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Abstract

Systematic genome-wide scans to date have shown that genes of major effect are not common causes
of schizophrenia, but independent linkage studies looking for schizophrenia susceptibility genes are
converging on a number of key chromosomal locations. Microarray expression analysis may identify
new candidate genes and pathways, and a number of intriguing preliminary findings have already been

reported.

Schizophrenia is a severe and debilitating mental disorder
characterized by profound disturbances of cognition,
emotion and social functioning. The risk of developing it in a
lifetime (the lifetime morbid risk) is surprisingly uniform, at
slightly less than 1%, across different populations and differ-
ent cultures. Family, twin and adoption studies have
revealed a substantial genetic contribution to schizophrenia;
estimates of heritability are all greater than 60%, and sib-
lings of schizophrenic people are ten times more likely than
others to be schizophrenic (that is, the sibling recurrence
risk ratio, As, is approximately 10). At present, however, the
number of susceptibility loci, the disease risk conferred by
each locus and the degree of interaction between them all
remain unknown (reviewed in [1]). Estimates based on the
recurrence risks in the relatives of individuals with schizo-
phrenia are incompatible with the existence of a single locus
of As = 3 (that is, a locus that increases the risk in siblings
threefold), but more likely to involve a number of loci of
As < 2 [2]. Despite decades of research, our understanding of
the pathophysiology of schizophrenia is little more than
rudimentary, and the evidence for genetic risk factors
remains our strongest clue to its cause. There is therefore a
compelling case for studies aimed at identifying disease sus-
ceptibility genes.

Systematic genome-wide linkage scans

To date, the majority of systematic genome-wide scans for
schizophrenia-linked genes have focused on large pedi-
grees containing multiple affected individuals. This
approach has been successful in identifying highly pene-
trant disease alleles for common disorders such as breast
cancer, non-insulin-dependent diabetes and Alzheimer’s
disease [3-5]. Unfortunately it seems that families that
clearly have segregating schizophrenia alleles with large
effects are, at best, extremely rare and quite possibly non-
existent. But several loci showing some linkage have been
reported (Figure 1). These include chromosome 22q11-12,
6p24-22, 8p22-21 and 6q [6-8]. There are also a number of
other promising areas of putative linkage. These include
13q14.1-q32 [9-12], 521-q33 [12-15], 10p15-p11 [13,16,17]
and 15q14 [18-21]. One other region that is notable for the
strength of evidence (maximum heterogeneity LOD score
of 6.5) from a single study, rather than the more important
convergence of evidence from different sources is 1q21-q22
[11]. The finding on 1q21-q22 more than meets standard
criteria for claiming ‘significant’ linkage. Early experience
in psychiatric genetics has, however, impressed the need
for replication firmly upon the minds of most researchers,
and although there have been other reports of linkage to
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Human chromosomes showing the major chromosomal regions that have been implicated in schizophrenia by linkage studies. Blue lines indicate regions
for which evidence of linkage has been found in more than one data set; red lines indicate regions for which evidence of linkage has been found with

statistical significance.

markers on chromosome 1 [15,22,23], these are distal to
1q21-q22 and it is not yet clear that these findings are con-
sistent with the existence of a single susceptibility locus on
1q. Moreover, a recent report at the 2001 World Congress
on Psychiatric Genetics in St Louis described the analysis
of 16 microsatellite markers spanning 107 centiMorgans
(cM) of 1q21-22, which were genotyped through a com-
bined sample of 779 schizophrenia families from an inter-
national linkage consortium [24]. No linkage to
schizophrenia was identified in any of the eight different
independent samples forming the consortium, suggesting
that while any schizophrenia susceptibility genes present
in this region may indeed carry a large genetic contribution
in the reported linked families [11,15,22,23], they are likely
to have only a small genetic effect in the overall population.

As an alternative to linkage based upon extended families
with several affected individuals, some groups have advo-
cated the use of smaller families with two or more affected
siblings. Such families may be more suited for the analysis of
complex traits because their analysis uses information from
only affected family members; also, being much more
common, they may also be more representative of the occur-
rence of the disease in the general population. We and col-
leagues [25] have recently reported the largest systematic
search for linkage yet published, using a sample of 196
affected sibling pairs. This study was designed to have a
power of over 0.95 to detect a susceptibility locus of As = 3
(the maximum effect size estimated by Risch [2]). None of
the findings approached statistical significance, however.
We were able to exclude susceptibility genes with an effect of



As = 3 and As = 2 from 82.8% and 48.7% of the genome,
respectively, but genes with an effect size of As = 1.5 could be
excluded from only 9.3% of the genome.

At present, therefore, the linkage literature supports predic-
tions from genetic epidemiological studies that there are
unlikely to be commonly occurring schizophrenia-suscepti-
bility loci of effect size As > 3. There is suggestive evidence
implicating a number of regions, however, which is consis-
tent with the existence of some susceptibility alleles of mod-
erate effect (As 1.5-3) and possibly also of uncommon loci of
larger effect that can be identified in specific large families
with multiple affected members.

To some, the results of linkage studies have seemed to be
disappointing, as individual studies suggesting linkage have
often not provided compelling evidence and failures to repli-
cate proposed linkages are common. Similar difficulties are
being faced for other common diseases, however [26-28].
Also, we should expect true positive linkages to be difficult to
replicate when predisposition to a disorder involves the
combined action of several genes of moderate effect [29].
Indeed, excluding Mendelian subtypes of disorders, the only
successful examples of positional cloning of a susceptibility
gene for a complex disorder are the recent identification of
NOD2 and Calpain 10 as susceptibility loci for Crohn’s
disease and type II diabetes, respectively [30-32].

The difficulties of detecting and replicating linkage for
complex disorders leave us with a major problem: how can
results be generated that are sufficiently robust to justify the
expense of large-scale efforts needed for identifying disease
alleles? One way of resolving this issue will be to study much
larger samples, say of 600-800 nuclear families, which
should be sufficient to detect susceptibility genes of moder-
ate effect size, and studies of this sort should now become a
priority. Of course, the proof that a positive linkage is correct
comes when the disease gene is identified, and a number of
groups are already attempting to identify disease genes in
candidate regions. These efforts should be encouraged by
findings on Crohn’s disease and type II diabetes [30-32] as
well as by converging evidence for linkage to several regions.

Selection of candidate genes

If genetic susceptibility to schizophrenia is entirely due to
the operation of many genes of small effect, then even
large-scale linkage studies will have difficulty identifying
such loci. As an alternative, candidate-gene association
studies offer a potentially powerful approach to identifying
susceptibility loci of small effect. A gene is typically defined
as a candidate if it is located within a chromosomal region
previously implicated by positional cloning and/or it is of
functional relevance to a neurobiological hypothesis for
schizophrenia. As there is moderate but inconclusive evidence
for many different chromosomal regions, each of which
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tends to be large (typically over 50 cM) and poorly demar-
cated, the number of potential candidate genes is
extremely large.

The situation with functionally defined candidate genes is
equally difficult. There are many neurobiological theories of
schizophrenia, dominated for many years by neuropharma-
cology, which has implicated monoamine neurotransmis-
sion, in particular the dopaminergic and serotonergic
systems. It is unclear, however, to what extent any neuro-
chemical findings reflect primary rather than secondary
pathology, compensatory mechanisms or environmental
influences, and there are alternative neurochemical and
neuropharmacological hypotheses. Consequently, it is diffi-
cult to use the neuropharmacological literature to define
with any degree of conviction a group of candidate genes
that it is both highly likely to include a true susceptibility
gene and also small enough to be comprehensively analyzed
using current laboratory techniques. Other hypotheses of
schizophrenia meet the same numerical obstacle: for
example, the view that schizophrenia is a disorder of neuro-
development (reviewed by Weinberger [33]), which is sup-
ported by some neuropathological studies [34]. The regulation
of the development and maturation of the brain is
extremely complex and poorly understood, but it certainly
involves the dynamic interplay of a large number of
genetic, environmental and stochastic factors. Thus,
despite some broad clues, the precise biological mecha-
nisms underlying putative neurodevelopmental distur-
bances remain largely speculative, which makes it difficult
to limit rational selection of candidate genes and pathways
using the neurodevelopmental hypothesis.

Microarray expression analysis

High-throughput microarray platforms are capable of
simultaneously measuring the expression of several thou-
sands of genes; this gives us the potential to identify genes
that are consistently dysregulated in tissues from subjects
with any given disease. Although such methods have huge
potential, their limitations are most apparent when they
are applied to analysis of the human brain. These limita-
tions include variation in expression as a result of poly-
morphisms in genes that are not related to the disease,
variation in the environment, variation as a consequence of
the phenotype (for example, self-neglect, drugs or nutri-
tion), variation in mRNA quality (as a result, for example,
of post mortem delay or the condition of the patient imme-
diately before death), variation in cause of death, and vari-
ation in tissue preparation. Nevertheless, highly parallel
expression studies do offer a complementary approach to
linkage studies in that they are genome-wide, have the
potential to reveal novel molecular mechanisms that con-
tribute to disease, and can provide an alternative source of
candidate genes derived without regard to our preconcep-
tions of disease mechanisms.




4 Genome Biology Vol 3 No4 Williams et al.

To date, two independent studies have used microarray
mRNA expression profiling to assess expression levels in
schizophrenic people relative to controls. Both focused on
the dorsolateral prefrontal cortex (DLPC), an area of the
brain that has been implicated in cognitive disturbances in
schizophrenia. Hakak et al. [35] assayed the expression
levels of over 6,000 genes in the DPLC in 12 schizophrenics
and matched controls. Hakak et al. [35] also applied a
method of hierarchical clustering to the expression data in
order to identify groups of genes that have similar expres-
sion profiles and found 89 genes that were differentially
expressed; these are involved in a wide range of biological
functions, including synaptic plasticity, neuronal develop-
ment, neurotransmission and signal transduction. The most
striking finding was the transcriptional downregulation in
schizophrenic patients of six different genes (those encod-
ing T-cell differentiation protein, 2°,3'-cyclic nucleotide
3’ phosphodiesterase, myelin-associated  glycoprotein,
transferrin, gelsolin and the epidermal growth factor recep-
tor ErbB-3), all of which have been reported to be strongly
expressed in oligodendrocytes and implicated in the forma-
tion of myelin sheaths. Oligodendrocytes are known to
increase the rate of conduction through neurons by sheath-
ing them with myelin and they also provide extrinsic
trophic factors that promote neuronal maturation and sur-
vival of axons. The downregulation of these six genes in
schizophrenia led the authors [35] to propose that some of
the brain abnormalities in schizophrenia that have been
reported by neuropathology and neuro-imaging studies
may be a consequence of abnormal myelination and/or
oligodendrocyte function.

The study by Mirnics et al. [36] examined the expression of
over 7,800 genes in the DLPC in six schizophrenic patients
and six controls. They reported two main findings. First, all
patients studied had alterations in the expression of a
number of genes related to presynaptic secretory function.
The combination of such genes with reduced expression
was different in each schizophrenic person studied, imply-
ing that the gene expression pattern is more complex than
the more uniform reduced expression of the myelin-related
genes reported by Hakak et al. [35]. Second, Mirnics et al.
[36] identified reduced expression of the gene encoding the
regulator of G-protein signaling 4 (RGS4) [37], one of a
group of proteins that modulate the duration of response of
G-protein coupled receptors after binding to their specific
ligands. There was no overall change in the expression of
the other genes (over 200) studied from the G-protein-
signaling group, however.

At first glance, it may appear the two microarray studies are
inconsistent. Like Mirnics et al. [36], however, Hakak et al.
[35] also identified changes in the expression levels of some
genes involved in presynaptic secretory function. Also, the
two studies used different types of microarray, with a very
imperfect overlap between the genes that were represented.

For example, the array used by Mirnics et al. [36,37] con-
tained probes for only one of the six myelination genes iden-
tified by Hakak et al. [35]. Conversely, the majority of the
most significantly affected presynaptic function genes iden-
tified by Mirnics et al. [36,37] were not represented on the
microarray platform used by the other group [35]. We will
therefore know how much weight we can place on these find-
ings only when they are replicated in independent samples
using the same microarray platforms. Although this does not
prove the myelination/oligodendrocyte hypothesis, it is at
least very encouraging that the data of Hakak’s group can be
replicated.

In conclusion, positive signals from independent linkage
studies are beginning to converge on similar chromosomal
locations, so we can be optimistic concerning that some
genes of moderate effect will be found in some of these
regions. These regions are large, however, and contain large
numbers of candidate genes. It is possible that new genes
and pathways might be implicated by emerging transcrip-
tomic approaches. Some of the gene expression changes
identified in this way may be a result of environmental
factors, chance, or other confounding variables associated
with post mortem studies of brains. Nevertheless, combining
the two hypothesis-independent approaches - linkage and
gene expression profiling - may simplify the process of
moving from putative linkage to gene identification. For
example, RGS4, which was implicated in schizophrenia by
expression studies [36], maps to 1q21-22, a region that has
been implicated in schizophrenia by linkage [11]; it is there-
fore an outstanding candidate gene for schizophrenia. But
just as chance dictates that every large linkage region con-
tains at least one apparently ‘good’ candidate gene on the
basis of function that in fact turns out to be a false positive,
so, given the number of putative linkages for schizophrenia
and their combined physical size, similar coincidences will
no doubt apply to candidate genes found on the basis of their
altered expression.
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