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Genome instability, epigenetic remodelling and structural chromosomal rearrangements are hallmarks of
cancer. However, the coordinated epigenetic effects of constitutional chromosomal rearrangements that disrupt genes associated with congenital neurodevelopmental diseases are poorly understood. To understand
the genetic – epigenetic interplay at breakpoints of chromosomal translocations disrupting CG-rich loci, we
quantified epigenetic modifications at DLGAP4 (SAPAP4), a key post-synaptic density 95 (PSD95) associated
gene, truncated by the chromosome translocation t(8;20)(p12;q11.23), co-segregating with cerebellar ataxia
in a five-generation family. We report significant epigenetic remodelling of the DLGAP4 locus triggered by the
t(8;20)(p12;q11.23) translocation and leading to dysregulation of DLGAP4 expression in affected carriers.
Disruption of DLGAP4 results in monoallelic hypermethylation of the truncated DLGAP4 promoter CpG
island. This induced hypermethylation is maintained in somatic cells of carriers across several generations in
a t(8;20) dependent-manner however, is erased in the germ cells of the translocation carriers. Subsequently,
chromatin remodelling of the locus-perturbed monoallelic expression of DLGAP4 mRNAs and non-coding
RNAs in haploid cells having the translocation. Our results provide new mechanistic insight into the way a
balanced chromosomal rearrangement associated with a neurodevelopmental disorder perturbs allele-specific
epigenetic mechanisms at breakpoints leading to the deregulation of the truncated locus.
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INTRODUCTION

RESULTS
Characterization of the t(8;20)(p12;q11.23) translocation
The t(8;20)(p12;q11.23) translocation is inherited from both paternal and maternal lineages and co-segregates with full penetrance in all 14 carriers with autosomal dominant early-onset,
non-progressive, mild cerebellar ataxia across five generations
(6) (Fig. 1A– C). The patients presented with variable phenotypes including gait, ataxia, mild chorea, clumsiness, impaired
hand-coordination and tremors, representing the phenotypic
plasticity in this neurological disorder (6).
A high LOD score of Z ¼ 5.12 (u ¼ 0.0) indicated a strong
linkage between the translocation and the disease. We initially
mapped the breakpoints to sequence level by cloning and Southern blot analysis and amplified the breakpoints using genomic
DNA obtained from the indexed patient (carrier III.2) and her
sister (carrier III.7) together with allele-specific PCR primers
listed in Supplementary Material, Table S1 (Fig. 1D and data
not shown). We identified a breakpoint on the long (q) arm of
chromosome 20 (chr20) at 20q11.23 that disrupted the
DLGAP4 gene [SAP90/PSD-95 associated protein 4 or discs,
large (Drosophila) homolog-associated protein 4; SAPAP-4],
distal to a previously unsequenced gap, which we have subsequently sequenced (14). Although there is limited information
in the literature about DLGAP4, it is known to be part of a
family of five proteins (DLGAP 1 – 5) that are highly expressed
in the rat brain (15) and act as chaperone proteins assisting in the
proper recruitment of the postsynaptic density 95 (PSD95)
complex. They function in the signalling complex at the postsynaptic density, linking the glutamate receptor binding proteins
and the cytoskeleton (16). The chromosome 20 breakpoint of

t(8;20) triggers monoallelic DNA hypermethylation
of the disrupted DLGAP4 CpG island
We investigated whether this rearrangement that truncated a
CpG island might have induced an effect on DNA methylation (5-methylcytosine: 5-mC) or DNA hydroxymethylation
(5-hydroxymethylcytosine: 5-hmC). Initially, we measured
genome-wide DNA hypermethylation and hypomethylation by
high-throughput MBD-Seq and MRE-Seq in genomic DNA
from peripheral blood lymphocytes (PBLs; somatic cells) of
two translocation carrier sisters, III.2 and III.7, and four phenotypically normal, unrelated male and female controls (Controls
1– 4). We found no significant changes in DNA methylation
patterns; neither on a genome-wide level (Fig. 2A and B) nor
on either of the disrupted chromosomes (Supplementary Material, Fig. S1A and B), when compared with control genomes
tested here and in all other control human tissues tested elsewhere (17). In strong contrast however, the disrupted DLGAP4
CpG island was differentially methylated in the two tested
translocation carriers (Fig. 2C and D). All controls tested here
(Fig. 2C and D) and published elsewhere remained completely
hypomethylated at the same locus (17).
To determine the allele-specific DNA methylation status of
the normal and disrupted DLGAP4 CpG islands and the mode
of transmission of this epigenetic change in multiple generations
of carriers, we performed bisulfite allelic sequencing using DNA
from the somatic (PBLs and buccal epithelium) cells of eight
translocation carriers, III.2, III.7, IV.1, IV.2, IV.4, IV.9, V.1
and V.7 comprising both males and females, across three generations of the family (Fig. 1A). Additionally, we tested two phenotypically normal family members (IV.6 and V.6) to determine
whether they had inherited the DNA methylation change at
DLGAP4 irrespective of carrying the t(8;20)translocation.
Strikingly, transcription factor binding sites (TFBS) within
the CpGs juxtaposed to the breakpoint on derivative chromosome 8 (der8) were identified to be hypermethylated in the
somatic cells of all eight tested patients (Fig. 2E). In contrast,
the undisrupted DLGAP4 promoter on normal chr20 remained
completely hypomethylated in all carriers tested (Fig. 2F). Additionally, the DLGAP4 promoter remained biallelically hypomethylated (Figs 1D and 2F) in phenotypically normal family
members, IV.6 and V.6 with normal karyotypes, and in unrelated
normal controls (Controls 1 and 2). These findings confirmed
that monoallelic hypermethylation at the disrupted DLGAP4
CpG island is dependent on t(8;20) translocation and is transmitted across multiple generations of the family. Indeed, we observed
a transmission of this epigenetic change at the disrupted DLGAP4
CpG island from the assessed carrier mothers (III.2 and III.7) with
cerebellar ataxia to all their translocation carrier male and female
offspring (IV.1, IV.2, IV.4 and IV.9) who were also affected with
the disease. This pattern of inheritance was also maintained and
transmitted from a carrier father (IV.2) to his offspring (V.1)
with the ataxia phenotype.
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The expression of genes are tightly controlled by complex epigenetic mechanisms, including DNA methylation and histone
modifications, which are often regulated by cis or trans acting
non-coding RNAs (ncRNAs) (1). Characterizing these epigenetic mechanisms at specific genomic loci remains pivotal in understanding their roles in regulating genome activity (2 – 4).
Structural variations within the human genome, including
balanced chromosomal rearrangements that disrupt genes, are
an established cause of human disorders (5). These rearrangements have been used extensively to identify novel diseasecausing genes (6,7). They may also serve as natural models to
investigate epigenetic mechanisms, as exemplified by translocations that disrupt X-inactivation (8,9) and imprinted gene loci
(10), which are mediated by factors acting in cis or trans (11–13).
However, inherited chromosomal rearrangements that induce epigenetic effects associated with neurodevelopmental movement disorders have not been identified. To investigate the allele-specific
genetic, epigenetic and gene expression changes mediated by such
disease-associated chromosomal rearrangements, we studied
the regulatory mechanisms perturbed by a familial chromosomal
translocation, t(8;20)(p12;q11.23) associated with early-onset
cerebellar ataxia in a large family (6). Our study provides novel
insight into the genetic–epigenetic interplay occurring at breakpoints of a disease-associated chromosomal translocation disrupting a CpG island within the human genome.

the translocation truncated a CpG island 820 bp downstream
of the first un-translated exon of DLGAP4 isoform a (Fig. 1D
and E). The 8p12 breakpoint disrupted a gene-empty region
(107 kb in size) comprising long interspersed nuclear
elements and long terminal repeats (Fig. 1D and F).
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Figure 1. DLGAP4 is disrupted by the translocation t(8;20)(p12;q11.23) segregating with early-onset, non-progressive, mild cerebellar ataxia. (A) Pedigree of investigated family. (B) Ideograms and translocation chromosomes. (C) FISH mapping of chr20q11.23 breakpoint showing three signals using spanning BAC
CTD-2301L1. (D) PCR amplification of disrupted and undisrupted DLGAP4 alleles in t(8;20) carriers and phenotypically normal unrelated (controls) or related
(IV.6 and V.6) controls. (E) Representative UCSC genome browser view of the breakpoint region on 20q11.23 showing disruption of DLGAP4, 820 bp downstream
(at chr20: 34358534, hg18) of the first untranslated exon. Electropherogram shows base level resolution of the breakpoint on chromosome der20 with a ‘TGG’ deletion
(red highlight). (F) Translocation breakpoint on 8p12 (at chr8: 30901056, hg18) disrupts a region dense in repetitive elements. Electropherogram shows the der8
breakpoint region having a ‘CACT’ deletion (red highlight). The cytosine base (blue highlight) at the breakpoint could be part of 8p or 20q. Yellow highlights indicate
the sequence adjacent to breakpoints. Illustrations are drawn to scale; curved arrows denote promoter regions of genes.
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Figure 2. Monoallelic changes in DNA methylation at DLGAP4 are induced by the t(8;20) translocation. (A and B) Normalized unique MBD-Seq peak reads in carriers
(III.2, III.7) and four normal unrelated controls (Controls 1–4) showing genome-wide distribution of reads and peaks. (C and D) UCSC genome browser views
showing the translocated DLGAP4 CpG island (CpG 107) to be differentially methylated (hypermethylated: MBD-Seq and hypomethylated: MRE-Seq) in carriers
and completely hypomethylated in controls. Rectangles show regions used for bisulfite allelic sequencing (see below). (E) Bisulfite allelic sequencing showing the
disrupted DLGAP4 CpG island (CpG 107) to be hypermethylated (individual CpGs: filled circles) in the somatic cells of all male and female carriers tested. CpG
methylation at DLGAP4 is absent in purified spermatozoa DNA from translocation carrier IV.9 but is re-established in his somatic cells. (F) The undisrupted
DLGAP4 CpG island (CpG 107) is hypomethylated (individual CpGs: hollow circles) in all carriers. DLGAP4 CpG island is bi-allelically hypomethylated in all
related (IV.6 and V.6) and unrelated phenotypically normal controls (Controls 1 and 2).
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Enrichment of the histone variant H2A.Z
at the undisrupted DLGAP4 CpG Island is
translocation-dependent
The DLGAP4 locus, disrupted by the translocation, is distributed
with the silencing histone H3K27me3 (histone 3 trimethylated
at lysine 27) in a range of normal somatic cell types (26).
However, the silencing histone H3K27me3 is replaced by the
active histone H3K4me3 (histone 3 trimethylated at lysine 4)
at this same DLGAP4 locus in post-mortem human brain tissue
(27), suggesting a change in local chromatin conformation
specifically in the brain.
Thus, we tested for translocation-dependent changes in chromatin organization using chromatin immunoprecipitation
(ChIP) followed by high-throughput sequencing (ChIP-Seq)
and purified chromatin fractions from the lymphoblastoid cell
lines (LCLs) of translocation carriers using antibodies for
H2A.Z, H3K4me3 and H3K27me3 (Supplementary Material,
Table S2). We re-confirmed the presence of monoallelic DNA
hypermethylation at the disrupted DLGAP4 CpG island in these
carrier LCLs and found that it was maintained (Supplementary
Material, Fig. S4A). Additionally genome-wide analysis of our
ChIP-Seq data also showed an established distribution of histones
relative to the transcription start sites at gene loci in the genome
(Supplementary Material, Fig. S5).
Interestingly, we found a significant enrichment of the conserved histone variant H2A.Z at the DLGAP4 CpG island,
which was not present in any of the controls tested here (Fig. 3A
and Supplementary Material Fig. S6A) or in published controls
reported elsewhere (26,28,29), suggesting a translocationdependent recruitment of this histone variant. Next , we investigated the allele specificity of the conserved histone variant
H2A.Z at the DLGAP4 locus using ChIP, followed by bisulfite
allelic sequencing in two carriers and found unexpectedly that
the H2A.Z antibody enriched specifically for the undisrupted

and hypo/unmethylated DLGAP4 allele (chr20) in translocation
carriers (Fig. 3B and C).
Similarly, there was an enrichment of H3K4me3 across the
DLGAP4 locus shifting the chromatin state to an open conformation, which was not present in controls (Supplementary Material, Fig. S6A). In contrast however, we observed no differences
in H3K27me3 distribution at the DLGAP4 locus in translocation
carriers compared with controls (Supplementary Material,
Fig. S6A), nor did we identify any significant changes in the chromatin organization at the disrupted 8p12 locus in carriers compared with that in controls (Supplementary Material, Fig. S6B).
Delayed replication timing of the disrupted DLGAP4
locus in S-phase
Acquired chromosomal rearrangements in human cancers have
been associated with delayed mitotic condensation, delayed replication timing and mitotic instability (30). To gain insight into
possible replication timing changes mediated by the t(8;20)
translocation, we developed a replication timing analysis assay
by using DNA fluorescence in situ hybridization (DNA FISH)
on 5-bromo-2′ -deoxyuridine (BrdU)-incorporated nuclei (31,32)
of unsynchronized LCLs from two translocation carriers and two
normal controls. We used probes adjacent to the breakpoints at
8p12 and 20q11.23 (Fig. 3D and E). We found that the disrupted
DLGAP4 allele located on the der8 (BAC probe CTD-2182L9)
and der20 (BAC probe CTD-2301L1) chromosomes replicated
asynchronously and mainly in late S-phase in BrdU positive
nuclei (Fig. 3F –H). This contrasted strongly with the undisrupted DLGAP4 allele on chr20 (Fig. 3F– I) and the 8p12 locus
on the normal chr8 and der20 (Fig. 3J and K), all of which
remained early replicating in S-phase as observed in the
control cells (Fig. 3I and K). The delay in replication timing of
the disrupted DLGAP4 locus on der8 was statistically significant
(Fig. 3L and M).
Epigenetic remodelling induced by the t(8;20)
translocation perturbs expression of DLGAP4
Data presented thus far indicate that monoallelic epigenetic
modifications may deregulate expression of DLGAP4 in t(8;20)
carrier cells. We investigated whether these epigenetic perturbations functionally altered the expression of DLGAP4 mRNAs
and DLGAP4 protein levels in t(8;20) carrier cells.
At least three splice variants of DLGAP4 (mRNA isoforms a, b
and c) have been annotated (RefSeq database) and that are transcribed from the sense strand. We found that DLGAP4 mRNA
isoform a, physically disrupted by the t(8;20) translocation,
was expressed exclusively in the human brain (Fig. 4A and B).
Thus, we were unable to assess changes in the expression of
this isoform in translocation carriers, because of the unavailability of brain tissue from carriers. DLGAP4 mRNA isoforms b and
c, however, showed tissue-wide expression in a high-throughput
RNA-Seq control human tissue-panel (Fig. 4A). We chose to
quantify the expression of DLGAP4 mRNA isoform b, after confirming that it was widely expressed in most human tissues including the brain using quantitative real-time PCR (Fig. 4C).
We found DLGAP4 mRNA isoform b to have slightly increased
expression in cell lines from translocation carriers compared
with that from control cell lines (Fig. 4D).
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Next, we asked whether this translocation-induced perturbed
state of DNA hypermethylation at the truncated DLGAP4 CpG
island was maintained in germ cells of the translocation carriers.
For this, we purified spermatozoa cells from two translocation
carrier males (IV.4 and IV.9) (Fig. 1D) and carried out bisulfite
allelic-sequencing using primers specific for the truncated or
undisrupted DLGAP4 breakpoint regions (Supplementary Material, Table S1). Spermatozoa purity was established prior to
bisulfite allelic-sequencing (Supplementary Material, Fig. S2).
Intriguingly, we found an erasure of this monoallelic hypermethylation, at the disrupted DLGAP4 CpG island, in purified
spermatozoa of the two tested male translocation carriers
(IV.4, IV.9) (Fig. 2E and F). Thus, the monoallelic hypermethylation at the truncated DLGAP4 CpG island may possibly be
re-established de novo after each fertilization event (18– 21) in
embryos having the translocation chromosomes. These observations are in agreement with current models of epigenetic transmission (21–24). Since we found allele-specific changes in 5-mC at
the disrupted DLGAP4 CpG island, we hypothesized a possible
change in the distribution of 5-hmC (25) at this locus. However,
we did not find any significant differences in the distribution of
5-hmC at the breakpoint or across the DLGAP4 locus (Supplementary Material, Fig. S3).
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Figure 3. Monoallelic chromatin modifications at DLGAP4 induced by the t(8;20) translocation. (A) The UCSC genome browser view of ChIP-Seq analysis showing
H2A.Z enrichment (H2A.Z ChIP-Seq) at the DLGAP4 locus. (B and C) H2A.Z ChIP followed by bisulfite allelic sequencing at DLGAP4. The H2A.Z antibody
enriches for hypomethylated CpGs (individual CpGs: hollow circles) at the undisrupted chr20 homologue of DLGAP4. (D and E) Maps of loci showing biotin
(green) and digoxigenin (red) labeled probes used for DNA FISH and replication timing analysis. (F and G) Representative images of BrdU (blue) positive early
S-phase replicating nuclei showing the disrupted DLGAP4 allele to replicate asynchronously (singlet’s, yellow arrows). The undisrupted DLGAP4 allele (doublets,
white arrows) replicates in early S-phase. Scale bars 10 mm. (H) Representative images showing the disrupted DLGAP4 allele to have replicated in BrdU (blue) positive late S-phase nuclei (doublets, white arrows). Scale bars 10 mm. (I) Both DLGAP4 homologues (doublets, white arrows 2DD) replicate in early S-phase in multiple
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t(8;20) translocation disrupts bi-directionally expressed
novel ncRNAs at DLGAP4
Since we found DLGAP4 mRNA isoform a to be disrupted by the
t(8;20) translocation and to be specifically expressed in human
brain tissue, we set out to annotate non-coding elements within
its promoter region that could potentially regulate its expression
in the brain. Indeed, the expression of brain-specific genes is
associated with the regulatory effects of different types of functional elements including ncRNAs that act in cis or trans and which
are transcribed from within the gene’s promoter region (34,35).
Initially, we carried out RNAz predictions (36) and identified a
novel candidate ncRNA (386 bp) at position chr20:34358650–
34359035 (NCBI 36/hg18 genome-assembly), which was disrupted
by the t(8;20) breakpoint (Fig. 5A). This ncRNA is transcribed from
within the intron of the DLGAP4 promoter, downstream of the
first untranslated exon of mRNA isoform a (DLGAP4 exon 1).
Using anti-sense oligos listed in Supplementary Material,
Table S3 together with RNA FISH, we confirmed that DLGAP4
mRNA isoform a was expressed significantly in Purkinje neurons
and only from the sense strand in the adult human cerebellum
(Fig. 5B). Interestingly, we found that the ncRNA at DLGAP4
was expressed from both the sense and anti-sense strands in
the adult human cerebellum (Fig. 5C and D). The striking

bi-directional and complementary expression pattern of this
ncRNA at DLGAP4, which was evaluated using sense and antisense oligos, was also present in the adult mouse cerebellum
(Fig. 5E), suggesting a conserved role and its possible involvement in the regulation of DLGAP4 expression in the brain. We
quantified the expression of this candidate ncRNA at DLGAP4
and found that its expression level was high in the human
brain, with reduced levels in most of the other tissues tested
(Fig. 5F and Supplementary Material Fig. S7). Correspondingly,
the ncRNA at DLGAP4 was expressed at slightly higher levels in
the LCLs of translocation carriers compared with that of controls, and in mouse-human E2 cell hybrids retaining the der8
homologue (Fig. 5G and data not shown). The complete size
of this ncRNA could not be determined using northern blot analysis and radioactively labelled probes (data not shown). This
could be due to the small size (,800 bp) of the probes used,
low expression levels of the ncRNA (37) or other challenges
associated with the northern blot technique (38).

DISCUSSION
The present study provides new evidence and mechanistic
insight linking epigenetic and genetic factors with the deregulation of a truncated CpG island, thereby altering expression of
DLGAP4, a new candidate gene involved in the development
of mild, early-onset non-progressive cerebellar ataxia.
The significant LOD score of Z ¼ 5.12 (u ¼ 0.0) and the
absence of genes at the other breakpoint suggest DLGAP4 to
be a strong candidate for early-onset, non-progressive, mild
cerebellar ataxia (6). With respect to function, DLGAP4 is
also a very attractive candidate since the DLGAP4 protein is a
member of the Membrane Associated Guanylate Kinase
(MAGUK) family, which contains five similar proteins, i.e.
DLGAP 1 – 5. DLGAP4 is highly expressed in the post-synaptic
density (PSD), where it is possibly associated with the clustering
of PSD proteins like PSD95 and SHANK family members via
their PDZ domains (15,39,40). DLGAP4 also interacts with signalling molecules involved in the N-methyl-D-aspartate receptor signalling pathway in postsynaptic neurons (41), and has
previously been reported to be an intrinsic component of the
PSD95 core complex (39). DLGAP4 is expressed only in the thalamostriatal synapses in the striatum but not in the oculostriatal
synapses where DLGAP3 is expressed (16). This finding of molecular specificity in post-synaptic scaffold attributes a specific
function to DLGAP4 and the other members of the DLGAP/
SAPAP family. Thalamostriatal synapses, where Dlgap4 is
expressed, are implicated in movement disorders. They are significantly degenerated in the brains of patients with Parkinson’s
disease. Deep stimulation of these neurons helps to ease the
motor symptoms in Tourette syndrome and other movement disorders (42). The disruption of gene products that are highly
expressed in Purkinje neurons is also associated with movement
disorders including cerebellar ataxia (43) and is compatible with

controls. BrdU stained nuclei are show in blue. Scale bars 10 mm. (J and K) Both 8p12 loci on translocation chromosomes [der8 and der20 (2DD, white arrows)] and
undisrupted chromosome [chr8 (2DD, white arrows)] remain early replicating in translocation carriers, similar to that in controls. Scale bars 10 mm. BrdU stained
nuclei are show in blue. Scale bars 10 mm. (L) Statistical analyses show a higher percentage of delayed replicating DLGAP4 allele (singlet, S) in only the der8 homologue of carriers (CTD-2182L9 green bars). 100 BrDU positive nuclei were quantified in each case. Replicated loci are annotated as doublets (DD). (M) Statistical
analyses show that 8p12 remains early replicating in carriers similar to that in controls. 100 BrDU positive nuclei were quantified in each case. Unreplicated loci are
annotated as singlets (S), whereas replicated loci are annotated as doublets (DD).
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Next, to evaluate monoallelic changes in expression of
DLGAP4 isoform b due to the allele-specific changes in DNA
methylation, we constructed mouse-human E2 cell hybrids containing only a single derivative (der8 or der20) or normal (chr20
or chr8) human chromosome derived from translocation carriers
(Supplementary Material, Fig. S4B and D) (33). We confirmed
that monoallelic hypermethylation at the disrupted DLGAP4
CpG island on the der8 allele was retained in these mouse-human
E2 cell hybrids (Supplementary Material, Fig. S4A). Strikingly,
we found that the DLGAP4 mRNA isoform b had increased expression in mouse-human E2 cell hybrids containing the derivative 8 chromosome, compared with its expression in cells with an
undisrupted chromosome 20 (Fig. 4E, P , 0.01).
Furthermore, we noted that DLGAP4 mRNA isoform a was
specifically expressed in the external granular layer cells of
fetal cerebellum (21 weeks post gestation) and in Purkinje
neurons of adult human brains (Fig. 4F). We also found that
DLGAP4 mRNA isoform b was similarly expressed in Purkinje
neurons of the adult human brain (Fig. 4G). In agreement with
our DLGAP4 mRNA monoallelic expression analysis, protein
expression analyses revealed increased levels of the DLGAP4
protein in the carrier LCLs compared with that in controls
(Fig. 4H). We also found that the DLGAP4 protein was highly
expressed in Purkinje neurons and the external granular layer
cells of human fetal brain (21 weeks post gestation), which
was similar to the expression of DLGAP4 mRNAs. These data
underscore the functional importance of DLGAP4 in neurons
of the human cerebellum.
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Figure 4. t(8;20) perturbs expression of DLGAP4 gene products in translocation carriers. (A) The representative UCSC Genome Browser view illustrates the expression of DLGAP4 mRNA isoforms a, b and c using high-throughput RNA-Seq. (B) Quantification of DLGAP4 mRNA isoform a expression in carrier and control human
tissues. (C) Quantification of the DLGAP4 mRNA isoform b in a human multi-tissue panel. Error bars show the range. (D and E) Increased expression of DLGAP4
mRNA isoform b in translocation carrier LCLs and higher monoallelic expression in hybrid cells having the translocated der8 allele. Error bars show the range.
∗
Indicates P , 0.01. (F and G) In situ hybridizations showing expression of DLGAP4 mRNA isoforms a and b (darkly stained regions) in Purkinje neurons in
adult human cerebellum and external granular layer cells of fetal human cerebellum, respectively. Selected regions are shown at higher magnification in separate
panels below. Scale bars 1 mm. (H) Western blots showing elevated expression of DLGAP4 (108 kDa) protein in translocation carrier LCLs compared with controls.
Error bars show the range. Immunohistochemistry showing DLGAP4 protein expression in Purkinje neurons and external granular layer cells of control human fetal
cerebellum (darkly stained regions). Selected regions are shown at higher magnification in a separate panel. Scale bars 1 mm.
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Figure 5. t(8;20) disrupts novel bi-directionally expressed ncRNAs at DLGAP4. (A) UCSC Genome Browser snapshot showing the breakpoint locus on 20q11.23
annotated with DLGAP4 mRNA isoform a and novel bi-directional DLGAP4 ncRNAs (ncRNA+ and ncRNA2). (B – D) In situ hybridizations showing the spatiotemporal expression of DLGAP4 mRNA isoform a, DLGAP4 ncRNA+ and ncRNA2 in adult human cerebellum sections. Selected regions are shown at higher magnification in numbered boxes. White arrows show the regions of high expression. Note that DLGAP4 mRNA isoform a and ncRNA+ are highly expressed in Purkinje
neurons of the human cerebellum. The DLGAP4 ncRNA2 is more abundant in the molecular layer of the adult human cerebellum. DLGAP4 mRNA (isoform a)
appears to have an increased abundance in the cytoplasm of Purkinje cells, whereas DLGAP4 ncRNA+ appears to be localized in the nucleus and the cytoplasm
of these cells. Selected regions are shown at higher magnification in separate panels. Scale bars, 1 mm. (E) Bi-directional and complementary expression of
Dlgap4 ncRNA+ and Dlgap4 ncRNA2 in adult mouse cerebellum brain sections. Scale bars, 1 mm. (F) Quantification of DLGAP4 candidate ncRNA expression
in the total RNA from a human brain panel. Error bars show the range. (G) Slightly increased expression of DLGAP4 ncRNA is identified in translocation carriers
compared with controls. Error bars show the range. (H and I) Model showing ncRNAs at DLGAP4, relative to monoallelic CpG methylation, H2A.Z enrichment
and DLGAP4 mRNA isoform a expression at the disrupted (der20/der8) and undisrupted (chr20) DLGAP4 homologues of translocation carriers. TFBS (HMR
conserved TFBS UCSC track, hg18) includes binding sites for RP58 and USF1.
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ncRNAs may facilitate the specific expression of DLGAP4
mRNA isoform a in Purkinje neurons of the brain by recruiting
chromatin-modifying factors and/or transcription factors (51).
In summary, our results provide a potential breakthrough into
the complex causes of congenital neurodevelopmental disorders. Additionally, we identify a new mechanism linked with
cerebellar ataxia wherein truncation of the CG-rich DLGAP4
promoter region induces monoallelic epigenetic remodelling
of the locus associated with the perturbed expression of its
gene products. Furthermore, we establish DLGAP4 as a new candidate gene associated with early-onset non-progressive mild,
cerebellar ataxia.

MATERIALS AND METHODS
Cell culture
LCLs were established as published elsewhere (52) using PBLs
from carriers (III.2, III.7, IV.1, IV.2, IV.4, IV.9, V.1 and V.7),
unrelated normal controls (1, 2, 3 and 4) and related normal controls (IV.6 and V.6). Somatic cell hybrids were constructed from
translocation carrier LCLs (III.2 and III.7), using mouse E2 cells
as previously described (33).
Genomic DNA isolation
Somatic cell and/or purified spermatozoa DNA was isolated
using the FlexiGene DNA Kit according to the manufacturer’s
instructions (Qiagen). Spermatozoa were purified from a
semen sample of a male translocation carrier, using the SilSelect Plus gradient system according to the manufacturer’s
instructions (FertiPro). Isolated spermatozoa DNA was repurified using the Gentra Puregene kit (Qiagen).
Mapping of translocation breakpoints and linkage analysis
Breakpoints on 8p12 and 20q11.23 were mapped using DNA
FISH within BAC clones RP11-293D9 and CTD-2301L1 in carriers. Southern blot analysis was performed to characterize
breakpoints as previously published (53). Briefly, hybridization
of a PCR product (bases 89 335– 90 118 of BAC clone
RP11-293D9) on 8p12 of translocation carrier DNA cut with different restriction enzymes showed aberrant bands specific for the
breakpoint region. An 800 bp MboI junction fragment was
cloned using adaptor ligated PCR. Nested PCRs using chromosome 8p12 specific primers and adaptor primers yielded the
expected product of 450 bp, confirmed using BLAST. Breakpoints were amplified in all carriers using primers listed in Supplementary Material, Table S1. Two-point LOD score was
calculated using LIPED where theta is equal to 0 (as a dominant
inheritance) with allele frequencies of 0.001 for the disease and
translocation breakpoint as published elsewhere (54).
Methylated (5mC) and hydroxymethylated (5hmC)
DNA immunoprecipitation (IP)
Two to four micrograms of isolated PBL genomic DNA from
carriers or phenotypically normal controls was either nebulized
(Invitrogen) or sonicated, followed by purification using the
QIAquick purification kit and columns (Qiagen) as previously
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our finding that DLGAP4 gene products (mRNAs and protein)
were abundant in human Purkinje neurons. Additionally,
single nucleotide polymorphisms within the 20q11.21– q13.12
locus and comprising the DLGAP4 gene have been linked with
the development of early onset autism spectrum disorders
(44,45). Moreover, altered methylation patterns have been
found in three CpG islands within the SHANK3 gene (coding
for the SH3 and ankyrin domain containing protein, a known
interaction partner of DLGAP4) (40), in post-mortem brain
samples from autism spectrum disorder patients, which is accompanied with altered expression and alternative splicing of
the SHANK3 gene (22).
Taken together, our data link the monoallelic epigenetic
changes (Fig. 5H and I) induced by a chromosome translocation
co-segregating with a specific cerebellar ataxia phenotype to deregulate DLGAP4, a strong disease-associated candidate gene.
The data suggest that these epigenetic changes including the
transmitted changes in DNA methylation at the disrupted CpG
island deregulate DLGAP4 expression in somatic cells of the
affected individuals. This establishes DLGAP4 as a strong candidate gene for the associated cerebellar ataxia phenotype. It is
conceivable that the epigenetic and gene expression changes
identified here may be representing the deregulated DLGAP4
in the brains of affected carriers having the t(8;20) translocation.
Our finding of transmission of altered, locus-specific DNA
hypermethylation which is induced by an inherited constitutional translocation and associated with a neurodevelopmental disorder is reminiscent of that observed in cancer (23). We
speculate that other chromosomal aberrations, which disrupt
specific regulatory regions of the nuclear genome in diseases
other than cancers, may also be associated with monoallelic epigenetic perturbations that affect expression of the disrupted loci.
Previous studies have provided conflicting results on the relationship between replication timing and the transcriptional state
of a particular locus, including imprinted regions (32). Our findings of an inverse correlation between gene expression and replication timing at the disrupted DLGAP4 locus suggest a more
complex association. Indeed, increased monoallelic expression
of DLGAP4 mRNA isoform b from the translocated locus may
be a result of the region coming into close proximity with
certain cis-acting elements on 8p12, which could potentially
regulate expression from the translocated locus, as previously
reported (46). If so, this suggests a functional link between the
altered replication timing and the gene loci lying adjacent to
the breakpoint with the correct direction of transcription.
Enrichment of H2A.Z at the undisrupted and hypomethylated
allele of the DLGAP4 CpG island on chr20 is concordant for its
antagonistic relationship with DNA hypermethylation that we
identified on the truncated DLGAP4 allele on der8. H2A.Z exchange at nucleosomes is associated with the regulation of
gene expression, which prevents the spread of heterochromatin
and/or maintains the epigenetic memory of a gene’s previous
transcriptional state (47– 49).
A probable scenario is that the re-organization of histones in
the promoter region of DLGAP4 mRNA isoform a may be catalyzed by the activity of DLGAP4 ncRNA(s) identified in this
study and transcribed from within the disrupted DLGAP4
intron (35,50). We found these DLGAP4 ncRNAs (ncRNA+
and ncRNA-) to be bi-directionally expressed in the adult
human and mouse cerebellum. It is conceivable that these
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done (14). IP of hypermethylated or hydroxymethylated fragmented DNA was performed using either his-MBD2b antibody
(0.1 mg/ml) with the MethylCollector kit (Active Motif) or a
5 hmC antibody with the hMeDIP kit (Diagenode) according
to the manufacturer’s instructions. A further clean up step was
performed after 5-mC IP using the MinElute PCR purification
kit (Qiagen).
Methylation sensitive restriction enzyme digestion (MRE)

Chromatin immunoprecipitation (ChIP)
ChIP was performed with the ChIP-IT Express kit (Active Motif)
essentially as described by the manufacturer or as published previously (55) on chromatin isolated from LCLs of the indexed
carrier and her sister (III.2 and III.7) using histone antibodies
listed in Supplementary Material, Table S2. ChIP-Seq using
antibodies against H2A.Z were performed using LCLs from
the same controls (1 and 2) as done for methylation analysis.
High-throughput sequencing of RNA (RNA-Seq)
High-throughput RNA-Seq Body Map 2.0 sequence data
archived at the European Nucleotide Archive (ENA) under accession number ERP000546 was obtained and used for expression analysis of human tissues as described elsewhere (56).
Library preparation for high-throughput Illumina
sequencing
Library generation of immunoprecipitated chromatin, un/hydroxy/
hypermethylated DNA for Illumina sequencing was performed
using a manufacturer recommended protocol and sequenced
on a Genome Analyzer II (Illumina). ENCODE raw sequenced
reads for H2A.Z and H3K4me3 ChIP on GM12878, control
LCLs were also obtained from the genome browser at UCSC
(57). Sequenced reads from all experiments were aligned back
to the hg18 assembly using Bowtie (58). Two mismatches
within the seed sequence of each unique aligned read were
used as cut-offs. ChIP-Seq, MBD-Seq, MRE-Seq and hMeDIPSeq data were analysed using Cisgenome, a false discovery rate
of ,0.01 (59) and visualized using the UCSC or Cisgenome
genome browsers. ChIP-Seq and hMeDIP-Seq data were analysed using two sample analyses with histone H3 or IgG as
negative controls. Genome-wide comparisons of MBD-Seq
and ChIP-Seq data were performed using the R-environment
for statistical computing (www.r-project.org) (60).
Bisulfite allelic sequencing
Bisulfite conversion of gDNA was performed using the
Methylation-Gold kit (Zymo Research) according to the

manufacturer’s instructions, followed by methylation-specific
PCR (MSP-PCR) using allele-specific primers (Supplementary
Material, Table S1). PCR products were cloned using the
TOPO-TA vector, one shot Mach1 – T1 competent cells (Invitrogen), incubated at 378C for 8 – 12 h using ampicillin selection
followed by PCR and Sanger sequencing (ABI 3130XL) of
10– 20 picked colonies. Sequenced reads were analyzed using
BiQ Analyser (61). Bisulfite allelic sequencing was performed
similarly following ChIP using H2A.Z and chromatin from
LCLs and was performed with DLGAP4 allele-specific
primers and eluted DNA.
Expression analysis
Complementary DNA (cDNA) was prepared using Superscript
II Reverse Transcriptase (Invitrogen). Total RNA was extracted
with TRIzol from carrier cells, control cells or purchased (human
fetal brain, human adult total brain, total RNA from various
human tissues: Clontech and universal human reference RNA:
Stratagene). QPCR was performed in triplicates using cDNA
from multiple samples using the light cycler FastStart DNA Masterplus SYBR green I (Roche) and run on an Opticon 2 thermocycler (Bio-Rad). qPCR data were normalized with a geometric
mean normalization factor (geNorm calculation) (62) using
housekeeping genes (Supplementary Material, Table S1).
COX4I1, GAPDH, ATP5A, ALAS1 PBGD and ATP6A were
used for calculating the normalization factor for expression
data of DLGAP4 isoform b in the human multi-tissue panel.
RPL13, GAPDH, G6PD, PBGD and ALAS1 were used for normalizing expression data of mouse-human cell hybrids. These
expression data were further adjusted using percentages of
retained single human chromosomes in mouse-human hybrid
cells, using DNA FISH and 20q11.23 or 8p12 biotin/digoxigenin
labelled probes. GAPDH, G6PD, ALAS1 and B2M were used for
normalizing expression data from LCLs. Normalization of
human brain panel RNA (BioCat) data was performed with
ATP5A1, COX4I1, ATP6A, ALAS1, B2M, ATP8A, PBGD,
G6PD, HPRT and GAPDH.
Northern blot analysis
Northern blot analysis was carried out using purchased total
human cerebellum RNA of a normal control (Cat # 4099,
Capital Biosciences) and total brain RNA (Clontech). After
PCR, amplified products were purified using the QIAquick purification kit and columns (Qiagen). Northern blotting was carried
out using methods published elsewhere (63,64). Purified PCR
products were either body-labeled by the random primer
method and [g-32P] ATP or end-labeled with T4 PNK and
[g-32P] ATP (specific activity .3000 Ci/mmol, PerkinElmer).
In situ hybridizations and immunohistochemistry
In situ hybridizations were performed using FITC or peroxidaseconjugated oligos (Supplementary Material, Table S3) and
control adult/fetal human/mouse brain or human cerebellum sections (Capital Biosciences) as previously published (65). Immunohistochemistry on adult or fetal human brain sections was
performed using standard protocols. Human fetal brain sections
used in this study were obtained from a midgestation fetus (21
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Restriction enzyme (RE) digestion of PBL DNA (2 mg) from carriers or controls was performed using methylation sensitive HpaII
according to the manufacturer’s instructions (New England
Biolabs). Digested DNA was size selected using 2% agarose
TBE gel electrophoresis. One hundred and fifty to three hundred
base pair regions were excised and purified using the Qiagen Gel
extraction kit according to the manufacturer’s instructions.
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weeks post gestation). Signals were analysed using an MVX10
microscope, F-View black/white, Colour-View cameras and
Cell^P software (Olympus).
Western blots

DNA FISH and replication timing analysis
Replication timing analysis was performed using DNA FISH and
BrdU pulse labelled exponentially growing carrier or control
LCLs (31,32). Cells were arrested at 5 or 9 h post BrdU incorporation, indicative of early or late replication timing respectively
(32). DNA FISH was performed using biotin/digoxigenin labelled probes (purchased from the BACPAC resource or
Sanger Center, UK) for the 20q11.23 or 8p12 loci. Following detection and mounting of slides with antifade Prolong GOLD
without DAPI (Invitrogen), signals were identified in BrdU
incorporated nuclei as replicated doublets (D), or un-replicated
singlet’s (S), using a DMRXA epifluorescence microscope,
DFC340 FX camera and CW4000 Karyo software (Leica).
Data access
High throughput data have been archived at GEO under accession number GSE31204 (http://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE31204).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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