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Objective: The authors previously re-
ported two families (pedigrees 324 and
5501) in which Darier’s disease—a rare,
autosomal dominant skin disease—and
bipolar disorder cosegregate. In each of
these families there is complete cosegre-
gation of mood disorder with a segment
of chromosome 12q23-q24, consistent
with the existence of a highly penetrant
dominant variant. Here molecular genetic
analyses aimed at localizing and identify-
ing the susceptibility gene in this region
are reported.

Method: In the two families, the authors
undertook 1) linkage and haplotype stud-
ies using 45 highly polymorphic molecu-
lar genetic markers in order to delineate
the region of interest and 2) direct analy-
sis of genes within this region.

Results: Linkage and haplotype informa-
tion from the most severely affected indi-

viduals defined a region of interest that
spanned two neighboring regions of 19
megabases (Mb) (D12S362-D1251646)
and 7 Mb (D12S1718-D12S837). Informa-
tion from all individuals refined the re-
gion of interest to 6.5 Mb (D12S127-
D12S1646). Systematic study of the cod-
ing and flanking intronic regions of 25
known genes within this latter region
failed to identify any highly penetrant au-
tosomal dominant disease-conferring
mutations in these pedigrees.

Conclusions: This linkage and haplotype
analysis, together with data from several
other linkage studies, provides compel-
ling evidence for the existence in the
12923-924 region of one or more genes
involved in the pathogenesis of bipolar
disorder. Further molecular genetic analy-
sis of this region is required to identify the
gene(s).

(Am J Psychiatry 2005; 162:35-42)

Tlere is convincing evidence from family, twin, and
adoption studies for the importance of genes in deter-
mining susceptibility to bipolar disorder (1-3). The rela-
tive recurrence risk (compared with population risk) for
narrowly defined illness (DSM-IV bipolar I disorder) in
siblings of a proband, As, is approximately 8. The monozy-
gotic probandwise concordance rate is approximately
60% (AMmz=60), compared with a dizygotic recurrence risk
that is similar to that for siblings (Apz=8) (4, 5). Within the
families of bipolar probands there is a higher than average
rate of unipolar depressive disorders (6), indicating that
bipolar susceptibility genes can be expressed in a broad
spectrum of mood phenotypes. To explain the inheritance
of bipolar disorder within the general population, it is nec-
essary to invoke interacting (epistatic) oligo-genes or
more complex genetic models (7). However, there have
been relatively rare descriptions of families in which in-
heritance is consistent with the segregation of alleles of
major effect (e.g., references 8-11). We have previously de-
scribed two such families in which there is cosegregation
of Darier’s disease (a rare, autosomal dominant skin dis-
ease) and major affective disorder: pedigree 324 (12) and
pedigree 5501 (13). The Darier’s disease gene was mapped
to the 12q23-q24.1 region (14, 15). The cosegregation in
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pedigrees 324 and 5501 is consistent with genetic linkage
between the Darier’s disease gene and a gene that, in these
families, confers risk for major mood disorders according
to a highly penetrant, autosomal dominant mode of inher-
itance. The presence of a susceptibility gene for mood dis-
orders in the 12q23-q24 region is supported by linkage
studies of bipolar disorder (11, 16-21) and of recurrent
major depression (22, 23), an observation consistent with
the hypothesis that at least some susceptibility genes con-
tribute to both disorders. As is often the case for complex
genetic disorders, the linkage signals span a region of sev-
eral tens of centimorgans.

The locus causing Darier’s disease has been identified as
ATP2A2, which encodes a sarcoplasmic/endoplasmic
reticulum calcium-ATPase, SERCA2 (24). One hypothesis
that deserves consideration is that in these two pedigrees
bipolar disorder could be due to pleiotropic effects of mu-
tations in ATP2A2 (12). This possibility finds some support
from our observation of three individuals with both
Darier’s disease and bipolar-spectrum mood disorder who
had mutations in the same domain of ATP2A2 (25). How-
ever, against this are 1) a lack of evidence demonstrating a
population-level association between bipolar disorder
and Darier’s disease, 2) incomplete cosegregation of bipo-
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FIGURE 1. Mood Disorders in a Family With Cosegregating
Mood Disorders and Darier’s Disease (Pedigree 324)2
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major depressive disorder (N=1).

lar disorder and Darier’s disease in pedigree 5501 (13),
demonstrating that the Darier mutation in this family is
not on its own sufficient to cause bipolar disorder, and
3) our failure to identify ATP2A2 mutations in bipolar indi-
viduals from families showing greater allele sharing at this
chromosomal region (26). Thus, the current data suggest
that the observed cosegregation is the result of linkage
rather than pleiotropy. This is the hypothesis underpin-
ning the current study, in which we 1) delineated the
12923-q24 region most likely to harbor a bipolar suscepti-
bility gene and 2) systematically studied 25 known, anno-
tated genes within the narrowest region of interest in order
to search for mutations that confer risk of bipolar disorder
according to a highly penetrant autosomal dominant
model in these families.

Method

All subjects in these studies were Caucasians of European ori-
gin. All provided written informed consent to participate. Ethical
approval was obtained from relevant ethical review committees.

Descriptions of pedigrees 324 and 5501 follow. Other than co-
occurrence of Darier’s disease, no unusual clinical characteristics
of mood disorders have been experienced by the members of
these pedigrees.

Pedigree 324

All members were interviewed by using the Schedule for Affec-
tive Disorders and Schizophrenia—Lifetime Version (27), and
case notes were obtained. Lifetime best-estimate psychiatric di-
agnoses were made without knowledge of dermatological diag-
noses. A detailed description of this pedigree has been given pre-
viously (12). During follow-up one individual was identified as
having mild (subclinical) features of Darier’s disease (28)—about
which the individual had never been aware—and subsequently
developed severe affective illness meeting the DSM-1V criteria for
major depressive disorder. The pedigree structure and psychiatric
diagnoses are shown in Figure 1.

Pedigree 5501

A modified version of the Schedules for Clinical Assessment in
Neuropsychiatry (29) was used to assess the members of this fam-
ily, and two independent clinicians made best-estimate lifetime
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FIGURE 2. Mood Disorders in a Family With Cosegregating
Mood Disorders and Darier’s Disease (Pedigree 5501)2
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(N=3), bipolar Il disorder (N=2), bipolar disorder not otherwise
specified (N=1), recurrent major depressive disorder (N=1), single
episode of major depressive disorder (N=1), depressive disorder not
otherwise specified (N=1), adjustment disorder with depressed
mood (N=1).
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consensus diagnoses according to DSM-IV. The pedigree has
been described in detail elsewhere (13); the pedigree structure
and psychiatric diagnoses are shown in Figure 2.

Haplotype Analysis

Selection of markers. Microsatellite markers across the region
were drawn from publicly accessible databases. Primers were de-
signed by using Primer 3 (http://frodo.wi.mit.edu/cgi-bin/
primer3/primer3_www.cgi). Details of these markers are avail-
able on request from the authors. Genetic distances were taken
from the Marshfield map (http://research.marshfieldclinic.org/
genetics/Map_Markers/maps/IndexMapFrames.html), and
physical distances were taken from the Golden Path (November
2002 freeze, http://genome.ucsc.edu/cgi-bin/hgGateway).

Genotyping. DNA was extracted from whole blood according to
routine procedures. Microsatellite markers were analyzed on an
ABI 377 sequencer (Applied Biosystems, Foster City, Calif.) with
GeneScan version 3.1 (Applied Biosystems).

Haplotype and linkage analysis. SIMWALK version 2.83 (30)
as implemented at the U.K. Medical Research Council Human
Genome Mapping Project Computing Centre (http://www.rfcgr.
mrc.ac.uk/Registered/Menu/link-gen.html) was used for data
cleaning and maximum likelihood estimation of microsatellite
haplotypes unconstrained by phenotypic data. Multiple program
runs were performed to confirm the stability and robustness of
haplotype assignment. The patterns of haplotype transmission
were then examined to determine the haplotypes shared by af-
fected individuals and not shared by unaffected individuals
within each family. This was undertaken under each of two
phenotypic models.

1. Individuals with mood disorders were designated “af-
fected,” and those without mood disorders were “unaf-
fected.” This defined a “narrowest region of interest.”

2. Individuals with bipolar I or bipolar II disorder were con-
sidered “affected,” but all others were treated as “un-
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FIGURE 3. Haplotypes of Two Families With Cosegregating Mood Disorders and Darier’s Disease (Pedigrees 5501 and 324)
Based on Microsatellite Markers on Chromosome 12q23-q24.12
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tion lies.

known.” As this classification uses information from only
the individuals with the most narrowly defined affection,
we believe that this model defines a more conservative “full
region of interest.”

Multipoint parametric linkage analysis was performed by using
GENEHUNTER 2.0 (31) under an autosomal dominant model ac-
cording to each of the two phenotype models. The disease allele
frequency was set at 1%, and the phenocopy rate was set at 10%.

Selection of genes for screening. A transcript map across the
region we identified as the “narrowest region of interest” was gen-
erated by using Ensembl (http://www.ensembl.org/) and the
Golden Path (http://genome.ucsc.edu/cgi-bin/hgGateway) and
by applying the coding exons prediction package NIX (http://
www.hgmp.mrc.ac.uk/Registered/Webapp/nix/) to PAC/BAC se-
quences located within the same region. The priority for screening
the known and predicted genes was decided according to the level
of certainty and knowledge about the predicted gene. Here we re-
port an analysis of 25 sequences for which there is unambiguous
experimental evidence confirming their status as human genes.

Mutation detection methods. We undertook mutation detec-
tion using one core affected individual (with bipolar I disorder)
from each pedigree and an unaffected comparison family mem-
ber. The primers were designed to screen all exons and at least 40
base pairs (bp) of flanking introns by aligning the cDNA se-
quences from Genbank (http://www.ncbi.nlm.nih.gov/Gen-
bank/GenbankOverview.html) with the corresponding genomic
BAC/PAC clones.
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Polymerase chain reaction (PCR) was carried out under stan-
dard conditions. Sequence variations were detected by using a
denaturing high-performance liquid chromatography (DHPLC)
system and a DNASep column (Transgenomic, San Jose, Calif.) as
described previously (32). Optimal temperatures for the analysis
were selected by using DHPLCMelt (http://insertion.stanford.
edu/melt.html), with an extra run at 2°C above the highest rec-
ommended temperature (32). Samples showing heteroduplexes
were sequenced by using dichlororhodamine dye terminator
chemistry on an ABI 377 sequencer (Applied Biosystems, Foster
City, Calif.). Single nucleotide polymorphisms were identified by
comparison of electropherograms and/or by using the PolyPhred
computer program (33).

For sequence variants identified in an affected pedigree mem-
ber, evidence for cosegregation (under the “narrowest region of in-
terest” model) within that family was sought. If there was no co-
segregation, the investigation was not taken further. Where
cosegregation was seen, a set of unaffected, unrelated white U.K.
blood donors of European origin were genotyped by an appropri-
ate PCR-based assay to determine whether the minor allele fre-
quency was compatible with the hypothesis of a rare, disease-con-
ferring mutation specific to one or both of pedigrees 324 and 5501.

Results

Haplotype and Linkage Analyses

A total of 45 microsatellite markers spanning a 75-centi-
morgan (cM), or 47-megabase (Mb), region from D12581
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FIGURE 4. Linkage Analysis Across Chromosome 12q for Two Families With Cosegregating Mood Disorders and Darier’s

Disease (Pedigrees 324 and 5501)2
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a Multipoint parametric linkage analysis used microsatellite markers from D1251593 to D1251638 as described in the text. The blue curve
shows results under the phenotype model that uses information from all affected and unaffected individuals. The maximum lod score is 4.77
across the interval D12S1127 to D1251646 (which includes ATP2A2), identified as the narrowest critical region in our haplotype studies (see
text and Figure 3). The purple curve shows the results under the phenotype model that uses information only from those affected by the core
bipolar phenotype. The maximum lod score is 1.47 across two intervals that are consistent with the full region of interest identified by the

haplotype analysis (see text and Figure 3).
b With the location of D1251593 set at zero.

to D1251638 were typed. Figure 3 shows the haplotypes in
the key individuals that delineate the regions of interest.
Figure 4 shows the linkage results.

Pedigree 324. In investigating the narrowest region of
interest it was found that a haplotype spanning 11 cM (9.7
Mb) was shared by all individuals with mood disorders and
none of those who were unaffected. The haplotype was
bounded by D12S1597 proximally and D12S369 distally.

For the full region of interest, the “affected” haplotype
extended across the complete region examined.

Pedigree 5501. In regard to the narrowest region of in-
terest, a haplotype spanning 5 cM (6.5 Mb) was shared by
all individuals with mood disorders and none of those who
were unaffected. The haplotype was bounded by D1251127
proximally and D12S1646 distally.

For the full region of interest, the “affected” haplotype
in the individuals with bipolar I and II disorders was
broader, falling into two regions: D12S362 to D12S1646
(19 Mb) and D12S1718 to D12S837 (7 Mb).

Both the narrow and full regions of interest in pedigree
5501 lay within the respective regions in pedigree 324. It
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can be seen from Figure 3 and Figure 4 that the haplotype
results were consistent with the linkage results.

Gene Screening

We screened a total of 93,740 bp of genomic DNA, of
which 42,022 bp was coding sequence and 51,718 bp
corresponded to adjacent noncoding regions. We identi-
fied 48 variants (Table 1). We also identified a 4-bp dele-
tion within noncoding sequence in OAS3 and a variable-
number tandem decameric repeat in the gene P-selectin
glycoprotein ligand 1, or SELPG, previously described by
Afshar-Kharghan et al. (34). All of the sequence variants
detected and described here either did not segregate with
disease within these pedigrees or were shown to be com-
mon polymorphisms.

Discussion

We undertook molecular genetic studies of two pedigrees
in which Darier’s disease and major affective disorder coseg-
regate, in order to delineate the region of chromosome
12g23-q24 most likely to contain a susceptibility gene for bi-
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TABLE 1. Sequence Variants Identified in Candidate Genes for Bipolar Disorder on Chromosome 12¢g23-q24.12

Total Number of Single Nucleotide Polymorphism SNP
Gene Accession Number Base Pairs Screened (SNP) Nomenclature Consortium ID
Fln 29 NM_006700 3836 822(C>T) rs7970397
1749+45(A>G) —
HCRNN4 NM_014325 3307 1-43(T>C) rs3741782
1402-81(insT) —
HYPE NM_007076 2890 1-88(C>A)P —
LHX5 NM_022363 3217 972(A>G) —
LNK NM_005475 2621 784(T>C) rs3184504
MYL2 NM_000432 1489 132(T>Q) rs2302620
274-57(G>T) rs3071629
MVK NM_000431 2959 155(G>A) rs7957619
405(G>A) —
OAS1 NM_016816 3690 133892(C>G) rs1015542
484(A>G) rs1131454
1039-1(G>A) —
1054(A>G) rs1131476
1082(C>G) rs1051042
OAS2 M87434/NM_016817 5370 628-45(C>A) rs1293756
750(G>0) —
753(T>A) rs1293755
1169+14(T>() rs2072137
1469-101(C>G) rs2240185
1656+13(T>C) rs929291
1895+20(G>A) rs1293746
2159(G>A) rs15895
nt2764(del1) —
nt2768(del1) —
OAS3 NM_006187 6217 1314(C/T) rs2285932
1702(G>A) rs2072136
2539(C>T) rs2240188
2690-42(A>C) rs1557866
OTRPC4 NM_021625 4365 670(A>C) rs3825394
1584+18(G>(C) —
2034(C>T) rs3742037
Rabphilin 3A NM_014954 5582 884-13(C>T) rs2891411
1464(T>C) —
Sart 3 NM_014706 7452 108(G>A) rs1063936
313-38(C>T) rs2052423
907-51(G>A) rs7133076
1063-78(G>A) rs2287551
1201+62(G>T) rs2287550
1670+77(G>A) rs2287549
1884(C>T) rs1549096
2524-4(A>G) —
26671(A>G) rs2303633
UNG NM_003362 2374 132+346(G>A) rs 3219207
802-48(A>T) rs 2878959

@ All numbering of nucleotides refers to the cDNA sequence from the first nucleotide of the ATG translation initiation codon. In addition to
these 14 genes, SELPG (P-selectin glycoprotein ligand 1) was found to contain a variable number tandem repeat polymorphism and the fol-
lowing 10 genes were screened but not found to contain a variant: ALDH2, BRAP2, ERP28, FLJ14827, FLJ22233, KIAA1298, MAPKAPKS5, RPL6,

SCA2, SDS.
b Numbered from the first nucleotide of the cDNA sequence.

polar spectrum illness. In each pedigree the pattern of in-
heritance of mood disorder was consistent with a major
gene model. This is certainly not the usual pattern of inher-
itance of bipolar disorder (35), and therefore it is important
to clarify explicitly the assumptions that underpin the ap-
proach we took. We assumed that in each pedigree, a variant
exists that acts as a highly penetrant autosomal dominant
mutation and that the pathogenic variant(s) (which might
be different in the two pedigrees) is rare because otherwise
such pedigrees would be common in the population.

If we assume that all individuals with any mood disorder
in each family carry the susceptibility variant and that
those without such a diagnosis do not (in formal genetic
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terms, this is a completely penetrant autosomal dominant
model without phenocopies), then our linkage and haplo-
type analyses are consistent in identifying a narrowest re-
gion of interest of 5 cM (6.5 Mb) (Figure 3 and Figure 4). Al-
ternatively, if we focus on the most clear-cut bipolar cases
(i.e., core bipolar phenotype) and exclude unaffected sub-
jects from the analyses to allow for reduced penetrance,
our analyses are consistent in identifying a broader “full re-
gion of interest” that spans 36 cM (26 Mb) (Figure 3 and
Figure 4). The narrowest region of interest can be consid-
ered as our most likely location for harboring the suscepti-
bility variant operating in these pedigrees and, therefore,
was the priority segment in which we focused the intensive
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FIGURE 5. Schematic Representation of Genetic Linkage Findings in Mood Disorder Across a Region of Interest on Chromo-
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b Details of this result have not been published, and the finding was reported in a chromosome workshop report.

direct gene analysis. The full region defines the boundaries
outside of which it is very unlikely that a susceptibility vari-
ant of major effect operates in these pedigrees.

As in all genetic studies, our power to refine the location
of susceptibility loci is limited by the number of subjects
(i.e., the number of informative meioses within our two
pedigrees). Improved localization could be achieved if
other, preferably large, families demonstrating linkage in
this region can be identified and studied with similar
approaches.

As mentioned in the introduction, several other groups
have reported evidence supporting linkage of bipolar dis-
order susceptibility to chromosome 12q23-q24. Which of
these findings are compatible with our regions of interest,
and what is added by our data? Figure 5 shows schemati-
cally our findings and the other positive reports across this
region. It is well known that in complex diseases the local-
ization of susceptibility genes is poor, with signals often
being tens of centimorgans away from the true locus and
regions of positive linkage being broad (36). On this basis,
the localization provided by haplotype analysis in our
pedigrees consolidates the linkage findings reported by
Dawson et al. (16), Ekholm et al. (20), Morissette and col-
leagues (11), Ewald et al. (9), Curtis et al. (18), and Maziade
etal. (21), which all yield evidence either inside or within a
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few centimorgans of our region. Further, the recent ge-
nome scan meta-analysis for bipolar disorder that used
the ranking method identified the 12q23 region (i.e., the
proximal part of our region of interest) as one of 23 “bins”
(out of a total of 120) that achieved nominal statistical sig-
nificance under at least one model (37). Indeed, our data
together with these other findings strongly suggest the
presence of at least one susceptibility gene for bipolar dis-
order within the 26-Mb full region of interest. However,
the telomeric localization by linkage disequilibrium re-
ported by Degn et al. (19) lies outside our core phenotype
region, raising the possibility that an additional mood dis-
order susceptibility gene resides within the distal 12q24
region. This possibility may represent the human counter-
part of the observation in animal studies that multiple
quantitative trait loci may be responsible for linkage peaks
in genome scans (e.g., reference 38). It is of particular in-
terest that the linkage signals in the recent genome scans
for unipolar depression (22, 23) overlap with, and lie at the
centromeric end of, our full region of interest. This sug-
gests that genetic variation in this region may influence
susceptibility to both bipolar and unipolar forms of major
affective disorder. Our own pedigrees are fully consistent
with this possibility in that both include unipolar as well
as bipolar cases.

Am | Psychiatry 162:1, January 2005



We focused our direct gene analysis on the narrowest re-
gion of interest. Within the context of our hypotheses and
methods, we can exclude the sequences we examined
from harboring a major susceptibility mutation in the two
pedigrees examined. There are a number of caveats with
regard to these results. First, we examined only the most
well-characterized genes in the narrowest region of inter-
est. These data will inform the search by other research
groups, but it is important to recognize that additional se-
quences in the region remain to be studied. Second, we
need to consider the adequacy of our mutation detection
method. The genes were screened by denaturing high-
performance liquid chromatography, which has been
proven to be a sensitive method of mutation detection
with nearly 100% detection efficiency when used with
both the recommended DNA strand melting temperature
(RTm) and RTm+2°C (32, 39). We can, thus, be confident
that we are unlikely to have failed to detect heterozygous
variants within the DNA sequence investigated. Third, we
did not systematically examine regions that may regulate
gene expression. Our rationale was that with the existing
state of annotation of the genome, it is impossible to sys-
tematically identify all important regulatory elements,
and at any rate, mutations in exons dominate the muta-
tion profile of alleles of major effect. Fourth, these genes
have been excluded only under our initial model hypothe-
sizing a highly penetrant dominant mode of inheritance. It
is possible that there is a more complex mode of inherit-
ance contributing to bipolar disorder within these pedi-
grees, and indeed, that is the rationale for using a more re-
laxed genetic model to define the broader, full region of
interest. Exclusion of variants under such a model requires
a different strategy involving systematic examination of
large groups of cases and comparison subjects to seek ei-
ther linkage disequilibrium, in the case of common dis-
ease variants, or multiple rare disease-associated variants.
Therefore, while we are continuing to investigate pre-
dicted and partially identified genes within the narrowest
region of interest according to the highly penetrant domi-
nant model, as a complementary strategy we are under-
taking systematic linkage disequilibrium analysis in out-
bred study groups, combined with direct analysis of
specific candidate genes of high prior interest.
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