empirical P = 0.017), and 
HLA-A A3 was the most highly negatively correlated allele (with ELS, nominal P = 0.006, 
empirical P = 0.016), thus implicating the HLA-A locus in susceptibility to SLI. 

We also found interesting evidence of parent-of-origin effects. In particular, the HLA-B B8 
allele and HLA-DQA1*0501 are negatively correlated with RLS when inherited from the 
mother but positively correlated with the same trait when paternally inherited. Parent-of-
origin effects have been reported with regard to the involvement of HLA alleles in 
neurological disorders such as multiple sclerosis [48], and in this respect it is interesting to 
find such an effect in SLI. The associations with B8 in both parent-of-origin effects analyses 
remained significant following the permutation procedure. Interestingly, HLA-B has been 
implicated in schizophrenia; however, the increase in risk was the result of matching HLA-B 
genotypes in the mother and the child [33]. While the association detected in our study is 
with a specific allele, it is interesting to note that the association is correlated with negative 
test scores only when the allele is inherited from the mother (so there is a matching of at least 
one allele between the mother and the child). 

Although many of the associations observed in this study were of borderline significance, it is 
interesting to note that the identified association trends are supported by studies of related 
neurodevelopmental disorders. In an ADHD study of a Chinese cohort [49], the DR10 allele 
of HLA-DRB1 was found to be significantly more frequent in children with ADHD than in 
controls, as is the case with the probands with SLI in our study. This result translates to a 
particularly high relative risk of 2.575, with a 95% confidence interval of 1.773 ≤ relative risk 
≤ 3.737, and was supported by FDR analyses. Similarly, Wang and colleagues [49] reported 
that the DR12 allele of HLA-DRB1 was significantly more frequent in controls than in cases 
with ADHD, a trend which again is replicated in our study [49]. The trend of association 
found between the DR4 allele of HLA-DRB1 in our probands with language-impairment 
matches that described by Wright and colleagues [50] in a study of schizophrenia but is the 
opposite of that observed in ADHD by Odell and colleagues [51]. Note, however, that this 
ADHD association was not replicated in the Chinese study previously mentioned [49]. 
Interestingly, the HLA-DRB1 case-control associations observed in the present study also 
seem to be the opposite to previously described association trends of HLA alleles with autism 
(albeit not always significantly so). The DR4 allele was associated with autism [52,53] but is 
significantly less frequent in probands with SLI than in controls (Table 3, Figure 1). DR13 
and DR14 (grouped together) have been negatively associated with autism [52], which is, 



again, the opposite trend to the one observed here (Figure 1, frequency in probands with 
language-impairment: 0.14 and 0.03; frequency in controls: 0.11 and 0.02, for DR13 and 
DR14, respectively). Although these differences were not even nominally significant in SLI, 
they may suggest that if HLA alleles play a role in both SLI and autism, the mechanism itself 
may be different. 

Although quantitative and case-control SNP-based analyses consistently identified 
associations within the LRRC16A gene, none of the SNP-based analyses found strong 
association trends within HLA loci. Furthermore, the FDR q values obtained for SNP-based 
associations were all greater than 0.05, indicating a high false-positive rate. Nonetheless, it 
should be noted that one might not expect to find a direct correlation between SNPs in HLA 
genes and effects mediated by HLA types, because of the high degree of variation in the HLA 
region. 

Conclusions 

The results of this study suggest a potential involvement of HLA loci in SLI. Quantitative 
association analyses highlighted HLA-A and parent-of-origin effects for HLA-B, whereas 
case-control analyses implicated HLA-DRB1 alleles. Furthermore, larger-scale studies will be 
required to replicate these findings. The relatively small sample sizes employed are reflected 
by nominal P values. Since our analyses used imputed HLA alleles and since no HLA 
associations have been previously reported for SLI, we did not confine ourselves to testing 
only a subset of the HLA alleles, and, consequently, we performed a relatively large number 
of tests. Nonetheless, we believe that association testing and imputation of HLA types 
provide a cost-effective way of studying the involvement of immune-related genes in 
neurodevelopmental disorders. The preliminary data presented here provide an intriguing link 
to those described by previous studies of other neurodevelopmental disorders suggesting a 
possible role for HLA loci in language disorders. 

Abbreviations 

ADHD, Attention deficit hyperactivity disorder; ELS, Expressive language score; FDR, False 
discovery rate; HLA, Human leukocyte antigen; NWR, Nonword repetition (score); POBI, 
People of the British Isles; RLS, Receptive language score; SD, Standard deviation; SLI, 
Specific language impairment; SNP, Single-nucleotide polymorphism 

Competing interests 

The authors declare that they have no competing interests. 

Authors’ contributions 

RN conceived and designed this study, performed the imputation and association analyses, 
and drafted the manuscript. NHS helped with the quality control for the DNA and generation 
of the SNP genotype data. GB managed the acquisition of data and DNA from the Guy’s 
Hospital SLIC cohort. AO managed the acquisition of data and DNA from the Edinburgh 
SLIC cohort. GC-R managed the acquisition of data and DNA from the Manchester SLIC 
cohort. PFB managed the acquisition of data and DNA from the Cambridge SLIC cohort. 



ERH managed the acquisition of data and DNA from the Aberdeen SLIC cohort; the SLIC is 
a group of individuals who collected the DNA and data for the SLIC cohort and provided 
vital intellectual input to the study design and management of the SLIC resource. APM is the 
principal investigator for the SLIC genetic data and assisted in the conceptualization of the 
study and contributed to the intellectual content of the manuscript. JCK managed the 
acquisition of data and DNA from the control individuals from the Oxfordshire study of gene 
expression in primary immune cells and assisted with the interpretation of the data for the 
manuscript. BW managed the acquisition of data and DNA from the control individuals for 
the POBI cohort and provided intellectual input into the study design. SEF managed the 
generation of SNP data for the SLIC individuals and contributed to the intellectual 
conception of this study. DFN performed quality-control procedures on the SLIC genetic data 
and helped with the conceptualization and design of the study and the drafting of the 
manuscript. All authors read and approved the final manuscript. 

Acknowledgments 

We would like to thank all the families, professionals, and individuals who participated in 
this research. In particular, we would like to thank Simon Fiddy for his assistance with data 
transformation and Benjamin Fairfax for the use of the Oxfordshire Control samples. DN is a 
Medical Research Council (MRC) Career Development Fellow and a Junior Research Fellow 
at St John’s College, University of Oxford. The work of the DN lab is funded by the MRC 
(G1000569/1 and MR/J003719/1). RN is funded by a University of Oxford Nuffield 
Department of Medicine Prize Studentship. The genotyping of samples was funded by the 
Max Planck Society. The collection of the SLIC samples was supported by the Wellcome 
Trust (060774 and 076566). Recruitment of controls for the Oxfordshire study of gene 
expression in primary immune cells was supported by the Wellcome Trust (074318 and 
088891), the European Research Council under the European Union’s Seventh Framework 
Programme (FP7/2007-2013) (281824), and the National Institute for Health Research 
(NIHR) Oxford Biomedical Research Centre. Recruitment of controls for the POBI study was 
supported by the Wellcome Trust (072974, 088262). PFB is supported by an NIHR (UK) 
Senior Investigator award and the Biomedical Research Centre in Mental Health at the South 
London & Maudsley NHS Trust Hospital, London. The work of the Wellcome Trust Centre 
in Oxford is supported by the Wellcome Trust (090532/Z/09/Z). 
We are very grateful to the other members of the SLIC for their contributions to this work: V. 
Slonims (Newcomen Centre, Evelina Children’s Hospital, London), A. Clark, J. Watson 
(Speech and Hearing Sciences, Queen Margaret University, Edinburgh, UK), E. Simonoff, A 
Pickles (King’s College London, Institute of Psychiatry); A. Everitt (University Child Health 
and DMDE, University of Aberdeen); J. Seckl (Molecular Medicine Centre, University of 
Edinburgh); H. Cowie (Department of Speech and Language Therapy, Royal Hospital for 
Sick Children, Edinburgh); W. Cohen (Psychological Sciences and Health, University of 
Strathclyde); J. Nasir (Division of Biomedical Sciences, St George’s University of London); 
D.V.M. Bishop (Department of Experimental Psychology, University of Oxford); Z. Simkin 
(School of Psychological Sciences, University of Manchester). 

References 

1. Thomson G: A review of theoretical aspects of HLA and disease associations. Theor 
Popul Biol 1981, 20:168–208. 



2. Vandiedonck C, Knight JC: The human Major Histocompatibility Complex as a 
paradigm in genomics research. Brief Funct Genomic Proteomic 2009, 8:379–394. 

3. Shiina T, Inoko H, Kulski JK: An update of the HLA genomic region, locus 
information and disease associations: 2004. Tissue Antigens 2004, 64:631–649. 

4. Fernando MM, Stevens CR, Walsh EC, De Jager PL, Goyette P, Plenge RM, Vyse TJ, 
Rioux JD: Defining the role of the MHC in autoimmunity: a review and pooled analysis. 
PLoS Genet 2008, 4:e1000024. 

5. Ashwood P, Van de Water J: A review of autism and the immune response. Clin Dev 
Immunol 2004, 11:165–174. 

6. Wright P, Nimgaonkar VL, Donaldson PT, Murray RM: Schizophrenia and HLA: a 
review. Schizophr Res 2001, 47:1–12. 

7. Torres AR, Sweeten TL, Cutler A, Bedke BJ, Fillmore M, Stubbs EG, Odell D: The 
association and linkage of the HLA-A2 class I allele with autism. Hum Immunol 2006, 
67:346–351. 

8. Nevsimalova S, Tauberova A, Doutlik S, Kucera V, Dlouha O: A role of autoimmunity in 
the etiopathogenesis of Landau-Kleffner syndrome? Brain Dev 1992, 14:342–345. 

9. Connolly AM, Chez MG, Pestronk A, Arnold ST, Mehta S, Deuel RK: Serum 
autoantibodies to brain in Landau-Kleffner variant, autism, and other neurologic 
disorders. J Pediatr 1999, 134:607–613. 

10. Dalton P, Deacon R, Blamire A, Pike M, McKinlay I, Stein J, Styles P, Vincent A: 
Maternal neuronal antibodies associated with autism and a language disorder. Ann 
Neurol 2003, 53:533–537. 

11. Cardon LR, Smith SD, Fulker DW, Kimberling WJ, Pennington BF, DeFries JC: 
Quantitative trait locus for reading disability on chromosome 6. Science 1994, 266:276–
279. 

12. Bishop DVM: What causes specific language impairment in children? Curr Dir 
Psychol Sci 2006, 15:217–221. 

13. Newbury DF, Bishop DV, Monaco AP: Genetic influences on language impairment 
and phonological short-term memory. Trends Cogn Sci 2005, 9:528–534. 

14. The SLI Consortium: A genomewide scan identifies two novel loci involved in specific 
language impairment. Am J Hum Genet 2002, 70:384–398. 

15. Bartlett CW, Flax JF, Logue MW, Vieland VJ, Bassett AS, Tallal P, Brzustowicz LM: A 
major susceptibility locus for specific language impairment is located on 13q21. Am J 
Hum Genet 2002, 71:45–55. 



16. Vernes SC, Newbury DF, Abrahams BS, Winchester L, Nicod J, Groszer M, Alarcón M, 
Oliver PL, Davies KE, Geschwind DH, Monaco AP, Fisher SE: A functional genetic link 
between distinct developmental language disorders. N Engl J Med 2008, 359:2337–2345. 

17. 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. Am J Hum Genet 2009, 85:264–272. 

18. Alarcón M, Abrahams BS, Stone JL, Duvall JA, Perederiy JV, Bomar JM, Sebat J, 
Wigler M, Martin CL, Ledbetter DH, Nelson SF, Cantor RM, Geschwind DH: Linkage, 
association, and gene-expression analyses identify CNTNAP2 as an autism-susceptibility 
gene. Am J Hum Genet 2008, 82:150–159. 

19. Elia J, Gai X, Xie HM, Perin JC, Geiger E, Glessner JT, D’arcy M, deBerardinis R, 
Frackelton E, Kim C, Lantieri F, Muganga BM, Wang L, Takeda T, Rappaport EF, Grant SF, 
Berrettini W, Devoto M, Shaikh TH, Hakonarson H, White PS: Rare structural variants 
found in attention-deficit hyperactivity disorder are preferentially associated with 
neurodevelopmental genes. Mol Psychiatry 2009, 15:637–646. 

20. Poliak S, Peles E: The local differentiation of myelinated axons at nodes of Ranvier. 
Nat Rev Neurosci 2003, 4:968–980. 

21. Kjelgaard MM, Tager-Flusberg H: An investigation of language impairment in 
autism: implications for genetic subgroups. Lang Cogn Process 2001, 16:287–308. 

22. Bishop DVM: Autism and specific language impairment: categorical distinction or 
continuum? Novartis Found Symp 2003, 251:213–226. Discussion 226-234, 281-297. 

23. Baird J, Stevenson JC, Williams DC: The evolution of ADHD: a disorder of 
communication? Q Rev Biol 2000, 75:17–35. 

24. Redmond SM: Conversational profiles of children with ADHD, SLI and typical 
development. Clin Linguist Phon 2004, 18:107–125. 

25. Whitehouse AJ, Barry JG, Bishop DVM: The broader language phenotype of autism: 
a comparison with specific language impairment. J Child Psychol Psychiatry 2007, 
48:822–830. 

26. Bishop DVM, Baird G: Parent and teacher report of pragmatic aspects of 
communication: use of the children’s communication checklist in a clinical setting. Dev 
Med Child Neurol 2001, 43:809–818. 

27. The SLI Consortium: Highly significant linkage to the SLI1 locus in an expanded 
sample of individuals affected by specific language impairment. Am J Hum Genet 2004, 
74:1225–1238. 



28. Monaco AP: Multivariate linkage analysis of specific language impairment (SLI).  
Ann Hum Genet 2007, 71(Pt 5):660. 673. 

29. Falcaro M, Pickles A, Newbury DF, Addis L, Banfield E, Fisher SE, Monaco AP, Simkin 
Z, Conti-Ramsden G: Genetic and phenotypic effects of phonological short-term memory 
and grammatical morphology in specific language impairment. Genes Brain Behav 2008, 
7:393–402. 

30. Anderson CA, Pettersson FH, Clarke GM, Cardon LR, Morris AP, Zondervan KT: Data 
quality control in genetic case-control association studies. Nat Protoc 2010, 5:1564–1573. 

31. Dilthey AT, Moutsianas L, Leslie S, McVean G: HLA*IMP-an integrated framework 
for imputing classical HLA alleles from SNP genotypes. Bioinformatics 2011, 27:968–
972. 

32. Schreuder GM, Hurley CK, Marsh SG, Lau M, Maiers M, Kollman C, Noreen HJ: The 
HLA dictionary 2001: a summary of HLA-A, -B, -C, -DRB1/3/4/5, -DQB1 alleles and 
their association with serologically defined HLA-A, -B, -C, -DR, and -DQ antigens. Hum 
Immunol 2001, 62:826–849. 

33. Palmer CG, Hsieh HJ, Reed EF, Lonnqvist J, Peltonen L, Woodward JA, Sinsheimer JS: 
HLA-B maternal-fetal genotype matching increases risk of schizophrenia. Am J Hum 
Genet 2006, 79:710–715. 

34. Winney B, Boumertit A, Day T, Davison D, Echeta C, Evseeva I, Hutnik K, Leslie S, 
Nicodemus K, Royrvik EC, Tonks S, Yang X, Cheshire J, Longley P, Mateos P, Groom A, 
Relton C, Bishop DT, Black K, Northwood E, Parkinson L, Frayling TM, Steele A, Sampson 
JR, King T, Dixon R, Middleton D, Jennings B, Bowden R, Donnelly P, Bodmer W: People 
of the British Isles: preliminary analysis of genotypes and surnames in a UK-control 
population. Eur J Hum Genet 2012, 20:203–210. 

35. Semel EM, Wiig EH, Secord W: Clinical Evaluation of Language Fundamentals - 
Revised. San Antonio: Phychological Corporation; 1992. 

36. Gathercole SE, Willis CS, Baddeley AD, Emslie H: The Children’s Test of Nonword 
Repetition: a test of phonological working memory. Memory 1994, 2:103–127. 

37. Bishop DV, North T, Donlan C: Nonword repetition as a behavioural marker for 
inherited language impairment: evidence from a twin study. J Child Psychol Psychiatry 
1996, 37:391–403. 

38. Archibald LM, Joanisse MF: On the sensitivity and specificity of nonword repetition 
and sentence recall to language and memory impairments in children. J Speech Lang 
Hear Res 2009, 52:899–914. 

39. Abecasis GR, Cherny SS, Cookson WO, Cardon LR: Merlin-rapid analysis of dense 
genetic maps using sparse gene flow trees. Nat Genet 2002, 30:97–101. 

40. Abecasis GR, Cardon LR, Cookson WO: A general test of association for quantitative 
traits in nuclear families. Am J Hum Genet 2000, 66:279–292. 



41. Fairfax BP, Makino S, Radhakrishnan J, Plant K, Leslie S, Dilthey A, Ellis P, Langford 
C, Vannberg FO, Knight JC: Genetics of gene expression in primary immune cells 
identifies cell type-specific master regulators and roles of HLA alleles. Nat Genet 2012, 
44:502–510. 

42. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D, Maller J, Sklar P, 
de Bakker PI, Daly MJ, Sham PC: PLINK: a tool set for whole-genome association and 
population-based linkage analyses. Am J Hum Genet 2007, 81:559–575. 

43. Carlson JM, Heckerman D, Shani G: Estimating false discovery rates for contingency 
tables. Microsoft Research technical report, MSR-TR-2009-53 2009:. 

44. Morris JA, Gardner MJ: Calculating confidence intervals for relative risks (odds 
ratios) and standardised ratios and rates. Br Med J (Clin Res Ed) 1988, 296:1313–1316. 

45. Benjamini Y, Hochberg Y: Controlling the false discovery rate: a practical and 
powerful approach to multiple testing. J R Stat Soc Ser B Methodol 1995, 57:289–300. 

46. Storey JD: A direct approach to false discovery rates. Journal of the Royal Statistical 
Society: Series B Statistical Methodology 2002, 64:479–498. 

47. Verhoeven KJF, Simonsen KL, McIntyre LM: Implementing false discovery rate 
control: increasing your power. Oikos 2005, 108:643–647. 

48. Ramagopalan SV, Herrera BM, Bell JT, Dyment DA, Deluca GC, Lincoln MR, Orton 
SM, Chao MJ, Sadovnick AD, Ebers GC: Parental transmission of HLA-DRB1*15 in 
multiple sclerosis. Hum Genet 2008, 122:661–663. 

49. Wang Y-p, Tian Y, Zhu J-h, Yang Y-f, Zhang H-b, Wang C-h, Liu L, LV Y, Xiong L-p: 
Study on the association between HLA-DRB1 genes and ADHD in Xi’an.  Chinese 
Journal of Child Health Care 2008, 16:010. 

50. Wright P, Donaldson PT, Underhill JA, Choudhuri K, Doherty DG, Murray RM: Genetic 
association of the HLA DRB1 gene locus on chromosome 6p21.3 with schizophrenia. Am 
J Psychiatry 1996, 153:1530–1533. 

51. Odell JD, Warren RP, Warren WL, Burger RA, Maciulis A: Association of genes within 
the major histocompatibility complex with attention deficit hyperactivity disorder. 
Neuropsychobiology 1997, 35:181–186. 

52. Torres AR, Maciulis A, Stubbs EG, Cutler A, Odell D: The transmission disequilibrium 
test suggests that HLA-DR4 and DR13 are linked to autism spectrum disorder.  Hum 
Immunol 2002, 63:311–316. 

53. Lee LC, Zachary AA, Leffell MS, Newschaffer CJ, Matteson KJ, Tyler JD, Zimmerman 
AW: HLA-DR4 in families with autism. Pediatr Neurol 2006, 35:303–307. 



Additional files 

Additional_file_1 as PDF 
Additional file 1  Manhattan plots for SNP associations and distributions of quantitative 
traits. 



Figure 1



Additional files provided with this submission:

Additional file 1: 7238621781106710_add1.pdf, 422K
http://www.jneurodevdisorders.com/imedia/1136150784118834/supp1.pdf


	Start of article
	Figure 1
	Additional files

