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Cis-regulatory variation is considered to be an important determinant of human phenotypic variability,
including susceptibility to complex disease. Recent studies have shown that the effects of cis-regulatory
polymorphism on gene expression can differ widely between tissues. In the present study, we tested whether
the effects of cis-regulatory variation can also differ between regions of the adult human brain. We used rela-
tive allelic expression to measure cis-effects on the RNA expression of five candidate genes for neuropsy-
chiatric illness (ZNF804A, NOS1, RGS4, AKT1 and TCF4) across multiple discrete brain regions within
individual subjects. For all five genes, we observed significant differences in allelic expression between
brain regions in several individual subjects, suggesting regional differences in the effects of cis-regulatory
polymorphism to be a common phenomenon. As well as highlighting an important caveat for studies of regu-
latory polymorphism in the brain, our findings indicate that it is possible to delineate brain areas in which cis-
regulatory variants are active. This may provide important insights into the fundamental biology of neurop-
sychiatric phenotypes with which such variants are associated.

INTRODUCTION

Effects on gene expression can be classified according to
whether they originate from the same DNA molecule as the
regulated gene or from a remote source, the former said to
be acting in cis, and the latter in trans. Variable cis-effects
on gene expression can occur as a result of differences in
DNA sequence or epigenetic modification at cis-regulatory
elements (e.g. promoters, enhancers, locus control regions)
distributed at the gene locus, as well as through DNA variation
affecting the stability or splicing of the gene product. Such
variation is common in the human genome (1–3) and likely
to be an important determinant of phenotypic diversity, includ-
ing susceptibility to complex disease. Trans-regulatory vari-
ation results from differences in the level or structure of
trans-acting factors (e.g. transcription factors, hormones,
microRNAs), which are usually transcribed at distinct gene
loci and subject to similar regulation.

Whereas trans-acting influences operate on both chromo-
somal gene copies, cis-acting effects on gene expression
operate in an allele-specific manner. This difference is
exploited in assays of relative allelic expression, where the
effects of cis-regulatory variants are exposed by comparing
the level of mRNA transcribed from the two chromosomal
gene copies in individual samples (1–4). The relative
allelic expression method typically makes use of a single
nucleotide polymorphism (SNP) within the mRNA sequence,
allowing the RNA transcribed from each chromosome to be
distinguished and quantified in heterozygous subjects. Sig-
nificant departure from the genomic 1:1 ratio of the two
alleles in cDNA is assumed to reflect heterozygosity for
one or more cis-regulatory DNA variants or an allele-specific
epigenetic process (e.g. imprinting) operating in the assayed
sample.

Cis- and trans-regulatory variation may not always act inde-
pendently. For example, the effect of a cis-regulatory variant
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in a binding site for a trans-regulatory factor will depend on
the availability of that trans-factor. Cellular differences in
the effects of transcription factor binding site polymorphism
have been demonstrated in vitro (5,6) and provide a likely
explanation for at least some of the tissue specificity of
cis-effects detected through allelic expression (3,4,6–8) and
expression quantitative trait loci mapping (9,10) studies.
These findings suggest that multiple tissue sources may be
required for adequate assessment of putative cis-regulatory
variation.

In the present study, we tested whether the effects of cis-
regulatory variation can differ between regions of the adult
human brain, an organ in which there is a high degree of
regional specialization. We selected for study five genes for
which there is evidence of genetic association with neuropsy-
chiatric illness [ZNF804A (11,12), NOS1 (11), RGS4 (13),
AKT1 (14) and TCF4 (15)]. For each subject, we used relative
allelic expression to measure cis-effects on the RNA
expression of each gene across multiple discrete brain
regions. One of the great advantages of this method is the
ability to detect effects of cis-regulatory variation in individual
samples (1–4). Moreover, by comparing cDNA allele ratios
across brain regions, but within individual subjects, we were
able to hold any (genetic) cis-regulatory variants constant,
and could therefore expose any regional differences in their
effects on gene expression.

RESULTS

Experiments were carried out on a total of 20 unrelated sub-
jects for which postmortem tissue was available from at
least 6 of 12 selected brain regions; namely dorsolateral pre-
frontal cortex [DLPFC, Brodmann area [BA] 9], occipital
cortex (BA19), temporal cortex (BA21), parietal cortex
(BA40), amygdala, hippocampus, thalamus, hypothalamus,
nucleus accumbens, caudate, substantia nigra and cerebellum.
Relative allelic expression was used to assay for regional
differences in cis-regulatory effects in 8 of these subjects for
ZNF804A, 11 for RGS4, 5 for AKT1, 5 for NOS1 and 7 for
TCF4.

Of the eight subjects assayed for ZNF804A, six showed sig-
nificant (P , 0.05) differences in cDNA allele ratios between

brain regions (Table 1). Levels of significance survived cor-
rection for eight separate tests in three of these subjects.
Allelic expression imbalance (AEI) was most pronounced in
the hippocampus from two of these subjects and in the
nucleus accumbens in the third. For all three subjects, there
was at least one brain region where cDNA allele ratios were
found to average within 5% of the average genomic DNA
(1:1) allele ratio, suggesting little or no effect of the
assumed cis-regulatory variant(s) in those regions. Repeat
assays using freshly synthesized cDNA confirmed significant
(P , 0.05) differences in allele ratios between the region
showing the most pronounced AEI and the region showing
the least AEI for all three subjects.

When ZNF804A allelic expression data from all regions and
from all subjects were considered together, there was found to
be a general over-expression of the A-allele of the assayed
SNP rs12476147 relative to the T-allele (P , 0.0001),
suggesting linkage disequilibrium with a functional regulatory
variant. This is consistent with a recent study (12) that showed
significant relative over-expression of the G-allele of another
exonic ZNF804A SNP, rs4667001, with which the A-allele
of rs12476147 is predicted to be consistently in phase (the
two SNPs have an r2 of 1 in the HapMap CEU sample). We
therefore performed a further analysis of ZNF804A allelic
expression across brain regions in which we considered
average allelic ratios from all eight assayed subjects together
(data shown in Fig. 1). This analysis showed a general trend
for a difference in ZNF804A allelic expression between
assayed brain regions (Kruskal–Wallis x2 ¼ 16.5, d.f. ¼ 9,
P ¼ 0.056). We therefore compared cDNA allele ratios from
each brain region with genomic DNA allele ratios from all
subjects using separate Mann–Whitney tests. Significant
(P , 0.05) differences between cDNA and genomic DNA
ratios were observed in the temporal cortex, parietal cortex,
amygdala, hippocampus, nucleus accumbens and caudate, of
which all but the temporal cortex survived Bonferroni correc-
tion for 10 tests. Differences between genomic DNA and
cDNA allele ratios were most significant in the hippocampus
(P ¼ 0.00005, uncorrected), while cDNA allele ratios in the
substantia nigra averaged very close to the 1:1 genomic ratio
(average allele ratio ¼ 0.996, P ¼ 0.89 uncorrected).

Of the 11 individuals assayed for RGS4, 4 showed signifi-
cant (P , 0.05) differences in allelic expression between

Table 1. Average ZNF804A cDNA allele ratios at rs12476147 in 10 brain regions from eight subjects

Subject no. DLPFC OCC TEMP PAR AMYG HIPP CER NAC CAUD SN P

1 1.00 (0.06) 0.99 (0.09) 0.86 (0.08) 1.17 (0.22) 1.71 (0.45) 1.15 (0.05) 1.30 (0.21) 1.15 (0.05) 1.15 (0.05) 0.0032
5 0.91 (0.17) 0.89 (0.08) 1.01 (0.03) 1.01 (0.09) 1.21 (0.10) 1.05 (0.11) 1.02 (0.09) 1.35 (0.19) 1.21 (0.14) 0.88 (0.26) 0.0031
10 0.98 (0.05) 1.07 (0.04) 0.99 (0.16) 1.00 (0.09) 1.14 (0.15) 1.06 (0.13) 0.81 (0.15) 1.03 (0.09) 1.19 (0.13) 0.93 (0.33) 0.058
15 1.09 (0.18) 1.19 (0.28) 1.12 (0.11) 1.32 (0.33) 1.17 (0.39) 1.28 (0.16) 1.07 (0.08) 1.04 (0.11) 0.605
22 1.01 (0.12) 0.88 (0.05) 1.01 (0.06) 0.97 (0.06) 1.06 (0.04) 0.97 (0.05) 0.044
24 1.03 (0.03) 1.07 (0.10) 1.08 (0.03) 1.08 (0.05) 1.13 (0.06) 1.34 (0.04) 1.03 (0.08) 0.021
30 1.00 (0.06) 1.15 (0.13) 1.19 (0.02) 1.11 (0.07) 1.24 (0.10) 0.90 (0.06) 0.0053
34 1.18 (0.07) 1.09 (0.03) 1.13 (0.05) 1.09 (0.04) 1.22 (0.04) 1.03 (0.05) 1.15 (0.07) 1.13 (0.05) 1.02 (0.11) 0.0096

Ratios are the average of four measures of each sample, corrected by the average allele ratio derived from concurrent assay of heterozygous genomic DNA.
Standard deviations are shown in parentheses. Blank cells correspond to samples that were unavailable for assay. P-values are given for Kruskal–Wallis tests of
differences in allelic expression across all assayed brain regions for each subject. P-values in bold are those that survived Bonferroni correction for eight tests.
DLPFC, dorsolateral prefrontal cortex; OCC, occipital cortex; TEMP, temporal cortex; PAR, parietal cortex; AMYG, amygdala; HIPP, hippocampus; CER,
cerebellum; NAC, nucleus accumbens; CAUD, caudate; SN, substantia nigra.
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brain regions (Table 2). Levels of significance survived cor-
rection for 11 separate tests in two of these subjects (nos 2
and 18). The RGS4 allele that was over-expressed differed
between the two subjects, suggesting multiple cis-regulatory
variants and/or incomplete linkage disequilibrium between
these variants and the exonic SNP used to measure relative
allelic expression. Significant (P , 0.001) differences in
cDNA allele ratios between the nucleus accumbens and parie-
tal cortex were confirmed in subject 18 using freshly syn-
thesized cDNA. Depletion of RNA precluded similar
confirmatory assays for subject 2.

Of the five subjects assayed for AKT1, three showed signifi-
cant (P , 0.05) differences in cDNA allele ratios between
brain regions (Table 3). The significance of all three obser-
vations survived correction for five separate tests. Only for
one of these subjects (no. 4) did repeat assays using new
cDNA confirm significant differences in allelic expression
between the region showing the highest and the region
showing the least AEI (in this case, cerebellum and hippo-
campus, respectively).

All five subjects assayed for NOS1 showed significant (P ,
0.05) differences in allelic expression between brain regions
(Table 4). Levels of significance survived correction for five
separate tests in three of these individuals. Repeat assays
using freshly synthesized cDNA confirmed significant (P ,
0.05) differences in cDNA allele ratios between the parietal
cortex and caudate in subject 2 and the temporal cortex and
substantia nigra in subject 22.

All seven subjects assayed for TCF4 showed significant
(P , 0.05) differences in allelic expression between brain
regions, with levels of significance surviving Bonferroni cor-
rection in six cases (Table 5). Regions showing pronounced
AEI largely differed between subjects. Repeat assays using
freshly synthesized cDNA confirmed significant (P , 0.05)
differences in allele ratios between the region showing the

most pronounced AEI and the region showing the least AEI
in four of the six subjects (nos 8, 11, 56 and 57). As for the
assayed SNP in ZNF804A, when data from all subjects and
regions were combined, there was a general trend for direc-
tional AEI at TCF4 exonic SNP rs8766 (P , 0.0001),
suggesting linkage disequilibrium with a functional variant.
However, in contrast to our assay of ZNF804A, there was
little suggestion that the extent of TCF4 AEI followed a
common regional pattern, as no regional differences in
cDNA ratios were observed when all subjects were combined
(Kruskal–Wallis x2 ¼ 11.5, d.f. ¼ 8, P ¼ 0.17). Instead, sig-
nificant (P , 0.01) differences were seen between genomic
DNA and cDNA allele ratios derived from every assayed
brain region, with the G-allele of rs8766 relatively over-
expressed in each case.

The subjects showing significant regional differences in
allelic expression (surviving correction for multiple tests) dif-
fered between gene assays, with the exception of one subject
showing regional differences in both RGS4 and NOS1 and
two subjects showing such differences in both AKT1 and
TCF4. Regional differences were therefore seen in a large pro-
portion of the assayed subjects (14/20), rather than arising
from a few particular samples. None of the DNase-treated
RNA samples gave rise to a visible product on agarose in
the absence of reverse transcription (RT), indicating that
differences in allelic expression were not the result of residual
genomic DNA contamination (which would artificially bias
cDNA ratios towards the 1:1 genomic ratio).

DISCUSSION

Using measures of relative allelic expression across multiple
brain regions, within individual subjects, we have shown
that the effects of cis-variation on gene expression can signifi-
cantly differ between sampled areas of the adult brain. Only by
testing within individual subjects could we be certain that the
genetic cis-regulatory variants were constant between brain
regions. For all five assayed genes, we observed significant
regional differences in allelic expression in multiple subjects,
suggesting this to be a common phenomenon. In the case of
ZNF804A, a robustly supported susceptibility gene for schizo-
phrenia (11,12,16), we observed a general regional pattern of
allelic expression at the assayed SNP. Our data therefore
extend previous observations of tissue specificity of allelic
expression e.g. (4,6–8) in showing that this can also differ
between regions of the adult human brain.

All five assayed genes have been reported to show genetic
association with neuropsychiatric illness (11–16). Previous
evidence exists for common genotypic effects on the
expression of all of these genes (12,14,16–18), with the
exception of TCF4 [a susceptibility gene for schizophrenia
(15) which is mutated in Pitt–Hopkins syndrome (19,20)].
We therefore biased our screen in favor of genes that would
contain common (genetic) cis-regulatory variants. However,
for none of these genes was there any prior evidence that
effects of cis-regulatory variation could differ depending on
brain region.

We have not attempted to relate our findings to DNA variants
for which phenotypic associations have been reported (as

Figure 1. Allelic expression of ZNF804A at rs12476147 across 10 brain
regions, compared with allele ratios in genomic DNA, in eight subjects.
Data are represented as the average A/T allele ratio from four measures of
each RNA sample and one measure of each genomic DNA sample, corrected
by the average allele ratio observed in genomic DNA. The dotted horizontal
line represents the average 1:1 genomic allele ratio. A general trend for a
difference in allelic expression between brain regions was observed (P ¼
0.056). Significant (P , 0.05) differences between cDNA and genomic
DNA ratios were observed in the temporal cortex (TEMP), parietal cortex
(PAR), amygdala (AMYG), hippocampus (HIPP), nucleus accumbens
(NAC) and caudate (CAUD). Allele ratios did not significantly differ
between genomic DNA and cDNA from the DLPFC, occipital cortex
(OCC), cerebellum (CER) or substantia nigra (SN).
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exemplified in 21) because our subject numbers are too small
for meaningful statistical comparison between genotypes. The
precise mechanisms underlying AEI of these genes, and its
variation between brain regions, therefore remain open to
speculation. AEI can have a genetic or epigenetic basis, the
former explained by heterozygosity for DNA sequence variants
affecting cis-regulatory elements, and the latter by allele-
specific modifications of DNA or chromatin. A plausible
(genetic) explanation for our findings is that the effects of

DNA variation in cis-regulatory elements (which might
include DNA variants associated with disease) vary depending
on regional differences in the level of interacting trans-
regulators (e.g. transcription factors, hormones, microRNA).
This explanation is consistent with in vitro findings of cellular
differences in the effect of DNA variants in transcription factor
binding sites on gene expression (5,6). An alternative (epige-
netic) explanation is that the assayed genes are subject to an
imprinting mechanism occurring in only a proportion of cells,

Table 2. Average RGS4 cDNA allele ratios at rs10759 in 10 brain regions from 11 subjects

Subject no. DLPFC OCC TEMP PAR AMYG HIPP CER NAC CAUD SN P

2 0.97 (0.02) 1.04 (0.03) 1.11 (0.05) 1.06 (0.07) 0.95 (0.15) 0.64 (0.21) 0.58 (0.16) 0.89 (0.10) 0.00321
4 0.93 (0.02) 1.02 (0.02) 1.01 (0.03) 0.99 (0.05) 1.22 (0.41) 1.08 (0.08) 1.02 (0.05) 0.138
5 0.99 (0.10) 0.96 (0.04) 1.12 (0.13) 1.05 (0.08) 0.84 (0.40) 0.91 (0.12) 0.303
7 1.08 (0.08) 1.13 (0.06) 1.17 (0.03) 1.15 (0.08) 1.16 (0.06) 1.14 (0.03) 1.17 (0.16) 1.01 (0.03) 0.101
8 0.91 (0.02) 0.99 (0.07) 0.97 (0.05) 0.70 (0.15) 0.63 (0.40) 1.01 (0.13) 0.53 (0.36) 0.064
9 1.06 (0.09) 0.96 (0.09) 1.11 (0.05) 1.09 (0.06) 0.71 (0.43) 1.05 (0.10) 0.76 (0.41) 0.339
10 1.05 (0.02) 1.06 (0.01) 1.07 (0.01) 1.05 (0.02) 1.01 (0.06) 1.14 (0.07) 0.027
11 1.06 (0.11) 1.17 (0.07) 1.12 (0.04) 1.04 (0.03) 1.28 (0.37) 1.19 (0.31) 1.00 (0.12) 0.251
12 0.99 (0.04) 0.97 (0.02) 1.00 (0.07) 0.98 (0.04) 0.90 (0.05) 0.99 (0.09) 0.81 (0.10) 1.01 (0.13) 1.23 (0.22) 0.00849
13 1.07 (0.04) 1.13 (0.04) 1.16 (0.04) 1.09 (0.04) 0.99 (0.05) 1.14 (0.09) 1.14 (0.25) 1.12 (0.08) 1.21 (0.13) 0.063
18 1.01 (0.06) 1.07 (0.04) 1.12 (0.02) 1.02 (0.09) 0.90 (0.05) 1.10 (0.05) 1.79 (0.05) 1.15 (0.08) 1.15 (0.08) 0.00116

Ratios are the average of four measures of each sample, corrected by the average allele ratio derived from concurrent assay of heterozygous genomic DNA.
Standard deviations are shown in parentheses. Blank cells correspond to samples that were unavailable for assay. P-values are given for Kruskal–Wallis tests of
differences in allelic expression across all assayed brain regions for each subject. P-values in bold are those that survived Bonferroni correction for 11 tests. See
Table 1 legend for key to abbreviated brain regions.

Table 3. Average AKT1 cDNA allele ratios at rs1130233 in 10 brain regions from five subjects

Subject no. DLPFC OCC TEMP PAR AMYG HIPP CER NAC CAUD SN P

4 1.09 (0.03) 1.09 (0.08) 1.12 (0.07) 1.11 (0.05) 1.21 (0.01) 0.99 (0.05) 1.24 (0.03) 1.11 (0.04) 1.05 (0.03) 0.00177
7 1.11 (0.04) 1.11 (0.04) 1.17 (0.01) 1.18 (0.04) 1.10 (0.07) 1.10 (0.11) 1.16 (0.05) 1.06 (0.06) 1.09 (0.02) 0.90 (0.11) 0.00413
8 1.07 (0.03) 0.95 (0.05) 1.04 (0.02) 1.34 (0.08) 0.94 (0.05) 1.26 (0.07) 1.42 (0.06) 1.37 (0.10) 0.00025
9 0.87 (0.12) 0.99 (0.11) 0.93 (0.05) 1.00 (0.05) 0.92 (0.09) 1.01 (0.09) 0.92 (0.15) 0.88 (0.21) 0.652
11 0.93 (0.09) 0.91 (0.05) 0.93 (0.04) 0.91 (0.02) 0.83 (0.05) 0.95 (0.03) 0.88 (0.08) 0.88 (0.03) 0.92 (0.07) 0.083

Ratios are the average of four measures of each sample, corrected by the average allele ratio derived from concurrent assay of heterozygous genomic DNA.
Standard deviations are shown in parentheses. Blank cells correspond to samples that were unavailable for assay. P-values are given for Kruskal–Wallis tests of
differences in allelic expression across all assayed brain regions for each subject. P-values in bold are those that survived Bonferroni correction for five tests. See
Table 1 legend for key to abbreviated brain regions.

Table 4. Average NOS1 cDNA allele ratios at rs1047735 in 12 brain regions from five subjects

Subject
no.

DLPFC OCC TEMP PAR AMY HIPP CER NAC CAUD SN THAL HYPO P

2 1.15
(0.05)

1.02
(0.04)

1.18
(0.23)

1.00
(0.12)

1.16
(0.05)

1.30
(0.13)

1.66
(0.20)

1.20
(0.25)

0.98
(0.02)

1.12
(0.03)

0.0021

5 1.15
(0.18)

1.11
(0.08)

1.06
(0.16)

1.01
(0.14)

1.10
(0.09)

1.04
(1.12)

0.99
(0.09)

0.88
(0.05)

0.89
(0.16)

1.01
(0.12)

1.26
(0.11)

1.36
(0.28)

0.011

11 0.77
(0.05)

0.83
(0.13)

0.78
(0.07)

0.71
(0.02)

0.81
(0.04)

0.77
(0.13)

1.18
(0.13)

0.76
(0.06)

0.85
(0.05)

0.81
(0.19)

0.68
(0.12)

0.75
(0.02)

0.026

22 1.10
(0.10)

1.03
(0.06)

0.99
(0.08)

0.95
(0.03)

0.84
(0.03)

0.58
(0.01)

0.0009

34 0.97
(0.04)

0.89
(0.01)

0.91
(0.04)

0.91
(0.03)

0.85
(0.01)

1.01
(0.03)

0.93
(0.02)

1.00
(0.04)

1.03
(0.05)

0.98
(0.03)

0.0002

Ratios are the average of four measures of each sample, corrected by the average allele ratio derived from concurrent assay of heterozygous genomic DNA.
Standard deviations are shown in parentheses. Blank cells correspond to samples that were unavailable for assay. P-values are given for Kruskal–Wallis tests of
differences in allelic expression across all assayed brain regions for each subject. P-values in bold are those that survived Bonferroni correction for five tests. See
Table 1 legend for key to abbreviated brain regions. Additional brain regions assayed for NOS1: THAL, thalamus; HYPO, hypothalamus.
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which are then differentially sampled between brain regions.
However, imprinting appears to affect only a small proportion
of human genes (22), and there is no previous evidence that
any of the five genes assayed in this study are subject to such
regulation. Recent evidence suggests that a significant pro-
portion of human genes are subject to random epigenetic
allele silencing that can persist in clonal cell lines (23).
However, this also appears an unlikely explanation for our find-
ings, since the number of sampled cells from each region would
presumably result in any purely random bias for either allele
being canceled out. Within subjects, we observed a general
consistency in which allele was over-expressed, again arguing
against a purely random mechanism. Recent studies have indi-
cated that common allelic differences in DNA methylation are
usually associated with DNA sequence variation (24,25). More-
over, there is evidence that such allele-specific methylation can
differ between tissues (25). Differences between brain regions
in the extent of methylation at variable DNA sites may there-
fore provide an alternative explanation for our findings.

In the case of ZNF804A and TCF4, we observed a general
consistency across subjects in which allele was relatively over-
expressed, suggesting either that the assayed SNPs have direct
effects on gene expression or (perhaps more likely) that they
are in linkage disequilibrium with DNA variants of that
effect. General AEI of ZNF804A in human brain tissue has
recently been reported at an exonic SNP with which ours is
likely to be in perfect linkage disequilibrium (r2 ¼ 1 in the
HapMap CEU sample), and which is itself in strong linkage
disequilibrium with the intronic SNP showing strongest
association with schizophrenia (12). It should be noted,
however, that in a comparison between heterozygotes and
homozygotes for the risk SNP, the authors found no difference
in (cortical) allelic expression, leading to the conclusion that
the risk SNP was not in itself responsible for AEI. In the
present study, we have found that allelic expression of
ZNF804A is generally pronounced in some brain regions and
very little in others. In contrast, in our assay of TCF4, we
observed similar levels of general AEI across all assayed
brain regions. However, on the individual subject level, we
found that, while there was directional AEI of TCF4 in all
brain regions, the extent of this imbalance would frequently
differ significantly (and reproducibly) between regions.
Given that there appears to be little consistency in the
region(s) showing pronounced AEI across subjects, it is

possible that there are multiple regionally sensitive regulatory
variants in TCF4, leading to individual differences. Alterna-
tively, there may be a single cis-regulatory variant with
differential effects on the many TCF4 transcripts known to
exist, which are then differentially expressed/sampled between
regions and subjects. Transcript-specific assays of allelic
expression are likely to be informative for this and other genes
assayed in the present study.

The human brain serves a wide range of functions, from
physiological homeostasis to higher cognition. While multiple
brain regions are typically recruited for any given function, it
is clear that there exists a high degree of regional specializ-
ation. The effects of cis-regulatory variation are therefore
likely to have distinct phenotypic consequences depending
on where in the brain they are manifest. Our data show that
such effects are often far more restricted than expression of
the regulated gene per se.

Our demonstration of differential allelic expression across
brain regions has important implications for studies of cis-
regulatory variation in the brain. First, it highlights the
caveat that it may not be possible to generalize findings to
brain areas that have not been assayed. Second, it suggests
that power to detect association between particular gene var-
iants and gene expression may be improved by careful match-
ing of tissue samples. Third, it shows that specific regions of
the brain where the effects of cis-regulatory variants are mani-
fest (or pronounced) can be delineated. Using such an
approach, it should therefore be possible to define brain
areas, and perhaps even cell populations, in which cis-
regulatory variants conferring susceptibility to neuropsychia-
tric disease are active.

MATERIALS AND METHODS

Brain samples

Experiments were carried out using postmortem brain tissue
from 20 unrelated Caucasian subjects obtained from the
MRC London Neurodegenerative Diseases Brain Bank. Sub-
jects comprised 12 males and 8 females with a mean age of
death of 66 years (SD ¼ 18 years). All subjects were free
from psychiatric or neurological diagnosis at the time of
death. Subjects were selected from an initial sample of
64 control individuals on the basis of heterozygosity for an

Table 5. Average TCF4 cDNA allele ratios at rs8766 in 10 brain regions from seven subjects

Subject no. DLPFC OCC TEMP PAR AMYG HIPP CER NAC CAUD SN P

4 1.26 (0.03) 1.31 (0.05) 1.35 (0.04) 1.27 (0.03) 1.31 (0.02) 1.19 (0.02) 1.34 (0.04) 1.20 (0.01) 0.00074
8 1.18 (0.02) 1.24 (0.01) 1.10 (0.03) 1.28 (0.04) 1.23 (0.03) 1.07 (0.02) 1.24 (0.03) 1.15 (0.01) 0.00022
11 1.15 (0.03) 1.21 (0.04) 1.17 (0.02) 1.06 (0.02) 1.05 (0.02) 1.14 (0.02) 1.09 (0.02) 1.09 (0.06) 1.09 (0.02) 1.21 (0.14) 0.00107
13 1.14 (0.02) 1.18 (0.02) 1.18 (0.01) 1.09 (0.05) 1.11 (0.03) 1.12 (0.04) 1.08 (0.03) 1.16 (0.04) 1.13 (0.03) 1.14 (0.02) 0.019
56 1.13 (0.05) 1.22 (0.02) 1.33 (0.03) 1.15 (0.02) 1.15 (0.05) 1.07 (0.02) 1.24 (0.05) 0.00069
57 1.10 (0.03) 1.05 (0.03) 1.09 (0.03) 1.07 (0.03) 1.13 (0.03) 1.25 (0.03) 1.08 (0.02) 1.18 (0.04) 0.0012
58 1.19 (0.02) 1.27 (0.02) 1.19 (0.01) 1.13 (0.02) 1.13 (0.02) 1.37 (0.03) 1.21 (0.04) 0.00056

Ratios are the average of four measures of each sample, corrected by the average allele ratio derived from concurrent assay of heterozygous genomic DNA.
Standard deviations are shown in parentheses. Blank cells correspond to samples that were unavailable for assay. P-values are given for Kruskal–Wallis tests of
differences in allelic expression across all assayed brain regions for each subject. P-values in bold are those that survived Bonferroni correction for seven tests. See
Table 1 legend for key to abbreviated brain regions.

4494 Human Molecular Genetics, 2010, Vol. 19, No. 22

 at N
ational Institutes of H

ealth L
ibrary on M

arch 9, 2012
http://hm

g.oxfordjournals.org/
D

ow
nloaded from

 

http://hmg.oxfordjournals.org/


expressed SNP in one or more of the five assayed genes and
availability of tissue from at least six of the selected brain
regions. Twelve discrete brain regions were selected for
study: DLPFC (BA9), occipital cortex (BA19), temporal
cortex (BA21), parietal cortex (BA40), amygdala, hippo-
campus, thalamus, hypothalamus, nucleus accumbens,
caudate, substantia nigra and cerebellum. Where available,
�100 mg tissue from each of the 12 brain areas was dissected
from one hemisphere of the frozen postmortem brain from
each subject by a trained neuropathologist (T.H.). Each
tissue sample was placed in a separate 2 ml Lysing Matrix
D tube (MP Biomedicals), homogenized in 1 ml Tri-Reagentw

solution (Ambion) using a FastPrepw-24 (MP Biomedicals)
and RNA extracted following the standard Tri-Reagent proto-
col. Total RNA was treated with Turbo DNaseTM (Ambion)
prior to RT. Absence of residual genomic DNA was confirmed
by PCR, using amplification primers designed for the allelic
expression assays, and UV visualization on agarose. Two
RT reactions were performed for each sample using �1 mg
total RNA, random decamers (Ambion) and M-MLV reverse
transcriptase (Ambion). For those subjects showing significant
regional differences in allelic expression (surviving correction
for multiple testing), a further two RT reactions were per-
formed for both the region showing the largest AEI and the
region showing the least AEI. All cDNA samples were
diluted 1/7 prior to assay of allelic expression.

Allelic expression assays

Assays of relative allelic expression required that subjects
were heterozygous for an SNP in exonic sequence, in order
to distinguish and quantify RNA transcribed from each par-
ental chromosome. Exonic SNP rs12476147 was used to
assay ZNF804A, rs10759 to assay RGS4, rs1130233 to assay
AKT1, rs1047735 to assay NOS1 and rs8766 to assay TCF4.
Assayable heterozygotes were initially identified by genotyp-
ing genomic DNA from 64 control individuals for each of
these polymorphisms. Assays of relative allelic expression
were performed for each gene on a per-subject basis, with
cDNA from all available brain regions from each subject
assayed concurrently, alongside genomic DNA from heterozy-
gous subjects and H2O negative controls, to ensure no con-
tamination which could bias allele ratios. Sequence
containing the exonic SNP was first PCR-amplified from
two RT reactions for each brain region, two heterozygous
genomic DNA samples and two negative controls. PCR
primers were based on a single exon sequence, designed to
produce the same amplicon from both cDNA and genomic
DNA (primer sequences available on request). PCR was
carried out in a total reaction volume of 12 ml, containing
1× HotStarTaqw Plus Master Mix (Qiagen), 0.3 mM primers
and 6 ml of either genomic DNA (at 4 ng/ml), cDNA prep-
aration or H2O, with 35 cycles and annealing temperatures
of between 508C and 608C. After completion, 4 ml of each
PCR reaction was electrophoresed on agarose and visualized
by UV illumination to confirm amplification and no PCR con-
tamination. PCR reactions were then incubated with 1 U
shrimp alkaline phosphatase (GE Healthcare) and 2 U Exonu-
clease I (New England Biolabs) at 378C for 45 min and then at
858C for 15 min prior to primer extension reactions. As for

PCR, primer extension reactions were carried out on the
PCR products from all brain regions from each individual con-
currently, alongside those from heterozygous genomic DNA.
Primer extension reactions were performed in a total volume
of 10 ml, containing 2 ml treated PCR product, 1.25 ml SNaP-
shotw reagent (Applied Biosystems), 5.75 ml H2O and 1 pM
extension primer (sequences available on request). Primer
extension thermocycling conditions consisted of an initial
step of 958C for 2 min, followed by 30 cycles of 958C for
5 s, 438C for 5 s and 608C for 5 s. Aliquots of 2 ml SNaPshot
reaction product were combined with 8 ml Hi-Di formamide
(Applied Biosystems) and electrophoresed on a 3130
Genetic Analyzer (Applied Biosystems). Peak heights of
allele-specific extended primers were determined using Gene-
Markerw software (SoftGenetics) and the ratio of the two peak
heights calculated for each reaction. For each plate, the
average ratio of allelic peak heights for genomic DNA was
used as a correction factor for all allele ratios, since this can
be assumed to reflect a perfect 1:1 ratio of the two alleles
and can therefore be used to correct for any inequalities in
allelic representation specific to each assay (2). The above pro-
cedure was performed twice for each sample, giving a total of
four corrected cDNA allele ratios for each brain region. For
the additional two RT reactions per region from subjects
showing significant regional differences in allelic expression
in the first analysis, the above procedure was performed four
times, giving a total of eight corrected cDNA allele ratios
for each repeated brain region.

Statistical analyses

Statistical tests were performed using SPSS 15.0. cDNA allele
ratios were initially compared between all assayed brain
regions within each subject using Kruskal–Wallis tests.
Derived P-values for each subject assay were corrected by
the number of individual tests for each gene (i.e. subjects
assayed) using Bonferroni correction. In subjects showing sig-
nificant differences in cDNA ratios between brain regions
(surviving Bonferroni correction), allele ratios from the
region originally showing the greatest AEI were compared
with those from the region originally showing the least AEI
using fresh preparations of cDNA and Mann–Whitney tests.
Differences were considered to be significantly confirmed
when the direction of allelic imbalance was the same as in
the initial assay and when P , 0.05. All tests were two-tailed.
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