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SYNOPSIS
Efforts to unlock the biology of major depressive disorder (MDD) are proceeding on multiple fronts.
In this article, we review our current understanding of epidemiologic evidence for a heritable
component to MDD risk, as well as recent advances in linkage, candidate gene, and genome-wide
association analyses of MDD and related disease subtypes and endophenotypes. While monoamine
signaling has preoccupied the bulk of scientific investigation to date, non-traditional gene candidates
such as PCLO and GRM7 are now emerging and beginning to change the landscape for future human
and animal research on depression.
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INTRODUCTION
Over the course of a lifetime, major depressive disorder (MDD) afflicts one in six individuals
in the general U.S. population1, women twice as often as men2, and is the leading cause of
disability among adults younger than 45 years of age3. MDD is characterized by dysphoria
and/or anhedonia plus several additional symptoms for diagnosis which may include: changes
in sleep/appetite, excessive feelings of guilt or worthlessness, anergia, psychomotor slowing,
impaired ability to think, and, in more severe cases, suicidality. The DSM-IV further defines
MDD as the presence of at least one two-week depressive episode and excludes cases in which
bipolar disorder, substances, or a general medical condition is etiologic4.

The pathophysiology of MDD remains a mystery almost half a century since Joseph
Schildkraut first proposed the monoamine hypothesis of depression 5, which followed the twin
serendipitous discoveries of the therapeutic benefits of iproniazid (an antimycobacterial with
inhibitory effects on monoamine oxidase)6 and imipramine (a failed antipsychotic which came
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to represent a new class of drugs known as tricyclic antidepressants)7. Despite the compelling
nature of this disease model, to date, no DNA variants in monoamine synthesis or signaling
genes have been consistently linked to the etiology of affective disorders8. This review explores
current efforts in gene discovery and alternative hypothesis generation for unipolar depression.

EPIDEMIOLOGY AND MDD SUBTYPES
Family studies demonstrate that first-degree relatives of MDD probands have a relative risk
for MDD of 2.8 over the general population risk9. This number is further increased to between
3.0 and 8.0 for recurrent early-onset depression (MDD-REO)10. Recurrence of depressive
episodes and earlier age-of-onset have been the two clinical features that have shown the most
consistent ability to predict greater familial aggregation, though it has been observed that the
relative risk estimates quoted for MDD-REO are derived from family studies and not large
population-based analyses11. The most optimal age at which to define a cut-off for ‘early-
onset’ is also unclear, but, in the GenRED (Genetics of Recurrent Early-onset Depression)
project, the largest MDD-REO genetic study effort to date, Levinson et al used a cut-off of 30
years. The argument for a genetic contribution to MDD comes from twin studies which estimate
an overall heritability of 37–43% despite a lack of biologic markers and our reliance on an
imperfect set of syndromal criteria for diagnosis9. While less heritable than schizophrenia and
bipolar affective disorder, this estimate is similar to that described for type 2 diabetes
mellitus12, a complex trait for which a number of risk loci have been successfully
identified13.

There are multiple DSM-defined specifiers elaborating a range of clinical subtypes of MDD.
These include: severe MDD with psychotic features, melancholic depression, atypical
depression, and depression with postpartum onset. Dysthymic disorder, a frequently more
chronic MDD-spectrum disorder, albeit with a lower symptom burden, is also clinically
recognized. Finally, there is a growing awareness of “anxious depression” as an MDD variant
—but, as yet, no consistent or formalized definition for this clinical construct14.

The need for such varied specifiers and nosologic exclusions highlights the extraordinary
clinical heterogeneity of depression—a heterogeneity which also represents one of the great
stumbling blocks in epidemiologic and genetic studies of MDD. Most research efforts have
focused on non-psychotic depression. Meanwhile, subtypes, such as melancholic and atypical
depression, though generally not excluded from MDD studies, have received less individual
attention than the construct of MDD as a whole.

Melancholic depression appears to represent a more severe variant of MDD as patients’ loss
of pleasure more closely approaches absolute anhedonia and neurovegetative symptoms take
on greater intensity. A twin study of melancholic depression concluded that melancholic and
non-melancholic depression demonstrated quantitative (e.g., higher concordance rates of MDD
in melancholic co-twins compared to non-melancholic co-twins) but not qualitative
differences, suggesting shared rather than disparate etiologic mechanisms15.

Atypical depression is characterized by hypersomnia, hyperphagia, and mood reactivity (e.g.,
brightening in response to positive events). Atypical criteria also include ‘leaden paralysis’ in
the limbs and long-standing patterns of ‘interpersonal rejection sensitivity’—symptoms which
are inherently more difficult to standardize or objectively measure. Despite the possible
presence of mood reactivity, it is not necessarily the case that atypical depression represents a
‘milder’ form of MDD: Atypical depression shows greater chronicity, has higher comorbidity
with anxiety disorders and Cluster B and C personalities, displays an earlier age of onset, and
has a greater propensity to include females16.
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Postpartum depression, or depression occurring in the first four weeks after childbirth, is a
specialized case of major depression and may lie on a continuum with postpartum blues (a non-
DSM-defined syndrome where full criteria for a major depressive episode are not met) as well
as with antepartum depression. There are suggestions of a familial component to both perinatal
and postpartum depression (stronger for postpartum depression) in an analysis of the GenRED
sample17 but, with the limited number of perinatal depression cases in that study, it was not
possible to determine if this was due to genetic factors distinct from those responsible for major
depression in women more generally. The GenRED sample was also not specifically collected
for the purpose of examining questions about perinatal depression, and the authors rightly point
out that recall bias and cohort effects cannot be ruled out. As we were unable to locate any
major genetic studies of postpartum depression, this topic is not further discussed in this review.
Postpartum psychosis, believed to be more closely associated with bipolar disorder than
MDD18, is also not discussed here.

Dysthymic disorder, or the presence of two years of depressive symptoms which are
subthreshold for an episode, has received comparatively less attention than has MDD. By
DSM-IV criteria, dysthymic disorder is not mutually exclusive with MDD if a major depressive
episode occurs after the first 2 years of dysthymia or remits two months prior to the onset of
dysthymia. These idiosyncratic timing requirements, however, complicate the ability of
research groups to collect accurate data and properly classify research participants whose recall
of the chronology of past episodes may be imprecise.

The issue of anxious depression raises questions about whether it is more useful to utilize
syndromal or subsyndromal criteria for anxiety and depression, and whether these clinical
components have common etiologic mechanisms or it is more appropriate to treat them as
separate entities14. DSM-IV preliminarily outlines a set of research criteria for “mixed anxiety-
depressive disorder” (MADD) which effectively hybridizes symptom checklists for MDD and
generalized anxiety disorder (GAD)4. There are conflicting reports about the prevalence of
MADD, its longitudinal stability, and, therefore, its diagnostic validity19, 20, and further
revision to clinical criteria for anxious depression will likely be necessary. There does appear
to be a difference in treatment outcomes, however; Fava et al found that 53% of the MDD cases
in the Sequenced Treatment Alternatives to Relieve Depression (STAR*D) study were
anxious- depressed, and that remission was less likely and took longer to be achieved in this
subset21. Of note, Fava et al did not use DSM-IV-defined research criteria for MADD, but
instead defined a cut-off for anxious depression using the anxiety-somatization factor of the
Hamilton Rating Scale for Depression. Whether these poorer outcomes stem from quantitative
or qualitative differences between anxious and non-anxious depression is not yet known.
Currently, there are few published genetic studies on shared genetic risk factors between
anxiety and depression. A recent review22 finds that, while the evidence for common genetic
etiologies is mixed in family studies, that from twin studies is more consistently supportive.
Factor analyses demonstrate a particularly strong correlation between MDD and GAD, and
suggest this may be mediated by shared personality traits that may represent more optimal
phenotypes for identifying relevant genes. One such personality trait, neuroticism, is discussed
further below.

ENDOPHENOTYPES
An endophenotype is a trait that is intermediate between genotype and disease, not necessarily
beholden to the diagnostic criteria for a single illness, but a construct whose purpose is to help
simplify our understanding of otherwise complex or heterogeneous disorders. As outlined by
Gottesman and Gould23, an endophenotype can be “[neuro]physiologic[al], biochemical,
endocrinological, [neuro]anatomical, cognitive, or [neuro]psychological.” They further
propose that an endophenotype should: (1) be “associated with illness in a population”; (2) be
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heritable; (3) manifest, when inherited, regardless of the presence/absence of the full syndromic
condition; (4) co-segregate with illness in families; and (5) be found in affected and unaffected
family members or probands “at higher rate[s] than in the general population.”

Perhaps one of the best studied endophenotypes related to MDD is neuroticism, a construct
first introduced by Eysenck to describe a high-order personality factor associated with
“dysphoria, anxiety, tension, and emotional reactivity.”24 Approximately 55% of MDD’s
genetic risk may be shared with neuroticism25, and, indeed, a number of the linkage studies
we summarize below utilized neuroticism as the study phenotype. Hasler et al26 raise some
concerns about insufficient reduction of complexity substituting MDD with neuroticism, and,
in an elegant outline of alternative MDD endophenotypes, mention other possibilities such as
tryptophan depletion, the dexamethasone suppression test, and neuroimaging—though these
run into limitations of their own (typically related to ease of high-throughput administration
and cost). Many of these alternatives, unfortunately, also have not yet received sufficient
epidemiologic examination and validation.

LINKAGE STUDIES
Linkage studies are genetic analyses of pedigrees and are well-suited for studying disorders
with a clear pattern of Mendelian inheritance and disorders driven by genes of large effect.
While neither of these conditions is likely to operate in depression, the discovery and definition
of a rare familial variant would still accelerate the development of greater insight into etiologic
mechanisms. There have been few reports of notable pedigrees segregating an identifiably
high-penetrance syndrome involving depression27, 28, and even then, these have typically
demonstrated additional psychiatric disorders other than MDD in members of the same family.
A comprehensive summary of MDD linkage studies was recently published24 and will not be
repeated here. Summarized in this previous review were four linkage studies of three MDD
samples which utilized a range of phenotypes from MDD to MDD-REO, with/without anxiety
disorders, and including/excluding cases of bipolar I and bipolar II as affected family members.
Supportive findings include regions on chromosomes 1, 3, 4, 6, 8, 11, 12, 15, and 18. It has
generally been difficult to replicate linkage findings at a level comparable to that reported in
any region’s initial respective positive report, and power analyses suggest that much larger
samples (on the order of approximately 1,000 affected sibling pairs) would be necessary to
reliably detect a locus with a risk odds ratio (OR) of 1.2524.

Since Levinson’s review, there have been three additional published linkage studies of MDD.
These include two reports from the GenRED group29, 30 and a third paper by Middeldorp et
al31. Holmans et al30 present the final genome-wide linkage scan report for GenRED, a
collection of 656 families, each with at least two MDD-REO cases. Included in this group were
1,494 informative affected relative pairs and 894 independent affected sibling pairs. The same
group had earlier published their first wave of samples (i.e., 297 families) and preliminarily
identified a region on chromosome 15q25-26 as genome-wide significant10. This same region
again emerged as their most significant linkage peak, though with a reduced logarithm of odds
(LOD) score of 2.06 (down from the original score of 3.73). Holmans et al were unable to
identify a clinical feature that distinguished their first and second waves of family samples,
and, therefore, to explain why their second wave did not further bolster their linkage signal at
15q. The proposed (and most likely) scenario is that upward bias in the first half of their sample
overestimated the magnitude of linkage. In a companion paper, a follow-up fine-mapping effort
focused on 88 single nucleotide polymorphisms (SNPs) in a 22.5 megabase (Mb) window
(from 77.6 – 100.1 Mb) centered on the 15q linkage peak29. Of note, only families of European
ancestry (631 of the original 656 families) were retained for this second analysis since there
were insufficient numbers in the non-European families for a meaningful linkage study. A
maximum LOD score of 4.78 (exact P-value of 1.4 × 10−6) was detected at 92.6 Mb, and,
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somewhat reassuringly, there was nominal significance even for the second wave of the
GenRED sample (p<0.04). These investigators then tested 781 SNPs in a subset of their
pedigrees involving 1,195 individuals in 300 families across a 9 Mb segment of the linkage
region. The authors noted nominally significant family-based association results near
NTRK3, a gene encoding a receptor for neurotrophin 3. Based on a prevailing hypothesis
linking depression and neuronal growth factors, the authors re-sequenced the coding regions
of NTRK3 in 176 cases and 176 controls to examine association for novel DNA variants. While
they did not discover any plausible functional variants at appreciable allele frequencies (e.g.,
two predicted non-synonymous SNPs were each seen in single individuals), they found several
common variants showing continuing support for association to MDD (including rs4887379,
one-tailed P = 0.008, allelic odds ratio 1.61, 95% confidence interval 1.11–2.32)32. None of
these SNP results were considered significant after correcting for multiple tests, but the study
does generate interest in NTRK3 as a potential MDD risk locus.

Middeldorp et al31 examined 110 Australian and 23 Dutch MDD pedigrees (1,943 subjects
genotyped) with at least two affected siblings. Both samples were drawn from twin registries,
but the Australian group was pre-selected for either highly discordant or highly concordant
normalized scores for neuroticism and the Dutch group was screened with a factor score
reflecting genetic predisposition to “anxious depression.” Neither of these traits served as
proxies for MDD, however, as blinded interviewers subsequently conducted a telephone-
administered Composite International Diagnostic Interview (CIDI) to screen for MDD.
Individuals with a history of hypomanic episodes or bipolar disorder were excluded. The
ensuing linkage scan identified a maximum LOD score of 2.11 on chromosome 17 (52.6 cM),
an interval which includes SLC6A4, the serotonin transporter. Notably, however, their follow-
up analysis did not identify the promoter length polymorphism in SLC6A4 to be associated
with MDD or any related proxy phenotype, strongly suggesting that another SLC6A4
polymorphism or a polymorphism in a different gene within this linkage region drove their
signal. Middeldorp et al suggested that their most promising finding was on chromosome 8
(2.7 cM), where they obtained a smaller LOD score of 1.87 but which had also been implicated
in two previous linkage studies of personality traits—one, at a significant level, examining
harm avoidance33 (another potential endophenotype) and a second, at a suggestive level,
examining neuroticism34.

Although linkage efforts in the study of MDD have yet to yield confirmed gene candidates,
the studies performed to date represent an important effort that may yet have further use in
correlating data from other types of genetic studies (such as those detailed below). A summary
of MDD linkage results is provided in Table 1.

CANDIDATE GENE STUDIES
An alternative to linkage studies is the association study, in which the frequencies of specific
polymorphic alleles are measured for enrichment in one group versus another. Typically a
group of unrelated individuals comprising the case group is compared at one or many loci with
a group of similarly unrelated individuals comprising the control group, although family-based
designs are also available. Traditionally, a gene was chosen for its location within a linkage
peak. Currently, the choice of candidate loci typically constitutes part of an investigator’s best
guess or hypothesis about etiologic mechanisms, and is informed by biologic plausibility based
on the limited knowledge we have gleaned from sources such as animal models, disease-
correlated changes in clinical indices, or existing treatments for a disorder. There have been
hundreds of candidate gene studies of MDD (most frequently examining candidates related to
monoamine signalling, neurotrophins, neuroendocrinology, or immunology/inflammation)
and it would be beyond the scope of this review to completely catalog each of these efforts.
We will instead focus on several recently published meta-analyses of candidate gene studies.
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Lopez-Leon et al35 recently published the most comprehensive of these meta-analyses, and,
after surveying 183 papers covering 393 polymorphisms in 102 genes, found that only 22
polymorphisms (5.6%) were examined in at least three independent primary studies. The
strongest evidence for association (meta-analysis P ≤ 0.001) was found for a polymorphism in
APOE (apolipoprotein E), with lower levels of significance (P ≤ 0.01) for variants in GNB3
(guanine nucleotide-binding protein, beta 3), MTHFR (methylene tetrahydrafolate reductase),
and SLC6A4 (serotonin transporter).

In the case of APOE, there were a total of 827 cases and 1,616 controls (over 7 studies), and a
pooled per-allele odds ratio (OR) of 0.51 suggesting decreased risk of MDD with the ε2 allele
v. the ε3 allele. APOE, one may recall, is also the locus that was found to be a major
susceptibility factor for late-onset Alzheimer’s Disease (AD) when an individual carries one
or two copies of a third allele, ε436. A more recent study investigated the APOE-MDD question
stratifying by AD (since cognitive status is a potential confounder), and found that, although
MDD was overrepresented in ε4 carriers (P < 0.001), this association did not survive
stratification in either the AD(+) or AD(−) groups. The dataset here was underpowered to
examine the ε2 allele, but, importantly, did not demonstrate a trend toward an effect on MDD
by ε2.37

The short/long (s/l) polymorphism in the promoter region of SLC6A4 has been the subject of
the most studies to date (n = 24), for a total count of 3,752 cases and 5,707 controls in the
Lopez-Leon et al meta-analysis. The s-allele demonstrated a per-allele OR of 1.11 over the l-
allele, suggesting a modest increase in risk for MDD with the s-allele.

For MTHFR, Lopez-Leon et al examined the C677T (rs1801133) polymorphism in a pool of
875 cases and 3,859 controls, and obtained a pooled per-allele OR of 1.20 (i.e., greater risk
with the minor allele, T). A subsequent meta-analysis by Gaysina et al38 (1,443 cases and 1,123
controls), however, found no statistically significant association with MDD.

Interestingly, Lopez-Leon et al did not find a robust association with the oft-studied Val66Met
(rs6265) polymorphism in BDNF (brain-derived neurotrophic factor). A more recent meta-
analysis of BDNF and MDD employing 3,879 cases also obtained a negative result at
rs626539.

TPH1 encodes tryptophan hydroxylase-1, which is the rate-limiting enzyme in serotonin (5HT)
synthesis. The most extensively studied TPH1 polymorphism, A218C (rs1800532), was
recently examined in a meta-analysis by Chen et al40. Across 8 MDD samples (1,812 cases
and 2,223 controls), no association was found for any rs1800532 genotype and MDD. Of note,
within the same paper, a separate meta-analysis across a different set of study samples did find
an association with bipolar disorder. Several years ago, a group studying TPH2 (a separate
tryptophan hydroxylase locus with greater CNS expression) identified what appeared to be a
variant overrepresented in MDD cases.41 This locus, G1463A (rs7305115), initially generated
a great deal of enthusiasm because it was found to functionally reduce 5HT synthesis by up to
80%. At least three groups subsequently communicated, however, that the A allele could not
be detected in either cases or controls in multiple additional large samples42–44.

While candidate gene studies of MDD have allowed investigators to test favored hypotheses
about the neurobiological origins of the disorder, they have yielded few solidly replicated
findings. Indeed, those candidate genes best supported in meta-analysis have often been those
with the least obvious mechanistic connection to depression, such as APOE, GNB3, and
MTHFR. Moreover, the available replicated genes confer very small amounts of risk,
suggesting that many as-yet unidentified loci may contribute to predisposition to MDD.
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GENOME-WIDE ASSOCIATON STUDIES
Linkage studies, as previously discussed, are best suited for detecting genetic variants
(including rare variants) of strong effect and with a clear pattern of Mendelian transmission.
Association studies, in contrast, are better suited to detecting multiple variants of modest effect,
and perform best when the variants being studied are relatively common in the general
population. When association studies are focused on particular candidate genes, they are
constrained by the limits of investigator imagination and the body of previously accumulated
evidence (which may not be sizeable). With the advent of multi-center genomics initiatives
such as the International HapMap Project45 and of improved genotyping technologies for
higher throughput analysis, a new type of association study, the genome-wide association study
(GWAS), exploded onto the scene. GWAS, presaged in an exposition by Risch and
Merikangas46, typically interrogate hundreds of thousands to upwards of one million biallelic
SNPs located throughout the genome. They represent an advance in human genetics because
they are more comprehensive and less biased than candidate studies. Because of the
unprecedented amount of hypothesis testing (and the resultant inflation of type I error), the
standard in the field has been to set ‘genome-wide significance’ at P ≤ 5.0 × 10−8 (or 0.05
divided by one million, the predicted number of independent common DNA variants in the
human genome). This raises interesting theoretical questions about how to evaluate single
candidate gene association papers achieving P-values on the order of 10−2 or 10−3 even if the
history of a sample or a given locus does not include the execution of a GWAS.

GWAS have already advanced our understanding of mechanisms underlying general medical
illnesses such as diabetes, Crohn’s disease, and rheumatoid arthritis—as exemplified by a
seminal paper published by the Wellcome Trust47. For MDD, there are now four published
GWAS.

The first of these, by Sullivan et al48, was facilitated by the Genetic Association Information
Network (GAIN) and utilized a semi-community-based sample of 1,738 cases and 1,802
controls from the Netherlands. The authors examined 435,291 SNPs and found their top signal
to be at rs1558477 (trend-test p-value of 1 × 10−6), 12.4 kb downstream of ADCYAP1R1, or
adenylate cyclase-activating polypeptide 1 (pituitary) receptor type I. They focused their
subsequent efforts, however, on a set of 11 clustered association signals (within their top 200
findings) localized to PCLO (or Piccolo), a presynpatic protein which is also known as
Aczonin. The authors pursued this finding with an expanded collection of close to 12,000
independent subjects, but were unable to replicate their PCLO findings. A retrospective
analysis suggested that the PCLO-MDD association may only be optimally detected in
population-based (as opposed to clinically-obtained) case samples such as the original GAIN
MDD sample and only one of their replication samples. Although this hypothesis has not yet
been tested, PCLO remains an intriguing candidate. Beyond a possible role in facilitating
dopamine transporter internalization49, PCLO appears to more generally negatively regulate
synaptic vesicle exocytosis by decreasing transport of vesicles from reserve pools to readily-
releasable pools through an action on synapsin 50. PCLO is also expressed outside the CNS at
such diverse locations as the neuromuscular junction51 and in pancreatic beta cells (where it
helps regulate insulin release)52, though these are less likely to have relevance to MDD.

The second published GWAS of MDD, by Muglia et al53, utilized a German clinic-based
sample of 1,022 recurrent depression (MDD-R) cases and 1,000 controls and interrogated
494,678 SNPs. As in the Sullivan et al study, there were no genome-wide significant findings.
Muglia et al performed a meta-analysis combining the first sample with a second population-
based sample of Swiss origin (494 cases and 1,052 controls), and found their best signal at
rs4238010 (P = 5.8 × 10−6), 260 kb from the closest gene (CCND2, or cyclin D2). A gene-
based analysis obtained results generally similar to those of their original SNP-based analysis.
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These authors then carried out a more focused examination of SNPs in the vicinity of a number
of previously published MDD and bipolar disorder candidate loci, where they found that their
most significant association lay in GRM7 (metabotropic glutamate receptor 7) at rs162209,
though this is not in linkage disequilibrium with rs1485171, the SNP previously identified by
the Wellcome Trust as moderately associated with bipolar disorder at a p-value of 9.7 ×
10−5.

Additional GWAS of MDD, one derived from GenRED54 and another from STAR*D55, have
followed. For simplification, we will focus on the results of a meta-analysis by Shyn et al55,
which combined results from GenRED, STAR*D, and the GAIN MDD study (i.e., Sullivan et
al). The GenRED GWAS consisted of 1,020 MDD-REO cases while the STAR*D GWAS
consisted of 1,221 MDD cases. Both were sampled from North American individuals of
European ancestry and both shared a common set of 1,636 controls. By including subjects
contributed from the publicly available GAIN MDD GWAS, there were a total of 3,956 cases
and 3,428 controls in this three-sample meta-analysis. Using imputation (a method that takes
known correlations between individual markers to probabilistically ‘fill-in’ genotypes missing
in one, two, or all three studies), a total of 2,339,408 autosomal and 51,795 chromosome X
SNPs were analyzed. The model was a broadly inclusive one, and treated as cases all patients
with DSM-IV-defined MDD. Additional exploratory analyses, however, were also examined
and included a ‘narrow’ analysis (MDD-REO only) and sex-specific analyses.
Disappointingly, there were no genome-wide significant findings in either the primary analysis
or any of the secondary analyses. Intronic markers from three genes, however, achieved meta-
analysis P-values of better than 10−6: ATP6V1B2, GRM7, and SP4. ATP6V1B2 encodes a
vacuolar protein pump ATPase subunit, and has a potentially related finding in bipolar disorder:
Sklar et al56 obtained a p-value of approximately 10−5 in a SNP in ATP6V1G1, a gene which
contributes a distinct subunit to the same molecular complex. Additionally, it remains possible
that the implicated ATP6V1B2 SNP in the MDD GWAS meta-analysis may affect the adjacent
gene VMAT1 (or vesicular monoamine transporter 1). GRM7, which was additionally
highlighted in Muglia et al (and also mentioned briefly in Sullivan et al), is perhaps the most
promising finding since there is a significant body of literature linking GRM7 to the
mechanistic action of mood stabilizers and antidepressants57–59. As a cell surface receptor,
GRM7 would represent a highly tractable target for novel therapeutic agents, should
subsequent studies continue to suggest a prominent role for this receptor in mood regulation.
Finally, SP4 encodes a brain-specific zinc-finger transcription factor. Most notable for SP4,
so far, are studies demonstrating an association between bipolar disorder and SP460 and an
Sp4-binding site in GRK3 (G-protein receptor kinase 3) 61, as well as a series of murine studies
demonstrating that mice with SP4 deleted have deficits in hippocampal granule cell density in
the dentate gyrus62 and in hippocampal integrity (with resultant phenotypes in contextual
memory) 63. Adult neurogenesis of hippocampal granule cells has been linked to depression
and to antidepressant action64, and so the locus of these SP4 mutant phenotypes is intriguing.
See Table 2 for a summary of published MDD GWAS to date.

Although the results of each individual GWAS and the three-study GAIN/GenRED/STAR*D
meta-analysis did not reach the desired level of statistical significance, these studies do support
interesting candidate genes and genomic regions for further study. Additionally, pooled
analysis of multiple GWAS samples has yielded findings for other complex traits that were
not apparent in any single GWAS13, 65, 66. With this in mind, a meta-analysis of MDD utilizing
over 12,000 cases and nearly 10,000 controls is underway67.

ENVIRONMENT
One possible explanation for poor replication of psychiatric genetic findings is insufficient
consideration of gene-environment (or ‘G × E’) interactions. An elegant demonstration of a
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possible G × E effect was reported by Caspi et al in an examination of the s/l polymorphism
in SLC6A4 (abbreviated 5HTTLPR) in 847 prospectively studied Caucasians from age 3 to
2668. Alone, genotypic data for this locus had little predictive value for whether an individual
developed adult MDD, but, using multiple regression methodology, Caspi et al found that the
number of stressful life events was significantly correlated with probability of developing
MDD when one or two copies of the ‘s’ allele were present (at a significance level of
approximately p ~ 10−2 to 10−3). These findings were also robust to an examination of sequence
of events (i.e., stressful life events pre-dating adult diagnosis with MDD).

Subsequent groups have employed similar approaches to the study of MDD or dimensional
measures of depressive or anxious symptomatology in adults +/− a history of childhood abuse
and CRHR1 (Corticotropin-releasing hormone receptor 1) SNPs69—and in healthy adults +/−
early life stress and the BDNF SNP, rs626570. ‘G × E’ interaction studies are still relatively
few in number, however, and this is likely due, in part, to difficulties inherent in standardizing
or quantifying disparate life experiences as well as the challenges posed by extra instances of
multiple-hypothesis testing. Finally, a recent systematic review and meta-analysis suggests
that the original Caspi et al finding, when extended to the subsequent ‘5HTTLPR and stressful
life events’ literature, has only equivocal support at best71. A similar meta-analysis of this
literature, comprising >14,000 individuals, with 1,769 having MDD, showed that serotonin
transporter genotype was not associated with depression—or depression when measured in
interaction with stressful life events72.

FUTURE DIRECTIONS
Despite its unmatched impact on public health among psychiatric disorders, MDD has received
only comparatively recent attention in human genetic studies because of its lower heritability,
likely propensity for phenocopies, and significant clinical heterogeneity. In this review, we
have summarized possible approaches to deconstructing this heterogeneity and identifying
subpopulations within MDD cohorts who are likely to have enriched heritability. Additionally,
we have discussed key highlights from linkage analysis, candidate and genome-wide
association studies, the use of endophenotypes, and ‘G × E’ interaction analyses which are
beginning to move our understanding of the biology of MDD from beyond the shadow of the
monoamine hypothesis of depression. In the near future, efforts will likely be extended to larger
collaborations and pooled analyses, to integration of disease genetics with results generated
from pharmacogenomics, and, also, to the utilization of newer approaches such as analysis of
copy- number variations (CNVs) and other types of genomic rearrangements. As the cost of
large- scale sequencing continues to come down, next-generation sequencing approaches will
undoubtedly also grow in importance and allow investigators access to rarer sequence variants,
perhaps allowing for a more complete accounting of ‘missing heritability.’ These technologies
may additionally allow efficient identification of epigenetic variation, such as cytosine
methylation and histone modification, that could impact MDD risk. Finally, growing
sophistication not only with ‘G × E’ interaction analyses, but ‘G × G’ (or gene x gene)
interaction studies must necessarily complement these future steps.
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