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Abstract
LAY ABSTRACT—Autism is known to be highly heritable, and has been associated with
abnormalities in the development of several brain structures, including the cerebellum. Previous
research has hinted that a gene controlling the development of posterior brain regions such as the
cerebellum, may influence risk for autism. This gene is called Homeobox Domain A1 (HOXA1),
and the variant within HOXA1 that has been most studied in relation to autism (A218G) falls
within a gene region that is important for HOXA1 protein functioning. Although we know that
autism appear to influence the dynamics of brain development, and that cerebellar anatomy
continues to change over the lifespan – we do not know if A218G genotype influences cerebellar
development over time. We studied this issue in typically developing controls who had a total of
296 repeat structural brain scans taken between ages 5 and 23 years of age. The volume of
multiple cerebellar components was measures by hand in each scan, and we related developmental
changes in these volumes to A218G genotype. We found that, in a part of the cerebellum
implicated in autism, A218G genotype modified the rate of cerebellar growth. This suggests for
the first time that the putative ASD risk gene HOXA1 has the capacity to modify the longitudinal
development of cerebellar systems implicated in ASD neurobiology.

SCIENTIFIC ABSTRACT—Homeobox-A-1 (HOXA1) has been proposed as a candidate gene
for autism spectrum disorder (ASD) as it regulates embryological patterning of hind-brain
structures implicated in autism neurobiology. In line with this notion, a non-synonymous single
nucleotide polymorphism within a highly conserved domain of HOXA1 - A218G (rs10951154) -
has been linked to both ASD risk, and cross-sectional differences in superior posterior lobar
cerebellar anatomy in late adulthood. Despite evidence for early onset and developmentally
dynamic cerebellar involvement in ASD, little is known of the relationship between A218G
genotype and maturation of the cerebellum over early development. We addressed this issue using
296 longitudinally acquired structural magnetic resonance imaging brain scans from 116 healthy
individuals between 5 and 23 years of age. Mixed models were used to compare the relationship
between age and semi-automated measures of cerebellar volume in A-homozygotes (AA) and
carriers of the G allele (Gcar). Total cerebellar volume increased between ages 5 and 23 years in
both groups. However, this was accelerated in the Gcar relative to the AA group (Genotype-by-
age interaction term, p=0.03), and driven by genotype-dependent differences in the rate of bilateral
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superior posterior lobar volume change with age (p=0.002). Resultantly, although superior
posterior lobar volume did not differ significantly between genotype groups at age 5 (p=0.9), by
age 23 it was 12% greater in Gcar than AA (p=0.002). Our results suggest that common genetic
variation within this putative ASD risk gene has the capacity to modify the development of
cerebellar systems implicated in ASD neurobiology.
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INTRODUCTION
In recent years there has been increasing interest in using combinations of neuroimaging and
genetics to delineate the biological pathways through which specific genetic variants may
modify risk for heritable neurodevelopmental conditions (Hariri & Weinberger, 2003;
Meyer-Lindenberg, 2010). To date however, relatively few studies have applied this
approach to study putative risk genes for Autism Spectrum Disorder (ASD) (Raznahan et al.,
2010; Raznahan et al., 2009; Wassink et al., 2007). Here, we use such an “Imaging
Genetics” approach to relate genetic variation within a candidate risk gene for ASD to
longitudinal measures of regional structural cerebellar maturation within a large sample of
typically developing controls.

Interest in regional cerebellar maturation as a potential marker of genetic risk for ASD stems
from several observations. First, reduced cerebellar purkinje cell count has become one of
the most consistent findings in ASD post-mortem studies (Palmen, van, Hof, & Schmitz,
2004), which suggests that disruption of cerebellar development in ASD may be evident
very early in life. Second, there are multiple structural magnetic resonance imaging (sMRI)
reports of abnormal cerebellar anatomy in children and adults with ASD (Stanfield et al.,
2008). Such reports have examined diverse anatomical indices including volume and mid-
sagittal cerebellar surface area. The best-replicated finding in these studies is abnormality
within lobule VI of the cerebellum (Mitchell et al., 2009; Stanfield et al., 2007; Webb et al.,
2009) – arguing that a regional approach to measurement of cerebellar anatomy is desirable
in ASD neurobiology. Furthermore, several cross-sectional reports suggest that cerebellar
abnormalities in ASD may vary as a function of age (Cleavinger et al., 2008; Courchesne et
al., 2001; Stanfield et al., 2007) – indicating that candidate cerebellar markers of ASD risk
would be best studied using longitudinal study designs. Finally, the notion that genetic risk
factors may shape cerebellar alterations in a developmentally dynamic manner within ASD
is supported by evidence from twin and family neuroimaging studies demonstrating that the
magnitude of genetic contribution may vary with age (Posthuma et al., 2000; Wallace et al.,
2006). Despite the above lines of evidence, the relationship between specific putative ASD
risk alleles and developmental changes in regional cerebellar anatomy remains unexamined.

The strongest candidate gene for such a longitudinal imaging genetics approach is
Homeobox-A-1 (HOXA1), which encodes a protein of known importance for hind-brain
patterning in vertebrates. Homeobox-A-1 (HOXA1) is one of a family of evolutionarily
conserved genes that govern morphogenesis and cellular differentiation of the central
nervous system through their function as transcription factors (Akin & Nazarali, 2005). The
initial impetus for examining HOXA1 as a candidate gene for ASD came from overlap in the
hind-brain abnormalities seen in post-mortem studies of people with idiopathic ASD
(Bauman & Kemper, 2005), hind-brain alterations in both animal HOXA1 knockout models,
and post-mortem studies of people with ASD in the context of teratogenic syndromes caused
by molecules known to impact HOXA1 signaling (e.g. sodium valproate (Ingram et al.,
2000; Rodier, Ingram, Tisdale, Nelson, & Romano, 1996)). Subsequently, case-series of
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humans with rare HOXA1 mutations found that learning disability and ASD were central to
the resulting syndrome, which was accompanied by radiological evidence of hind-brain
malformation (Tischfield et al., 2005).

To date, three independent groups have linked a common non-synonymous mutation with an
evolutionarily conserved HOXA1 exon to risk for ASD (Conciatori et al., 2004; Ingram et
al., 2000) or related traits (Chakrabarti et al., 2009) [although a different allele was
implicated as imparting risk in each study, and several negative association studies also exist
(Collins, Schroer, Bird, & Michaelis, 2003; Devlin et al., 2002; Romano et al., 2003; Sen et
al., 2007; Talebizadeh et al., 2002)]. This single nucleotide polymorphism (SNP) (A218G,
rs10951154) results in a His->Arg amino acid sequence change in a highly conserved
polyhistidine tail HOXA1 protein domain. Although there are no published studies that
directly test A218G functionality, sequence variation within this polyhistidine domain is
known to result in increased cell death and impaired neuronal differentiation – suggesting
that allelic variation at A218G may impact HOXA1 functioning and brain development
(Paraguison et al., 2005; Paraguison et al., 2007). Give this, it is notable that allelic variation
at the A218G SNP has been shown to modulate head circumference in people with ASD
diagnoses (Conciatori et al., 2004), and in typically developing children (Muscarella et al.,
2007). The lack of a relationship between A218G genotype and head circumference in
healthy adults (Muscarella et al., 2007) suggests that the relationship between this SNP and
brain anatomy may change with development. This possibility has never been explored, but
is supported by a recent observation that HOXA1 expression in human brain tissue varies
dramatically as a function of age (Siegmund et al., 2007).

Despite extensive evidence that HOXA1 plays a role in hind-brain development, only one
study has related HOXA1 A218G genotype to sMRI measures of hind-brain anatomy. Canu
et al (Canu et al., 2009) found that carriage of the G allele was associated with regional
reductions of cerebellar volume within the anterior and superior posterior lobes in two
independent cohorts of healthy adults (Canu et al., 2009). Because this was a cross-sectional
study limited to adults, it remains unknown if A218G influences cerebellar anatomy in
childhood, and whether the relationship between A218G genotype and anatomy changes
with age. As outlined above, these questions are especially relevant to the potential role of
HOXA1 in ASD neurobiology given meta-analytic evidence that differences in cerebellar
anatomy between people with ASD and TDCs vary with age (Stanfield et al., 2007).
Therefore, in order to more fully assess the potential for HOXA1 to influence structural
cerebellar phenotypes in ASD, we examined the relationship between A218G genotype and
longitudinal measures of regional cerebellar anatomy in a large sample of typically
developing children, adolescents and young adults.

METHODS
Sample

Please see Table 1 for full details of participant demographics and genotype composition.
We included 296 structural magnetic imaging brain scans that had been acquired
longitudinally on 116 healthy unrelated Caucasian children and adolescents aged between
ages 5 and 23 years or age. Participants were recruited through local advertisement. The
absence of neurological or psychiatric illness was established through completion of a
screening questionnaire (Child Behavior Checklist) and a structured diagnostic interview
administered by a child psychiatrist (Giedd et al., 1999). Participants were of mixed
handedness (handedness established using Physical and Neurological Examination of Soft
Signs).
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All participants had a full-scale intelligence quotient (FSIQ) of greater than 80 as
determined using age-appropriate Wechsler Intelligence Scales including WISC-R, WAIS-R
and WASI (Shaw et al., 2006)). Socioeconomic status (SES) was quantified using
Hollingshead scales (Hollingshead, 1975). The institutional review board of the National
Institutes of Health approved the research protocol employed in this study and written
informed consent and assent to participate in the study were obtained from parents and
children respectively.

Genotyping
For each participant, DNA was extracted from previously prepared lymphoblastoid cell lines
using standard methods (Qiagen, MD, USA). It has been established that conversion of cells
into lymphoblastoid lines does not cause errors into SNP genotyping (Herbeck et al., 2009).
Genotyping was performed by Prevention Genetics (Marshfield, WI, USA), using sub-
microlitre allele-specific polymerase-chain-reactions (Hawkins, Khripin, Valdes, & Weaver,
2002). DNA sequencing of positive controls was conducted to ensure correct assignment of
genotypes. Allele frequencies were A 0.89 and G 0.11 - in keeping with reference CEPH
data for populations of European descent. Participants were grouped as G-carriers (20%) or
A-homozygotes (80%). Genotype frequencies did not deviate from Hardy-Weinberg
equilibrium.

Neuroimaging
Of all 116 participants with at least one brain sMRI scan, 60% had 2 or more, and 15% had
3 or more scans. Scans were acquired at approximately 2-year intervals. All sMRI scans
were T-1 weighted images with contiguous 1.5 mm axial slices and 2.0 mm coronal slices,
obtained on the same 1.5-T General Electric (Milwaukee, WI) Signa scanner using a 3D
spoiled gradient recalled echo sequence with the following parameters: Echo time, 5ms;
Repetition time, 24ms; flip angle 45 (DEG); acquisition matrix, 256 × 192; number of
excitations, 1; and field of view, 24 cm. Head placement was standardized as described
previously.

All measures of cerebellar anatomy were derived using the semi-automated method
described in Pierson et al (Pierson et al., 2002). Briefly, 31 pre-specified cerebellar
landmarks were defined in each scan. Each landmark in the cerebellar co-ordinate space was
averaged over all scans in which landmarks had been defined. This created a reference
landmark standard to which all subsequent scans could be warped prior to segmentation.
Segmentation was achieved using an artificial neural network (ANN) approach (Magnotta et
al., 2002), which was “trained” on 30 different cerebella that had been manually segmented
into the following structures: Corpus Medullare (Cerebellar white matter and output nuclei),
Cerbellar Vermis, Anterior Lobe (comprising lobules I, II, III, IV and V), Superior Posterior
Lobe (comprising lobules VI, and VIIA-crus I) and Inferior Posterior Lobe (comprising
lobules VIIA-crus II, VIIB, VIII, IX and X). Each cerebellum to be segmented was
submitted to the ANN for labeling, and the output then hand-edited to conform with
reference tracing standards. Final overlap and intra-class correlation coefficients between
semi-automated and manual approaches, as established in the original methodological
publication for this method were favorable. For all sub-regions, overlap values exceeded
82%, and ICCs were greater than 0.9. This technique was implemented within our study
cohort with high inter- and intra-rater reliabilities (all intra-class correlation coefficients over
0.7). As was reported elsewhere (Mackie et al., 2007), for cerebellar lobes, initial intra-rater
and interr-ater intraclass correlations (ICCs) were greater than 0.80 for all 5 tracers. For the
vermis, initial intra-rater ICCs were greater than 0.80, and inter-rater ICCs were greater than
0.68. Following the initial phase of measuring, two tracers continued measuring cerebellar
lobes over a four-year span. Longitudinal lobar (left and right anterior, superior posterior
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and inferior posterior) intra-rater ICCs over this period ranged from 0.69 (superior vermis)
to 0.99. All of these ICCs were approximately or at least 0.70, which is a qualitatively
acceptable (good) level of reliability (based on Fleiss (1986) who proposes a standard of
0.40 to 0.75 as fair to good reliability, and above 0.75 as excellent). Concurrent lobar inter-
rater ICCs were excellent and ranged from 0.91 to 0.99, and longitudinal lobar inter-rater
ICCs were good to excellent and ranged from 0.72 to 0.96. ICCs were calculated using the
“one -way random” option in SPSS. In addition to calculating ICCs, measurements were
graphed to examine tracer drift and systematic biases within tracers. In the current sample,
one tracer completed all of the vermis measurements that followed the initial phase of
measuring. Longitudinal ICCs for the vermis were 0.92 for the total vermis, and ranged from
0.70 to 0.98 for the three vermal sub-regions (anterior, superior and inferior).

Statistical Analysis
Longitudinal mixed-models were used to estimate the effects of genotype on the rate of
linear volumetric change over time. We used mixed-models as these permit the inclusion of
multiple measurements per person at different ages, and irregular intervals between
measurements, thereby increasing statistical power (Pinheiro & DM, 2000). A nested
random effects term that modeled within family and within person dependence of
observations was included. All models were run with and without sex, handedness, IQ and
SES status as both main effects and in interaction with genotype terms. These terms were
not included in the final model because (i) their inclusion did not add significantly to the
predictive power of the model (as determined using a likelihood ratio test), (ii) their addition
did not alter the findings. Linear age terms were used for all cerebellar measures as
preliminary analyses established that higher-order age terms could not significantly predict
volumetric measures within the smaller genotype sub-group. This is likely to reflect sample-
size limitations because curvilinear volume changes in cerebellar volume have been
identified in larger samples (Tiemeier et al., 2010). Use of linear age protected against the
risk of finding trajectory differences between genotype groups as an artifact of differences in
group-size impacting the ability to identify significant higher-order age effects. We also
protected against artifactual effects of differences in genotype group-sizes, by confirming
that all significant findings in the whole sample held when re-examined within a smaller
subsample where each G-carrier were longitudinally matched 1:1 with an AA homozygotes.

We analyzed the relationship between HOXA1 genotype and cerebellar maturation in a
staged manner, beginning with total cerebellar volume change as our developmental
phenotype of interest. Next we distinguished vermal and non-vermal (i.e cereballar
hemispheres) structures given evidence for a difference in their embryonic origins (Yachnis
& Rorke, 1999). Finally, we separately analyzed genetic influences on each of three vermal
sub-components - Anterior Lobe (encompassing lobules I, II, III, IV and V), Superior
Posterior Lobe (encompassing lobules VI and Crus I of lobule VIIA) and Inferior Posterior
Lobe (encompassing Crus II of lobule VIIA and lobules VIIB, VIII, IX and X). Non-vermal
cerebellar volume was divided into the same three lobar compartments and the corpus
medullare (central cerebellar white matter and output nuclei).

RESULTS
As has been previously shown in another longitudinal study of cerebellar development
(Tiemeier et al., 2010), total cerebellar volume increased between ages 5 and 23 years.
However, this was accelerated in G-carriers relative to A-homozygotes (Genotype-by-age
interaction term, p=0.03). The interaction was driven by non-vermal rather than rather than
vermal structures (Genotype-by-age interaction terms p=0.01 and p=0.3 respectively).
Analysis of non-vermal subdivisions revealed that allelic effects on cerebellar anatomy were
localized to the Superior Posterior Lobe (p=0.002) only (Anterior Lobe p=0.2, Inferior
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Posterior Lobe p=0.5, Corpus Medullare p=0.1). Genotypic effects on bilateral Superior
Posterior Lobe volumes held in both hemispheres (Left p=0.01, Right p= 0.002).
Resultantly, although bilateral Superior Posterior Lobe volume did not differ significantly
between genotype groups at age 5 (p=0.9), by age 23 it was 12% greater in G-carriers than
A-homozygotes (p=0.002). There were no statistically significant relationships between
A218G genotype and vermal volume – either as a main effect (p=0.11), or in interaction
with age (p=0.32).

DISCUSSION
Our results suggest that there are significant differences in bilateral Superior Posterior Lobe
growth according to A218G genotype. As a result, although there were no statistically
significant differences in the volume of this cerebellar sub-region between genotype groups
in childhood, a highly significant volume increase in G-carriers relative to A-homozygotes
emerged by the third decade of life. Cross-sectional analyses in two independent groups of
healthy adults in the sixth decade of life have also linked A218G genotype to Superior
Posterior lobar volume, although G-carriers had volumetric reductions compared to A-
homozygotes (Canu et al., 2009). Different “directions” of genotype effects in our current
study and that of Canu et al (Canu et al., 2009) could be due to differences in the age-ranges
studied. The upper limit of the age-range examined in our study was 23 years, whereas the
sample studies by Canu et al began at age 40 years, and extended to beyond 60 years of age.
Therefore, it is possible that the relationship between A218G genotype and Superior
Posterior Lobe anatomy changes between the third and sixth decades of life, such that
exaggerated growth in G carriers relative to A homozygotes during the early decades of life
when cerebellar volume is known to increase in age (Tiemeier et al., 2010), gives way to
exaggerated volume loss in G carriers relative to A homozygotes in later life, when
cerebellar volume is known to reduce with age (Raz, Dupuis, Briggs, McGavran, & Acker,
1998). This hypothesis is in keeping with existing evidence for developmentally dynamic
relationships between A218G genotype and another anatomical index of relevance to the
central nervous system – head circumference (Conciatori et al., 2004; Muscarella et al.,
2007).

Although the molecular mechanism and cellular pathways through which allelic variation at
the A218G SNP might modify cerebellar development remain unclear, our findings argue
for a close assessment of the potential functional consequences of this non-synonymous
SNP. While the canonical understanding that HOXA1 expression is restricted to hind-brain
regions including and caudal to rhombomere 4 argues against the possibility that a
functional HOXA1 polymorphim might modify cerebellar structures (which derive from
rhombomere 1), recent evidence for more rostral HOXA1 expression suggests several
mechanisms through which genetically-determined variation in HOXA1 functioning could
impact cerebellar development (McClintock et al., 2003; Wang & Zoghbi, 2001). In addition
to arguing that HOXA1 may play a role in normal human cerebellar development, our
findings raise the possibility that the tentative links that have been made between functional
variation within HOXA1 signaling pathways and ASD risk (Rasalam et al., 2005) may be
mediated by the capacity of HOXA1 to modify development of the cerebellum. This
argument is strengthened by the fact that our study localizes A218G genotype influences on
cerebellar maturation to the superior posterior cerebellar lobe, which includes the cerebellar
lobule that has most consistently shown abnormalities in ASD - lobule VI (Courchesne et
al., 1994; Hashimoto et al., 1995; Kaufmann et al., 2003; Stanfield et al., 2007; Webb et al.,
2009).

An important next step would be to determine if our findings can be replicated in
independent samples of typically developing individuals. To more directly examine if
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HOXA1 regulation of cerebellar development is relevant to ASD pathogenesis, it will also
be necessary to compare the relationship between HOXA1 genotype and cerebellar anatomy
in people with ASD and typically developing controls. Disruption of normative relationships
between HOXA1 genotype and cerebellar development in people with ASD could either
reflect the action of primary risk factors for ASD, or the secondary consequences of having
ASD. Theoretically, these two possibilities would be best distinguished by studying fully
discordant monozygotic twin pairs, although this is not practically possible in ASD due to
very high monozygotic concordance rates (Folstein & Rutter, 1977). Moreover, sample size
restrictions of ASD twin studies would make it very hard to longitudinally model
developmental changes in cerebellar anatomy. An alternative approach would be to study
gene-brain anatomy in a longitudinal sample of probands with ASD and their unaffected
siblngs. This paradigm has been used with some success in psychiatric conditions other than
ASD (Raznahan et al., 2011), but comes with its own compilations. These include the
inability of sibling studies to distinguish shared genetic and environmental risks for ASD;
the fact genetic imaging findings in unaffected siblings of probands with ASD may not only
reflect the action of primary ASD risk factors in the absence of active disease, but could also
reflect causes of resilience in healthy siblings that are absent in affected probands; and the
inadequacy of sib-designs for defining markers of genetic risk in non-polygenic scenarios of
ASD causation (Frazer, Murray, Schork, & Topol, 2009)(Frazer et al., 2009).

Our study has several limitations. Firstly, our sample of typically developing controls is
restricted to people of European descent, and while this reduced the likelihood of population
stratification, it limits the generalizability of out findings. Secondly, our parcellation of the
cerebellum did not distinguish white and gray matter, which could show different
relationships with HOXA1 genotype. Thirdly, our sample size was such that we were not
able to model the curvilinear changes in cerebellar volume with age that have been
described in larger longitudinal studies (Tiemeier et al., 2010).

Despite these limitations, our study represents the largest, and only longitudinal, imaging-
genetic investigation of HOXA1 to date. Our findings suggest that this putative ASD risk
gene has the capacity to modify the development of cerebellar systems implicated in ASD
neurobiology.
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Figure 1. HOXA1 genotype modulates cerebellar development
Relationship Between Genotype at HOXA1 A218G Polymorphism and Developmental
Changes in Cerebellar Volume. Geneotypic influences on cerebellar anatomy are presented
in a staged manner. Shaded coronal and then sagittal views of the cerebellum are used to
highlight successive localization of significant HOXA1 modulation of cerebellar maturation,
moving from total cerebellar volume, through non-vermal cerebellar volume to posterior
superior lobe volume. P values for the interaction between age and A218G genotype are
provided by each line plot.
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TABLE 1

PARTICIPANT CHARACTERISTICS

CHARACTERISTIC GENOTYPE GROUP

AA Gcar

Number of individuals 93 23

Male, No 50 13

Handedness, No

  L 17 5

  R 76 18

IQ, mean (SD) 113 (11.8) 109 (14.6)

  VIQ 112 (12.1) 109 (14.8)

  PIQ 112 (12.5) 105 (14.9)

SES 41 (18.5) 49 (20.9)

Total number of scans 243 53

Number of scans, No

    1 scan 21 7

    2 scans 22 6

    ≥3 scans 50 10

Age at each scan in years, mean (SD)

    1st scan 10.9 (3.6) 11.9 (4)

    2nd scan 12.9 (3.4) 14.7 (4.6)

    3rd scan 15.5 (3.4) 15.9 (4.1)

    4th scan 18.1 (2.5) 19.3 (1.8)

Age distribution of scans, years

    Mean (SD) 13.4 (4.3) 14.0 (4.5)

    Range 5.6–23.5) 5.3–23.5
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