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Abstract

Reading disabilities (RDs) have been associated with chromosome 6p with recent studies pointing
to two genes, DCDCZand KIAAO0319. In this study, markers across the 6p region were tested for
association with RD. Our strongest findings were for association with markers in K/AA0319,
although with the opposite alleles compared with a previous study. We also found association with
markers in VIMP, but not with DCDCZ2. Current evidence indicates that differential regulation of
KIAAO0319and DCDC2 contributes to RD, thus we used chromatin immunoprecipitation coupled
with genomic tiling arrays (ChIP-chip) to map acetylated histones, a molecular marker for
regulatory elements, across a 500 kb genomic region covering the RD locus on 6p. This approach
identified several regions marked by acetylated histones that mapped near associated markers,
including intron 7 of DCDC2and the 5” region of KIAA0319. The latter is located within the 70
kb region previously associated with differential expression of KIAA0319. Interestingly, five
markers associated with RD in independent studies were also located within the 2.7 kb acetylated
region, and six additional associated markers, including the most significant one in this study, were
located within a 22 kb haplotype block that encompassed this region. Our data indicates that this
putative regulatory region is a likely site of genetic variation contributing to RD in our sample,
further narrowing the candidate region.
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INTRODUCTION

Reading disability (RD) (OMIM 127700; 600202), also known as developmental dyslexia, is
a learning disability that affects 3—-6% of otherwise normally developing children, and often
persists into adulthood. This prevalent disorder is characterized by deficits in word
recognition, spelling and decoding abilities despite at least average intelligence and effective
classroom instruction [Habib, 2000; Lyon, 2003].

Extensive evidence from twin studies indicates that RD has a substantial genetic component
[Pennington, 1990; DeFries and Gillis, 1993; Grigorenko, 2001]. The reading process is
composed of a number of partially overlapping cognitive and language processes
(phonological awareness, decoding, word identification, orthographic awareness and coding,
rapid access and retrieval of names of visual symbols) that show evidence for overlapping
heritability. Multivariate analyses indicate that there are genes contributing to multiple
reading component processes and some genes contributing to single processes [Olson et al.,
1994; Pennington, 1997; Gayan and Olson, 1999, 2001; Olson, 2002]. Twin studies also
indicate that the genetic factors that contribute to reading impairment contribute to the
normal distribution of reading ability in the population [Harlaar et al., 2005].

Genetic studies have found evidence for linkage, or association, of RD or of reading
component skills with chromosomes 1p34-p36 [Rabin et al., 1993; Grigorenko et al., 2001;
Tzenova et al., 2004; Bates et al., 2007; Couto et al., 2008], 2p11 [Kaminen et al., 2003],
2p15-16 [Fagerheim et al., 1999; Fisher et al., 2002; Francks et al., 2002; Petryshen et al.,
2002], 3p12-gq13 [Nopola-Hemmi et al., 2001; Stein et al., 2004; Bates et al., 2007],
6p21.3-22 [Smith and Kimberling, 1991; Cardon et al., 1994; Grigorenko et al., 1997, 2003;
Gayan et al., 1999; Kaplan et al., 2002; Turic et al., 2003; Deffenbacher et al., 2004; Francks
et al., 2004; Cope et al., 2005], 6q11.2-q12 [Petryshen et al., 2001; Bates et al., 2007], 7932
[Kaminen et al., 2003; Bates et al., 2007], 11p15.5 [Fisher et al., 2002; Hsiung et al., 2004],
15qg [Smith et al., 1983, 1991; Grigorenko et al., 1997; Morris et al., 2000; Bates et al.,
2007],18p11.2 [Fisher et al., 2002; Marlow et al., 2003; Bates et al., 2007], and Xq27
[Fisher et al., 2002; de Kovel et al., 2004; Bates et al., 2007]. These studies indicate the
possibility of multiple distinct genes contributing to RD.

The unprecedented number of replications for a complex trait supporting linkage in the 6p
region prompted association studies, from which the first identified five candidate genes,
vesicular membrane protein (VMP) (NM_080723) recently renamed neurensin 1 (MRSNI),
doublecortin domain containing 2 (DCDC2) (NM_016356), TRAF and TNF associated
protein (7TRAP) (NM_016614), the putative gene KIAA0319 (NM_ 014809) and
thioesterase superfamily 2 (THEMZ2) (NM_018473) [Deffenbacher et al., 2004]. The
function and expression pattern of these genes are described in Londin et al. [2003]. Since
then, this region on 6p has been the subject of numerous studies in which DCDC2 (three
independent samples) and K/AA0319 (four independent samples) have emerged as the two
strongest candidates [Francks et al., 2004; Cope et al., 2005; Meng et al., 2005; Harold et al.,
2006; Schumacher et al., 2006; Luciano et al., 2007; Paracchini et al., 2008]. Three
additional candidate genes, MRSLZ2 (NM_020662), GPLDI (NM_001503), ALDH5A1
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(NM_001080), located between DCDC2, and KIAA0319have not shown strong association
with RD.

A previous study of KIAA0319screened for the existence of novel polymorphisms in the
coding and part of the predicted promoter region of this gene [Francks et al., 2004]. Twelve
DNA changes were identified in the predicted promoter region and first untranslated exon.
Three of the 12 variants that were genotyped in their samples (rs2038137, del T (k_pr_del),
and rs9467247) were found to be associated with RD. There was also evidence that an
associated haplotype constructed from previously reported single nucleotide polymorphism
(SNP) markers (rs4504469-rs2038137-rs2143340) [Francks et al., 2004], spanning 70 kb of
the candidate region was associated with lowered expression of KIAA0319in cell lines,
suggesting a change in regulation of the gene as a contributor to risk [Paracchini et al.,
2006]. Similarly, studies showing association of the gene DCDC2with RD, have failed to
locate a coding region change in the individuals screened that could account for the
association, indirectly implicating alterations in regulatory elements [Meng et al., 2005;
Schumacher et al., 2006]. Therefore, to find the putative DNA variant(s) that affect
expression in individuals with RD it is important to determine where regulatory elements
may lie in this large candidate region. However, regulatory elements are difficult to identify
because they can be megabases from target promoters, and can even lie in introns or exons
of other genes [Kleinjan and van Heyningen, 2005]. Thus, it is critical to focus on regions
around and within a gene that are likely to be functionally relevant. Sequence conservation is
one approach that can be used, but comparing distantly related species excludes recently
evolved elements that might be essential to RD, and comparing sequences from closely
related species (such as chimpanzee and human) barely reduces the amount of potentially
relevant DNA [Boffelli et al., 2004]. Therefore, to screen for causal variants that confer risk
to RD, the location of potential regulatory elements in this entire 6p region is required.

The current study had two aims: The first was to investigate the association of RD to
markers in the genes for VMP (NRSNI), DCDC2, KIAA0319, TTRAP, and THEM_Z, with a
specific focus on markers associated in previous studies. The second goal was to map
potential regulatory elements in the ~0.5 Mb region encompassing VMP (NRSNI), DCDC?,
TTRAP, KIAA0319, and THEMZ. For this we exploited the observation that acetylated
histones are frequently associated with accessible chromatin at genomic regions containing
regulatory elements [Eberharter and Becker, 2002; Kurdistani et al., 2004; Roh et al., 2005;
Heintzman et al., 2007; Roh et al., 2007].

The basic unit of chromatin is a nucleosome, consisting of ~147 bp of DNA wound around
an octamer of histones (two each of H2A, H2B, H3, and H4). Packaging of DNA into these
higher order structures restricts access to regulatory proteins [Kadam and Emerson, 2002].
Covalent histone modifications control access of proteins such as transcription factors [de la
Cruz et al., 2005]. For example, acetylation creates accessible chromatin both through
effects on charge that alter histone—-DNA interactions and through recruitment of regulatory
proteins with bromodomains that bind directly to acetylated lysines [Jacobson et al., 2000;
Forsberg and Bresnick, 2001]. Genome-wide studies in higher eukaryotes reveal that
acetylated histones are enriched in regions of transcriptional competence, and mark
regulatory elements such as promoters and enhancers [Eberharter and Becker, 2002;
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Kurdistani et al., 2004; Roh et al., 2005, 2007; Heintzman et al., 2007]. Therefore,
identifying these regions provides functional clues as to the location of genomic sequences
involved in gene regulation. This approach identifies putative regulatory regions allowing
studies to focus on functionally relevant regions.

Importantly, while the positions of modified histone islands are conserved between humans
and mice, the underlying sequences are often not [Bernstein et al., 2005], likely reflecting
the fact that regulatory elements consist of combinations of binding sites that are each only a
few base pairs long and are degenerate. Further, conservation in function can be maintained
even without conservation of sequence due to compensatory changes at other transcription
factor binding sites [Ludwig et al., 2000]. Thus, in addition to studying chromatin from a
human retinoblastoma cell line (Y79) that has characteristics of neuronal stem cells [Seigel
et al., 2007], we tested for positional conservation of histone modifications across a 500 kb
region syntenic to human 6p in multiple embryonic mouse tissues. This approach pinpointed
ubiquitous and tissue-specific sites of histone acetylation, some of which are of interest
because of their proximity to associated markers. At the previously defined 70 kb haplotype
at KIAA0319, chromatin analysis cast attention on a 2.7 kb region across the first
untranslated exon and this together with genetic analyses here and in previous studies point
to its importance in RD.

MATERIALS AND METHODS

Subjects and Assessment

Subjects aged 6-16 that presented with reading problems at local schools were recruited to
participate in this study [Wigg et al., 2004; Luca et al., 2007]. The majority of the children
had not had a psychological assessment for reading ability prior to study entry. Siblings in
the same age range were also recruited, regardless of reading ability. Participants were
restricted to families with English as a first language or 5 years in an English language
school. The sample is currently made up of 291 nuclear families, of which 165 are trios, 77
are families with 2 children, and 5 families have 3 children. The sample also includes 20
single parent families with 1 child, 23 with 2 children, and 1 with 3. There are, in total, 112
siblings in the sample.

The sample mainly consists of individuals of Northern, Southern, Eastern, and Western
European ancestry from the Toronto area. Toronto is the largest city in Canada, and has a
high influx of immigrants. The Canadian population of European ancestry reflects diverse
waves of immigration from continental Europe and the British Isles. Of the parents in our
sample, 68.1% describe their parent’s (child’s grandparents) ethnicity as European or
British. This includes individuals who are of mixed European decent (e.g., father from
England and mother from Italy). Another 26% describe their parents as “Caucasian
Canadians” without specific ethnic backgrounds. Individuals from South America made up
1.8% of the sample, while 2.9% of the sample was of non-European ancestry, and 1.2% was
of non-European mixed ethnicity. Of the children in the sample, 38.2% had both parents
who came from the same country (e.g., father and mother from Italy), and 61.8% had
parents who originated in different countries (e.g., mother from Canada and father from
Ireland).
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Assessment

The reading measures have been described previously [Wigg et al., 2004; Luca et al., 2007].
Briefly, the structured interview with parents (Children’s Interview for Psychiatric
Syndromes) [Weller et al., 2000] and a semi-structured interview with teachers (TTI)
[Tannock et al., 2002], supplemented with standardized questionnaires (Conners Parent and
Teacher Rating Scales Revised [Conners, 1997] and Ontario Child Health Survey Scales-
Revised [Boyle et al., 1993]) were used to obtain information on symptoms of neurological,
medical, and psychiatric disorders. Subjects were excluded if they showed evidence of
neurological or chronic medical illness, bipolar affective disorder, psychotic symptoms,
Tourette syndrome, or chronic multiple tics. Children were also excluded if they scored
below 80 on both the Performance and Verbal Scales of the Weschler Intelligence Scale for
Children 111 [Wechsler, 1991].

Single-word reading, phonological decoding skills, and spelling were assessed using the
third edition of the Wide Range Achievement Test (WRAT-3), the Woodcock Reading
Mastery Tests-Revised (WRMT-R), and Test of Word Reading Efficiency (TOWRE). The
WRAT-3 subtests provide assessments of single-word reading and spelling [Wilkinson,
1993]. Two subtests of the WRMT-R were used, one to evaluate phonological decoding
(Word Attack), and the other to assess single-word reading (Word D) [Woodcock, 1987].
The TOWRE is a timed test that examines word identification and phonological decoding
[Torgesen et al., 1999]. The scores from the above tests were standardized scores based on
age norms. Means and standard deviations for all measures are reported in Supplementary
Table 1.

Scores on three standardized reading tests, the WRMT-R Word Attack and Word
Identification, and the WRAT-3 reading subtest were used to classify subjects as “affected”
for the categorical analysis. These criteria were set to identify a subset of individuals in our
sample whose scores on the three core reading measures, on average, fall within the lower
5% tail of normally distributed reading ability in the general population. To be classed as
affected, subjects had to score 1.5 standard deviations below the population mean (standard
score 78 or lower) on two of these three reading tests, or 1 standard deviation (standard score
of 85 or lower) on the average of the three. Out of the 291 probands and 112 siblings, 156
probands and 25 siblings met the criteria and were used in the categorical analysis.

Isolation of DNA and Marker Genotyping

DNA was extracted directly from blood lymphocytes using a high-salt extraction method
[Miller et al., 1988]. We initially investigated 37 SNP markers in the genes for VMP
(NRSNI), DCDC2Z, KIAAO319, TTRAP, and THEMZ (Fig. 1 and Table I). Following
chromatin immunoprecipitation coupled with microarray (ChlP-chip) analysis, seven
additional markers were investigated across the 5” untranslated region and first intron of
KIAAO319for a total of 44 markers. Assays were either predesigned and tested by Applied
Biosystems (ABI, Foster City, CA; Assay-On-Demand by Applied Biosystems®) (Table
Slla), or designed from flanking sequence ascertained from the UCSC database builds 33—
35 and sent to Applied Biosystems, who then designed the assays (ABI; Assay-By-Design
by Applied Biosystems®) (Table SlIb). Both types of assays were genotyped with the ABI
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7900-HT Sequence Detection System® (Applied Biosystems) using the TagMan 5" nuclease
assay for allelic discrimination. Following the Polymerase Chain Reaction, plates were read
on the ABI 7900HT Sequence Detection System (SDS), using the allelic discrimination end-
point analysis mode of SDS software package version 2.0 (Applied Biosystems®). The G/T
polymorphism, rs2038137, and the A/C polymorphism, rs761100, were genotyped using
restriction enzyme analysis. These PCR reactions were performed in a total volume of 20 pl,
with 100 ng of each primer for each marker (K/AA0319-8137F:
GGTTGGGAAAAGACACTCAA and KIAA0319-8137R: GAC-
GACGAGGAGGAACAAGT for rs2038137 and K/AA0319-1100F:
AAGCTCTGTGGCTCACCATT and KIAA0319-1100R: CCAGGCAGTAAGGAGTGGAG
for rs761100), 0.2 mM dNTP, 1.5 mM magnesium chloride, and 0.5 U Taq polymerase. The
PCR reaction started with a denaturing step at 94°C for 3 min, followed by 35 cycles at
94°C for 30 sec, 58°C for 30 sec (60°C for A/C polymorphism), and 72°C for 30 sec. It was
then completed by a 10 min extension step at 72°C. PCR product (5-6 pl) for the G/T
polymorphism was digested with 5 U of the restriction enzyme BstJl (New England
Biolabs, Beverly, MA) at 60°C for 2 h. Alleles were identified on 2% agarose gels. The
more frequent allele, G, was cut by the enzyme and was labeled as allele 1. The other allele,
T, was not cut and was labeled allele 2. PCR product (2 pl) for the A/C polymorphism was
digested with 1 U of the restriction enzyme Ajul (Fermentas International, Inc., Burlington,
Canada) at 37°C for 8 h. Alleles were identified on 3% (1.5% Nusieve, 1.5% Agarose) gels.
The less frequent allele, C, was cut by the enzyme and was labeled as allele 2. The other
allele, A, was not cut and was labeled allele 1.

The genotyping success rate was high (greater than 97%). All data was screened for
Mendelian errors using PEDSTATS, and MERLIN to detect any crossovers between markers
[Abecasis et al., 2002]. This data set was free of any detectable Mendelian errors and none
of the markers used deviated from Hardy—Weinberg equilibrium.

Statistical Analysis

The TDT statistic was calculated using the extended TDT (ETDT) program for the
categorical analysis [Sham and Curtis, 1995]. Analysis of the quantitative traits of spelling,
single-word recognition, and phonological decoding was carried out using the FBAT
program [Laird et al., 2000]. An offset of 100.1 was used to mean center all three traits.
Stepwise regression was conducted in STATA (StataCorpLP, College Station, TX) using a
package designed by David Clayton (http://www-gene.cimr.cam.ac.uk/clayton/software/)
[Cordell and Clayton, 2002]. Haplotype transmission was analyzed using the TRANSMIT
program [Clayton and Jones, 1999]. Haplotypes with a frequency of less than 10% were
pooled and Pvalues were only reported for those with a frequency greater than 0.10.
Genotypes from the Centre d’Etude du Polymorphisme Humaine (CEPH), Utah individuals
of Northern and Western European ancestry (CEU), available through the HapMap project
were acquired from http://www.hapmap.org (Rel #20/phase Il Jan 06) [The International
HapMap Consortium, 2005]. These data were used to choose seven SNPs that tagged
haplotype variation greater than or equal to 1% within the 22 kb haplotype block. Linkage
disequilibrium (LD) blocks were analyzed and visualized using an algorithm by Gabriel et
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al. [2002] in the Haploview program v3.11 (http://www.broad.mit.edu/mpg/haploview/)
[Gabriel et al., 2002; Barrett et al., 2005].

Chromatin Immunoprecipitation (ChIP)

An approach similar to that described by Ni and Bremner [2007] was used for the chromatin
immunoprecipitation. Primary tissues from the brain, heart, muscle, lung, and liver of E16
(embryonic day 16) mice were treated with 1% formaldehyde at room temperature for 10
min, after which they were washed twice with cold phosphate buffered saline (PBS),
collected in 1 ml PBS and centrifuged at 5,000 rpm for 5 min. Chromatin from the Y79 cell
line was prepared similarly. Cells were then resuspended in 1 ml of lysis buffer (1% SDS, 10
mM EDTA, 50 mM Tris—HCI (pH 8)) plus proteinase inhibitors (aprotinin, leupeptin, and
pepstatin). Subsequently, they were incubated on ice for 10 min and sonicated to an average
size of 500 bp (Vibra Cell; Sonics and Materials, Danbury, CT). Chromatin was precleared
with 25 pl of Staph A (507862; Calbiochem, San Diego, CA) at 4°C for 15 min. A 100 pl
aliquot of sonicated chromatin was then immunoprecipitated (IP) with 2 pg of antibodies for
acetylated histone 3 (H3) at lysine residues 9 and 14 (AB 06-599 Upstate Biotechnology,
Charlottesville, VA) at 4°C overnight. The IP samples were then centrifuged at 13,200 rpm
and the supernatant was incubated with 10 pl of Staph A at room temperature for 15 min.
Precipitates were washed sequentially for 3 min in 1xdialysis buffer (2 mM EDTA, 50 mM
Tris—HCI (pH 8), and 0.2% sarkosyl) twice, and IP wash buffer (1% Nonidet P-40, 100 mM
Tris—HCI (pH 9) 500 mM LiCl 1% and deoxycholic acid) four times. Samples were
extracted twice with 150 pl elution buffer (1% SDS and 50 mM NaHCO3) and heated at
65°C overnight to reverse cross-links. DNA fragments were purified with a QIAEX 11
Extraction kit (catalog no. 20051) and amplified by ligation-mediated PCR (LM-PCR).

Chip Tiling Array Design and Data Analysis

Following amplification, the PCR product was labeled and hybridized to Nimblegen custom
built genomic tiling arrays (Nimblegen, Madison WI). Two color hybridizations were
performed using input DNA as a reference in each case. The arrays contained 50 mers at
minimal intervals of 80-92 bp and covered all non-repetitive sequences across a 500 kb
region on human 6p (chré: 24,141,096-24,884,061) or on the syntenic region on mouse
13gA3.1 (chrl3: 24,261,610-24,761,610, March 2005 (mm6)). This region spans the VMP
(NMRSNI) to C6orf62 genes.

Raw intensities from three independent biological replicates were first assessed for quality
visually using Nimblegen SignalMap software (Nimblegen). Data were then quantile
normalized [Bolstad et al., 2003] and averaged for the corresponding genomic position of
each quadruplicate 50 mer. The Wilcoxon Rank Sum test was used to determine the
difference in intensities of the ChIP signal compared to the input DNA signal for probes
within a 500 bp sliding window. Genomic positions with statistically higher intensities
compared to input DNA (P <1073) and above a nominal 1.3-fold threshold were merged to
form a peak indicating a genomic region enriched for acetylated histones (H3ac). We
observed virtually identical results analyzing the data using the same parameters with the
program MAZ2C that normalizes probes for GC content [Song et al., 2007]. The results
shown are based on the combined analyses across biological replicates using MA2C. The
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data for each cell/tissue type were imported into the UCSC genome browser (human
assembly (hg18), March 2006, or mouse assembly (mm9), July 2007).

Association was initially investigated using a sample of 291 nuclear families and 37 SNP
markers in the genes for VMP (NRSNI), DCDC2, KIAA0319, TTRAP, and THEMZ (Fig.
1). The single marker categorical TDT analysis showed significant evidence for association
of rs9356928 (2 =4.496, £=0.034), rs4285310 (x? =3.919, £=0.048), and rs3148 (x?
=4.114, P=0.043) in the gene for VAMP (NRSNI), rs6935076 (XZ =6.025, P=0.014) in the
gene for KIAAO319and rs3181238 (XZ =4.645, P=0.031) in the gene for 7TTRAPwith RD
(Table I). This single marker analysis was conducted using the subset of our sample with a
proband that met criteria for RD defined as a categorical trait (156 families). Markers tested
in the gene for DCDCZincluded rs793862 and rs807701, two polymorphisms most
significantly association with RD in the study of Schumacher et al. [2006]. These markers
were not associated with RD in our sample. There was also no association with the one
marker genotyped in the gene for THEMZ in this sample (Table I).

We examined the LD across this region in our entire set of families to determine if inter-
marker LD could account for the observed association with markers in multiple genes. We
observed two regions of high LD, one encompassing the genes for VAP (NRSNI) and
DCDC?2 and the other including KIAA0319and TTRAP (Fig. 2). In addition, we observed
punctate regions of LD between markers in these two regions, notably with markers in the 3”
regions of 77TRAP (rs2294691, rs2294689) and VMP (NRSNI) (rs9356928, rs4285310,
rs3178) (D’ =0.65-0.85, LOD = 2) (Fig. 2).

The RD locus on 6p has previously been reported to be associated with single-word reading,
spelling, phonological decoding, phonological awareness, and orthographic coding,
suggesting that it contributes to multiple reading component processes [Deffenbacher et al.,
2004; Francks et al., 2004; Harold et al., 2006]. Based on this we investigated the five
markers that showed significant evidence for association with RD defined as a categorical
trait for association with measures of spelling, phonological decoding and word recognition
as quantitative traits. Significant evidence for association was found with the marker
rs6935076 in KIAAO319and spelling (Z = 2.247, £=0.025), with a weak trend for single-
word reading (Table I1). The marker rs3178 in VMP (NRSNI) showed significant evidence
for association with phonological decoding (Z =2.022, £=0.043), and a trend for
association with spelling (Table 11). The three remaining makers, rs9356928, rs4285310, and
rs3181238 were not associated with the quantitative measures tested (Table I1).

To exploit the ancestral information provided by the underlying inter-marker LD, we sought
to assess more powerful multi-marker associations by analyzing the haplotype structure of
the region. Specifically, we analyzed two sets of haplotypes previously reported to be
associated with RD [Francks et al., 2004; Cope et al., 2005], and haplotypes constructed
from tagging SNPs in VAP (NRSNI). The first was a set of haplotypes from three markers
(rs4504469-rs2038137-r52143340) across KIAA0319and TTRAP associated with RD in
the study in Francks et al. [2004], and replicated by two studies [Luciano et al., 2007;
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Paracchini et al., 2008]. Haplotypes of these three markers span a 70 kb region and have also
been associated with differential expression of K/AA0319[Paracchini et al., 2006]. We
analyzed haplotypes of these three markers for association with RD using TRANSMIT, and
found no significant evidence for association (global £=0.327, 3 df) (data not shown).

The second set of haplotypes consisted of alleles from two markers (rs4504469-rs6935076)
in KIAA0319[Cope et al., 2005]. Step-wise regression analysis in that study showed that
these two markers were components of a model that best explained the effect of all
polymorphisms associated with RD in that sample [Cope et al., 2005]. Two haplotypes of
these markers showed evidence for association with RD in that study. The first and most
significant finding was for under transmission (trios) and under representation (case—control
sample) of one of these haplotypes (2-1 or A-G) [Cope et al., 2005]. The study also reported
evidence of association for a second haplotype (1-2 or G-A), though less significant, with
over transmission and over representation in these cases. Analysis of these two markers in
our sample showed significant evidence for under transmission of the 1-2 (or G-A)
haplotype (X2 =5.566; £=0.018)—the over transmitted haplotype in their study (Table II).
No evidence for association was found for the 2-1 haplotype and the global test for
association was not significant (x 2 =6.240; £=0.101, 3 df) (Table 111).

Data from the HapMap project (Based on NCBI build 35) showed that the marker rs3178 in
VMP (NRSNI) which was associated to both categorical and quantitative measures of RD
exists in a haplotype block, and along with the marker rs3829810, tags common variation
greater than 10%. These two markers were chosen to construct haplotypes that were tested
for association with RD, using TRANSMIT [Clayton and Jones, 1999]. No significant
association was found for any haplotype and RD (global £=0.293, 2 df) (data not shown).

In summary, when the five candidate genes on 6p were analyzed in our sample, evidence for
association was found with single markers in VMP (NRSNI), KIAA0319, and TTRAP. In
addition, the only significant haplotype association was with markers in KIAA0319.

To identify potential regulatory elements around the candidate region on 6p, we mapped the
position of acetylated H3 histones (H3ac) at 6p22.2 in the human genome and the
corresponding region in the mouse genome, 13gA1.3 (Fig. 3A). The regions analyzed
contain 10 genes in humans including VMP (NRSNJI), DCDCZ, KAAGI (NM_181337),
MRS2, GPLD1, ALDH5A1, KIAA0319 (D130043K22Rik in mice; NM_001081051),
TTRAP, THEM?Z, and C6orf32 (NM_030939; BC005537in mice; NM-_024473). Of these,
all except the small KAAGI transcript are annotated in mice (Fig. 3B,C). Chromatin
immunoprecipitation (ChlP) with anti-H3ac antibodies was performed for six tissues
obtained from embryonic day 16 mice (retina, lung, heart, muscle, liver, brain) (Fig. 3B) and
the human retinoblastoma cell line, Y79 (Fig. 3C). Y79 shares characteristics with neuronal
stem cells [Seigel et al., 2007] and we confirmed expression of KIAAO319and DCDCZin
this cell line using quantitative PCR (not shown). Enriched and input DNA were
differentially labeled and co-hybridized to arrays tiled with oligonucleotides across a ~500
kb region. H3ac peaks that were both highly significant (£<0.001) and also at least 1.3-fold
above background were visualized using the UCSC genome browser (Fig. 3B,C). The data
are available online at http://genome.ucsc.edu/cgi-bin/hgTracks?
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db=mm9&position=chrl0&hgt.customText=http://vsrp.uhnres.utoronto.ca/
jillmousearray_mm?9.gff for the mouse data and http://genome.ucsc.edu/cgi-bin/hgTracks?
db=hg18&position=chr13&hgt.customText=http://vsrp.uhnres.utoronto.ca/
y79array_chr6.gff for the Y79 data.

First, we compared the acetylated marks at the promoter regions in the mouse tissues and
Y79. TTRAPand THEMZ are located head-to head with overlapping promoter regions, and
DCDC2and KAAGI are transcribed in the same direction with overlapping promoter
regions. Thus of the 10 genes investigated in humans (9 in mice), there are 8 identifiable
promoters regions. We observed that seven of the eight proximal promoter regions were
marked by H3 acetylation in at least one of the six mouse primary tissues, and these seven
regions were also acetylated in the human retinoblastoma cell line, Y79 (black asterisks in
Fig. 3B,C), confirming that H3ac flags regulatory elements [Roh et al., 2005; Heintzman et
al., 2007]. The GPLD1 promoter was not acetylated in any mouse tissue analyzed or in
human Y79 cells. DNase | sensitivity, like H3ac, is a mark of chromatin accessibility, and of
the seven promoters where we observed H3ac, six were highly accessible in a recent study
that assessed DNase | sensitivity in CD4+ T cells [Boyle et al., 2008]. A prior study found
that MRSZ, ALDH5A1, TTRAP, and THEMZ are expressed ubiquitously or almost
ubiquitously in 20 human adult tissues, whereas VMP (NRSNI), DCDCZ, GPLD1, and
KIAAO0319 are tissue-specific [Londin et al., 2003]. Strikingly, of the four ubiquitously
expressed human genes, the orthologous mouse promoter was acetylated in 5/6 or 6/6
embryonic mice tissues and all were also acetylated in human Y79 cells (Fig. 3B,C). Of the
four genes with restricted expression patterns in humans, the orthologous mouse promoters
were acetylated in 0/6 (Gp/dZ; NM_008156), 1/6 (NrsnZ; NM_009513), 2/6
(D130043K22RiKk), or 3/6 (DcdcZ, NM_177577) of the mouse tissues studied (Fig. 3).
Moreover, there was good concordance between the H3ac promoter signals in mouse
embryonic tissues and expression in adult human tissues. For example, the D130043K22Rik
promoter was acetylated in developing mouse brain and muscle but not liver, heart or kidney
(Fig. 3), and its ortholog KZAA0319is expressed in the human fetal brain, adult muscle, but
not liver heart or kidney [Londin et al., 2003]. These data are consistent with H3ac as a
marker for active or poised promoters.

Across all mouse tissues examined, we detected a total of 18 distinct remote regions of H3ac
(remote defined as >5 kb from a known gene start) and 5 remote H3ac sites in human Y79
cells (Fig. 3B,C). In mouse, most remote sites were detected in lung (14) while fewest were
seen in retina (2) and brain (2). Intermediate numbers were observed in muscle (4), heart (6),
and liver (4) (Fig. 3). Half of the 18 distinct remote sites detected in mice were found in
more than one tissue (including one that was seen in five), suggesting that they mark
regulatory features that are utilized in multiple contexts. In a similar vein, two of the five
remote sites in human Y79 cells matched sites of DNase | accessibility in CD4+ T cells (Fig.
3C), providing independent evidence that these are accessible chromatin sites and that they
may mark regulatory elements used in multiple human cell types; one was located in intron
7 of the large DCDCZ2 gene, while the second was located at the center of the large
KIAA0319locus (see below for further discussion). The DCDCZ site was also one of two
remote Y79 H3ac marks that exhibited acetylation at or very near syntenic mouse regions
(red asterisks in Fig. 3). The DCDCZsite was acetylated at the equivalent mouse locus in
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liver and lung, while another remote H3ac site detected in the second last intron of the
human MRSZ2 gene was 2.5 kb from a region in the last intron which was acetylated in
mouse lung, muscle and liver (Fig. 3B,C). The presence of identically positioned remote
H3ac sites in multiple mouse tissues, concordance between remote H3ac marks and regions
of DNase | hypersensitivity in different human cell types, and conservation of a subset of
H3ac regions in human and mouse tissues all serve as indicators that these are important
sites of chromatin activity, such as enhancers, silencers, and/or insulators.

“Remote” H3ac marks may, in some cases, flag un-annotated promoters [Heintzman et al.,
2007]. The site located between DCDCZ2and MRS2in Y79 (Fig. 3C, chr6: 24,496,400-
24,497,725), likely marks the promoter of the recently identified alternative first exon of a
DCDC?transcript (annotated in UCSC as transcript BC050704) that was documented in
kidney tissue but not in brain [Schumacher et al., 2006]. Another remote site that may mark
an alternative transcript start site is the remote H3ac/ DNase hypersensitive mark at the
human KIAA0319locus (chr6: 24,690,380-24,693,734) overlapping the 5 end of a
transcript detected in testes (AK310289) (Fig. 3D). Open Reading Frame Finder (http://
www.ncbi.nlm.nih.gov/gorf/gorf.html) predicted a 483 amino acid protein from this
transcript with the start codon in exon 11 of the full transcript. The putative alternative
promoter was not acetylated in the syntenic region of any mouse tissue we studied, and
currently there is no evidence for an alternative transcript in the mouse genome.
Approximately half of all mammalian promoters are associated with CpG islands, but this
feature was not at the start of human AK310289, or at the equivalent mouse location.
However, using the Evolutionary Conserved Region (ECR) browser (http://
ecrbrowser.dcode.org/), we found two non-coding regions conserved between human and
mouse: 108 bp at mm9 chrl3: 24,954,137-24,954,244 (hg18 chré: 24,692,222-24,692,329;
70.4-%) and the second, a 131 bp region located 257 bp from the first at position mm9
chrl3: 24,953,987-24,954,119 (hg18 chr6: 24,692,350-24,692,480; 71%). Despite this, we
did not detect any RT-PCR product in Y79 cells using primers that amplify the region
encompassing the predicted first exon of this alternative transcript and the next exon (exon 6
in the full transcript), whereas control primers that amplified across exons 6 and 7 detected
the expected product (data not shown). This negative finding does not exclude the possibility
that the acetylated peak marks a putative promoter that is active in other cell types, or is
poised in Y79 cells.

Of the regions we identified as putative regulatory regions marked by acetylated histones,
several stand out as the possible site of genetic variation contributing to RD because of their
proximity to association signals in this or other studies. Eight remote H3ac sites were
identified in the body of the DCDCZ2 gene across mouse tissues, although none were in
mouse brain. One of the remote sites identified in mouse lung and liver was detected in
neuronal Y79 cells as discussed earlier (Fig. 3B,C). This site (chr6: 24,390,434-24,392,587,
UCSC May 2004, hg17, NCBI Build 35, and March 2006, hg18, NCBI build 36.1) is located
between markers associated previously with RD in several studies. First, it is located
between the markers rs807725 (reported as ABI assay C_7454804-_10 in that paper) located
at position 24,386,848 in UCSC (March 2004) in intron 7 (previously reported as intron 6
before the identification of the alternative exon 1 [Schumacher et al., 2006-]) and a complex
repeat located in intron 3 (previously reported as intron 2) [Meng et al., 2005]. The complex
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repeat [Meng et al., 2005] was not represented on our microarray because it is a repetitive
sequence. Second, the intron 7 H3ac site we detected is 9.5 and 76 kb from intron 8 markers
rs807701 and rs793862, respectively and both were associated with RD [Schumacher et al.,
2006]. Third, it is also between markers rs870601 (intron 7) and rs2274305 (intron 9)
associated to RD in another study [Deffenbacher et al., 2004]. No evidence for association
was observed in an independent study for markers in introns 7 and 8 [Harold et al., 2006],
and we also found no evidence for association to any marker in DCDCZ for RD in this study.
However, we recently identified association with markers in introns 7 and 8 and attention/
deficit hyperactivity disorder (ADHD) in a separate sample [Couto et al., 2009]. Thus, this
acetylated region in intron 7 remains of interest because of its proximity to positive markers
in several samples. Based on this proximity, and the acetylation in mouse tissues (lung and
liver) and human Y79 cells (Fig. 3) we examined the region for conservation using the ECR
browser (http://ecrbrowser.dcode.org/), a threshold of 100 bp, and 70% identity, empirically
shown to provide high sensitivity for human/ mouse conservation profiles [Loots et al.,
2000]. A 244 bp region with 72.5% conservation was observed at mm9 chr13: 25,207,393—
25,207,629 corresponding to chr6: 24,391,816-24,392,059 in humans, and a second 192 bp
conserved region with 70.3% conservation at mm9 chr13: 25,206,990-25,208,357
corresponding to chr6: 24,391,011-24,392,479 was also observed. The acetylated peak
observed in mouse lung spans this conserved region and the acetylated peak in mouse liver
is located just outside the region, pointing to this 244 bp subregion of the intron 7 peak as a
likely position for the regulatory region. Using the Mulan tool within the ECR browser
conserved transcription factor binding sites for CUT homeodomain proteins were noted
(data not shown), both of which are expressed in the developing cortex [Nieto et al., 2004;
Ferrere et al., 2006].

The putative alternative KIAA0319 promoter discussed above (Fig. 3D) and marked with
H3ac in the Y79 cell line (chr6: 24,690,380-24,693,734; hgl8), is also of interest due to its
proximity to association signals. This site is located 3.1 kb from the marker rs4504469
(chr6: 24,696,863) that was associated with RD in several samples [Francks et al., 2004;
Cope et al., 2005; Harold et al., 2006] but not others [Schumacher et al., 2006]. We found no
significant evidence of association for either this marker or for rs2817200, located under the
peak at position chr6: 24,692,345 in intron 4 (Table 1), in our sample. The region adjacent
(5") to the KIAA0319locus is of highest interest because of replicated association findings
for markers in this region, and the location of our most significant marker and haplotypes.
Within the 70 kb KIAA0319 haplotype [Francks et al., 2004], the only acetylated region was
a 2.5 kb stretch in mouse brain tissue spanning ~800 bp 5” to the first untranslated exon and
into intron 1 (Fig. 3B). In the human Y79 cell line, the 5" acetylated region was similar,
spanning a ~2.7 kb region (chr6: 24,752,922-24,755,657) across the first untranslated exon
(Figs. 3E and 4). Interestingly, five markers previously associated with RD were located
within this 2.7 kb acetylated region (Fig. 4). These were the microsatellite marker, JA04
[Kaplan et al., 2002-], rs2038138 [Deffenbacher et al., 2004], rs2235676 (same as
rs17491230), rs2038137 [Francks et al., 2004; Harold et al., 2006], and rs9467247 [Francks
et al., 2004]. Furthermore, rs6935076 (chr6: 24,752,301) the marker with the strongest
association in our sample was located ~600 bp downstream of the 2.7 kb region marked by
acetylation in Y79 (Fig. 4). Two regions within the 2.7 kb acetylated region were conserved
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between humans and mice, one 169 bp region just 5" to the first exon at mm9 chr3:
24,936,321-24,938,641 (74.6% similarity) and a second 189 bp region with 69.3%
similarity located at mm9 chr13: 24,936,321-24,938,641.

Based on the convergence of association findings from multiple independent samples in the
H3ac marked region, we investigated it in more detail. Analysis of the LD pattern across the
region of this H3ac peak and KIAA0319was conducted using the CEPH Northern and
Western European (CEU) genotype data from the HapMap project [The International
HapMap Consortium, 2005]. These data showed that part of intron 1 of KIAA0319, the
H3ac region, and some 5”, upstream sequence of KIAA0319were all contained in one 22 kb
haplotype block (Fig. 4). This haplotype block contains the associated markers within and
just outside the acetylated region discussed above, and an additional three markers
(rs7766230, rs761100, rs2179515) associated in the study of Harold et al. [2006]. The 22 kb
block is also flanked by two additional associated markers (rs4504469, rs2143340) from five
studies [Francks et al., 2004; Cope et al., 2005; Harold et al., 2006; Luciano et al., 2007;
Paracchini et al., 2008] (Fig. 4). We found that haplotype variation greater than 1% could be
tagged by seven SNPs (tagSNPs) including rs761100 and rs2179515, the two markers that
showed evidence for association with RD in the combined analysis of two independent UK
samples in a recent study [Harold et al., 2006]. We genotyped the seven additional tagSNPs
markers and TDT analysis revealed no significant evidence for association, however a weak
trend was observed for rs12194307 (X2 =2.000; £=0.157) and rs761100 (X2 =2.032; P
=0.154) (Table 1V). A stepwise regression was conducted to identify a model containing
markers that best explained variance contributed by affection status in our sample [Cordell et
al., 2004]. The analysis was conducted using the seven tagSNPs, as well as four significant
SNPs from the haplotypes of Francks et al. [2004] and Cope et al. [2005] genotyped in our
sample. Of these 11 SNPs, rs4504469, rs12194307, rs12213672, rs6935076, rs2038137, and
rs2143340 made up the most favorable model. These six markers were used to construct
haplotypes that were tested for evidence of association with RD. One haplotype was
modestly under transmitted to the affected subjects (XZ =3.965; £=0.046) in our sample and
a number of other low frequency haplotypes also showed evidence for biased transmission.

DISCUSSION

In this study we investigated the association of five candidate genes in a narrowed region on
chromosome 6p with RD. After investigating 37 markers across VMP (NRSNI), DCDCZ2,
KIAA0319, TTRAP, and THEM_Z, the single marker analysis revealed evidence for
association with polymorphisms in VMP (NRSNI), KIAA0319, and TTRAP. Of these, the
marker rs6935076 in KIAA0319was also associated in two recent analyses of RD [Cope et
al., 2005; Luciano et al., 2007]. However, our finding was for the alternate allele of this
marker than previously reported. No association was observed with markers in DCDCZ2or a
marker in THEM?Z.

Previous studies have found some evidence for association of VMP (NRSNI) with RD,
however the results across studies showed stronger support for either DCDC2 or KIAA0319
[Francks et al., 2004; Cope et al., 2005; Meng et al., 2005; Harold et al., 2006; Schumacher
et al., 2006]. Of the markers identified that were associated with VMP (NRSNI), there was
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no overlap across studies. Therefore, although markers in VMP (NRSNI) have shown some
evidence for association with RD in previous studies, overall, the neighboring genes DCDC2
and K/IAA0319provided much stronger association, and focus converged on these two
genes. As a result, VIMP (NRSNI) was considered the less likely candidate for RD. However
there is strong LD between VMP (NRSNI) and DCDCZ2 as well as punctate LD between the
positive markers across the 6p region, including between VAMP (NRSNI) and TTRAPIn this
sample (Fig. 2). This complex LD pattern complicates the determination of the risk gene as
well as risk alleles within these genes.

The locus on 6p has been linked and associated with single-word reading, phonological
decoding, spelling, and orthographic processing by previous studies [Grigorenko et al.,
1997, 2000; Fisher et al., 1999; Gayan et al., 1999; Kaplan et al., 2002; Deffenbacher et al.,
2004; Francks et al., 2004; Harold et al., 2006]. Association of spelling, single-word
reading, and phonological decoding was found by Deffenbacher et al. [2004], Francks et al.,
[2004], and Harold et al. [2006] with markers in VMP (NRSNI), DCDC2, KIAA0319,
TTRAP, and THEMZ. In our sample, we observed some evidence for association of markers
in KIAAO319and VMP (NRSNI) with the spelling, decoding, and word identification
phenotypes using quantitative analyses. Given the stronger evidence of association for some
of these makers using a categorical definition, it was surprising that we did not see a more
robust finding across markers and phenotypes for the quantitative analysis. Previous studies
indicate that the 6p locus may be more significantly associated with a more severe form of
RD [Deffenbacher et al., 2004; Francks et al., 2004; Bates et al., 2007]. However two recent
studies using unselected samples identified association with a marker in KIAA0319and
TTRAP, as well as haplotypes of these markers, indicating that this locus also contributes to
the spectrum of reading skills in the population [Luciano et al., 2007; Paracchini et al.,
2008].

Haplotypes associated in previous studies [Francks et al., 2004; Cope et al., 2005; Luciano et
al., 2007] were also investigated for association in our sample. Of the three sets of
haplotypes tested, significant association was observed for haplotypes of two markers in
KIAA0319first associated with RD in a study from the UK [Cope et al., 2005]. The 1-2 (G-
A) haplotype was significantly under-transmitted in our sample (Table I1). This 1-2
haplotype showed marginally significant evidence for association in the study of Cope et al.
[2005] in both their case/control and trio samples, however, it was over-transmitted in their
trio sample and appeared more frequently in their cases, compared to their controls.
Association of their under-transmitted haplotype 2-1 was much more significant in both their
samples, which lead to the suggestion that this haplotype conferred a protective effect.
Therefore, although under-transmitted haplotypes of rs4504469 and rs6935076 are
significantly associated with RD in the sample from Cardiff and our sample from Toronto,
they are made up of opposite alleles of these markers in each sample (2-1 in Cardiff and 1-2
in Toronto). The study of Luciano et al. [2007] did not find an association with haplotypes of
these two markers. Instead, in their study, the haplotypes of Francks et al. [2004]
(rs4504469-rs2038137-rs2143340) were significantly associated with the measures of
reading tested. These haplotypes were not associated with RD in our sample. This disparity
between studies is somewhat surprising given that the two sets of haplotypes overlap in both
their location (Fig. 4) and their first component marker (rs4504469). One possible
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explanation is that this locus contains multiple risk alleles that could have occurred on
different haplotype backgrounds that segregate differently in subsets of the European
population. Our sample is made up of individuals of mixed European ancestry from a large
urban center, and thus more ethnically diverse compared to the samples of Cope et al. [2005]
and Francks et al. [2004] from the UK and the predominantly “Anglo-Celtic” sample of
Luciano et al. [2007] from Brisbane, Australia. Ethnicity could contribute to differences in
inter-marker LD in this region across samples resulting in differences in association results
between the studies.

Evidence for association in both our sample and previous studies indicates KIAA0319to be
a strong candidate for RD. The 12% “risk” haplotype identified in the study of Francks et al.
[2004] has been associated with lower levels of KIAAO0319transcripts in vitro, suggesting
that the component markers, or yet unknown polymorphisms in LD with these markers,
could affect expression of this gene [Paracchini et al., 2006]. This haplotype spans an
approximately 70 kb region, containing a considerable amount of non-coding sequence in
which causal variants for RD could be located. Our ChIP-chip assays identified a 2.7 kb
H3ac peak (chr6: 24,752,922-24,755,657) in Y79 within this 70 kb region that included the
proximal promoter, first untranslated exon, and part of intron 1, supporting this region of
KIAA0319 as the possible location of genetic variation contributing to differential
expression. Five markers previously associated with RD are situated within this acetylated
region. Furthermore, this H3ac peak is located in a LD block with rs6935076, our most
significant marker, and additional markers previously associated with RD in independent
studies [Deffenbacher et al., 2004; Francks et al., 2004; Harold et al., 2006; Luciano et al.,
2007]. Although haplotype analyses of six markers across this LD block only showed weak
evidence for association with RD in our study (Table V), this region has been supported by
more robust results from multiple studies, pointing to this region as a strong candidate for
the location of RD risk alleles.

The 2.7 kb H3ac region at the 5” end of KIAA0319is the only acetylated region within the
22 kb haplotype associated with reduced expression. A distinct H3ac site across exon 5 is
3.5 kb distal to the exon 4 marker rs4504469 that was associated in previous studies
[Francks et al., 2004; Cope et al., 2005; Harold et al., 2006], and is the most distal marker
included in the haplotype correlated with reduced expression [Paracchini et al., 2006].
However, aside from rs4504469 this exon 5 region has not received nearly as much support
from previous studies as the 5 region of K/AA0319. Previous screening of the KIAA0319
promoter region identified 12 DNA variants in the region and the 3 of those tested were
associated with RD [Francks et al., 2004]. Our acetylation results now indicate that this
region should be a focus of continued study for this gene. This 2.7 kb region likely regulates
transcription of KIAA0319, and thus could contain causal variant(s) for RD that alter
expression. This region is highly polymorphic and includes both microsatellites, including
the marker JAO4, and several insertion/deletion and SNP markers. Therefore a detailed
screen of this known variation, along with a search for new variation is a logical step to
identify causal variants for RD. Of note is that there may be more than one DNA change on
a haplotype that changes gene function [Drysdale et al., 2000]. In addition, the change in
function may require the combination of alleles to produce the phenotype because of the
modularity of the transcription factor binding sites [Wasserman and Sandelin, 2004]. Parallel
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in vitro studies of the relationship of this variation to KIAA0319 function will also be
needed. A limiting factor is that this gene is not expressed in lymphocytes [Paracchini et al.,
2006], and can therefore not be studied directly in patient cell lines. However, promising
work has been previously done in neuroblastoma cell lines [Paracchini et al., 2006],
providing an effective alternative for initial functional studies.

Within DCDC2, the peak located in intron 7, is also the possible position of risk alleles.
Although we found no evidence for association with RD and markers in DCDCZin this
study, the proximity of the remote site in intron 7 to the location of positive markers in
several samples [Deffenbacher et al., 2004; Meng et al., 2005; Schumacher et al., 2006]
points to this peak as a region of interest for future studies.

While our association studies also supported the gene for VAMP (NRSNI), the only
significant H3ac site was located in the promoter. The markers with evidence for association
in our sample were located in introns 1 and 2, and the 3" UTR of the gene. Thus far the
coding region of this gene has not been screened for DNA changes in any study, thus this
would be a priority for further study of VMP (NRSNZ) followed by screening of the
promoter.

In total, this study combined with previous studies provides evidence in support of
KIAA0319 as the susceptibility locus for RD on chromosome 6p, although in this sample,
other genes including VMP (NRSNI) as a candidate cannot be ruled out. Using ChIP-chip
we have highlighted a 2.7 kb subsection within the 70 kb candidate regulatory region of
KIAA0319 marked by the haplotype of Paracchini et al. [2006] and Francks et al. [2004].
This region will now be prioritized in screens for causal variant(s) for RD and directed in
vitro studies.
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FIG. 1.
Schematic showing the ~589 kb region on chromosome 6p with the five candidate genes,

VMP (NRSNI), DCDC2, KIAA0319, TTRAP, and THEMZ and the position of the markers
genotyped in the current study. Untranslated regions (UTR) are drawn as shorter boxes and
exons are depicted as longer lines and boxes. The vertical arrows show the approximate
location for the initial 37 SNP markers genotyped across the region, starting with rs1419229
(left-most arrow in the 5" region of VAMP/NRSNI). The location of all SNP markers is listed
in Table | alongside the rs number. The horizontal arrows show the direction of transcription
for each gene.
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FIG. 2.
Graphical view of LD between the 44 markers genotyped across VMP (NRSNI), DCDC2Z,

KIAA0319, TTRAP, and THEM?Z on 6p in the RD sample. The locations of VMP (NRSNJ),
DCDCZ, KIAA0319, and TTRAP are marked by the horizontal arrows. The marker
rs7765904 is located in 7THEMZ. The rs number for each marker is listed above the LD plot.
Red boxes represent inter-marker D =1, LOD = 2 and are indicative of high LD. Regions
with D’ <1, LOD = 2 are shown in shades of red/pink. Blue squares indicate inter-marker D
’ =1, LOD <2. The white boxes show inter-marker D’ <1, LOD <2 and are indicative of
low LD. The numbers in the boxes indicate the inter-marker D" values (multiplied by 100).
Markers in the genes for VMP (NRSNI) and 7TTRAP between which high LD was observed
are marked by boxes on the top of the schematic. Arrows indicate regions of LD between
markers in VMP (NRSNI) (rs9356928, rs4285310, rs3178) and 77RAP (rs2294691,
rs2294689).
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FIG. 3.

ChlIP-chip analysis. A: Mouse chromosome 13 and human chromosome 6. Red boxes
indicate syntenic regions represented on the tiling arrays. B: H3ac ChlIP-chip data for six
mouse tissues. Arrows indicate the position of promoter (black) or remote (red) H3ac sites,
and the number of tissues where that H3ac site was detected is indicated above. The total
number of promoter or remote sites per tissue is indicated on the left. Tracks in the browser
window indicate 1. Base position on chromosome 13; 2-7 H3ac ChlP-chip peaks for the
indicated tissues; 8. Refseq genes. The scale bar is shown on the lower left. C: Human (Y79)
ChIP-chip data. Tracks in the browser window indicate 1. Base position on chromosome 6;
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2. H3ac ChIP-chip peak; 3. Refseq genes; 4. DNase hypersensitive sites in CD4+T cells; 5.
Conservation in 17 vertebrates, including mammalian, amphibian, bird, and fish species.
Dotted lines between B and C link the regions in mouse (B) and syntenic H3ac-marked
regions in human Y79 cells (C). Red and black dotted lines connect promoter or remote
sites, respectively. Asterisks indicate a matching H3ac mark at the corresponding human and
mouse positions. D: The alternative KIAA0319transcript, AK310289, detected in testes
cDNA, initiates within a region marked by H3ac in Y79 cells and DNase accessibility in T
cells. E: The extent of the KIAA0139 promoter proximal H3ac mark in Y79 human cells.
The bottom track shows the syntenic mouse regions; an H3ac mark was also detected at the
mouse promoter (see B).
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FIG. 4.
Schematic showing part of intron 1, the 5 untranslated exon (5° UTR) of KIAA0319, the

3’ UTR of TTRAP, and the markers rs4504469 and rs2143340. The acetylation peak (H3ac)
identified in mouse brain and Y79 is marked by the thick black line and spans ~2.7 kb.
Within this region, one microsatellite (JA04) and four SNP markers showed evidence for
association to RD in at least two out of three independent samples [Kaplan et al., 2002;
Deffenbacher et al., 2004; Francks et al., 2004; Harold et al., 2006]. The marker rs6935076
(*) showed the most significant evidence for association in our sample. Significant marker
associations from previous studies both within and beyond the H3ac peak are denoted by: (a)
Deffenbacher et al. [2004], (b) Francks et al. [2004], (c) Cope et al. [2005], (d) Harold et al.
[2006], (f) Kaplan et al. [2002], (g) Luciano et al. [2007]. The tagging SNPs are marked by a
(t). The 22 kb LD block extends from (and includes) rs12194307 to rs1047782.
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