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Abstract

In the post-genomic era, genetics has led to limited clinical applications in the diagnosis and treatment
of major depressive disorder (MDD). Variants in genes coding for cytochrome enzymes are included
in guidelines for assisting in antidepressant choice and dosing, but there are no recommendations
involving genes responsible for antidepressant pharmacodynamics and no consensus applications for
guiding diagnosis or prognosis. However, genetics has contributed to a better understanding of MDD
pathogenesis and the mechanisms of antidepressant action, also thanks to recent methodological
innovations that overcome the challenges posed by the polygenic architecture of these traits.
Polygenic risk scores can be used to estimate the risk of disease at the individual level, which may
have clinical relevance in cases with extremely high scores (e.g. top 1%). Genetic studies have also
shed light on a wide genetic overlap between MDD and other psychiatric disorders. The relationships
between genes/pathways associated with MDD and known drug targets are a promising tool for drug
repurposing and identification of new pharmacological targets. Increase in power thanks to larger
samples and methods integrating genetic data with gene expression, the integration of common

variants and rare variants, are expected to advance our knowledge and assist in personalized

psychiatry.
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1. Introduction

Historically, psychiatrists always had few or no tools to interrogate their patients’ bodies on the
pathophysiology of their symptoms. Patterns of symptoms that often occur together have been
classified in disorders in order to have a standard nosology that guides diagnosis and treatment.
Attempts to give more space to dimensional over categorical classifications have mostly failed,
because of the complexity of that kind of approach. As a matter of fact, the possible combinations of
symptoms, their respective intensity and fluctuations cannot easily be captured in a way which is
applicable in routine clinical practice. For example, 1030 unique depressive symptom profiles were
identified in one sample only (Fried and Nesse 2015). This represents an obstacle to personalized
psychiatry and leads to the delivery of relatively homogeneous treatments within diagnostic
categories. A dimensional approach can be more easily applied to objectively measurable quantitative
parameters, such as blood protein levels, neuroimaging brain measures or genetic variants. These
biomarkers can help in finding the biological underpinnings of clinical manifestations, distinguish
different dimensions within and across diagnostic categories and tailor treatment prescription
(Strawbridge et al 2017). The idea of implementing this approach has led to the term precision
psychiatry, which implies that each patient has a distinctive profile of biological dysfunctions which
interacting with environmental factors is responsible for the clinical presentation (Fernandes et al
2017). The knowledge needed to implement precision psychiatry is still partial, but recent rapid
technological and methodological improvements are making it more and more feasible. A central part
of this process is the post-genomic revolution: the cost/time for sequencing a human genome dropped
from $100 millions/several years in 2001 to $1000/two days in 2017, while genome-wide common
variant genotyping can be done for ~ $25-50 per subject (National Human Genome Research Institute
2018). This has made possible the genotyping of large samples with major depressive disorder
(MDD), as well as other psychiatric disorders and healthy controls, and testing the influence of
genetic variants on the risk of disease and treatment response (Howard et al 2019). The existing
literature shows that genetic variants explain very small variance individually and the cumulative
effect of many variants (hundreds or thousands) is responsible for the genetic susceptibility to these
traits (Zhang et al 2018). Specific analysis approaches have been applied to capture this polygenic
architecture, such as pathway analysis and polygenic risk scores (PRS). These methodologies have
provided promising results in identifying the genetic contribution to MDD and antidepressant
response, which have rapidly expanding clinical applications, and they can have an important
potential in contributing to the development of new drugs for depression or drug repositioning, as

discussed in the next paragraphs.



2. Pathway analysis: insights into the biological mechanisms of depression

The analysis of genetic pathways instead of individual genetic variants as unit of analysis is a way to
unravel the complexity of MDD pathogenesis and the corresponding mechanisms mediating
antidepressant response. Genetic pathways are groups of genes functionally related among each other,
which mediate a distinct cellular or molecular process or reflect interactions among proteins or
molecules.

Pathway analysis led to the identification of several biological mechanisms that mediate depression
and antidepressant action. These can be grouped in some main clusters: axonal development, neuron
differentiation and morphogenesis, neural-plasticity, excitatory neurotransmission, cytokines,
immune response and regulation of gene expression (Wray et al 2018) (Zeng et al 2017) (Howard et
al 2018) (Fabbri et al 2019a).

These findings suggest that part of the genetic predisposition to depression manifests during brain
development, as exemplified by the involvement of the NETRIN1 signaling pathway. Key proteins
of this pathway affect axon guidance, the process by which neurons send out axons to reach the
correct targets during neural development (Zeng et al 2017). Consistently, genetic variation in the
NETRIN1 pathway was demonstrated to affect white matter integrity in MDD patients, particularly
in the superior longitudinal fasciculus (a tract connecting the frontal, temporal, parietal and occipital
lobes), in the inferior longitudinal fasciculus (a tract connecting the temporal and occipital lobes),
and in the thalamic radiations tract. These tracts were implicated in MDD by independent studies and
they go across regions relevant to MDD pathogenesis such as the amygdala and hippocampus (Cole
et al 2012) (Whalley et al 2013) (Shen et al 2017). The hypothesis that neurodevelopmental
mechanisms may be implicated in MDD is supported by an overlap between the biological pathways
involved in MDD and schizophrenia (Wray et al 2018). This finding may be explained in the
perspective of the continuity model of psychiatric disorders, with severe MDD cases at the end of the
spectrum, in the line with the observation of extensive genetic overlap among major psychiatric
disorders (Cross-Disorder Group of the Psychiatric Genomics Consortium 2013) (Amare et al 2019)
(Network and Pathway Analysis Subgroup of Psychiatric Genomics Consortium 2015). Clinically,
severe MDD patients may show symptoms relatively rare in this disorder and more typical of
schizophrenia and other neurodevelopmental disorders, such as early onset, cognitive deficits, social
difficulties and psychotic symptoms, and higher risk of childhood attention deficit hyperactivity
disorder (ADHD) diagnosis (e.g. 6.3% in early onset vs. 0.9% in later onset MDD cases) (Rice et al
2019). Some of these symptoms are relatively common in MDD, for example cognitive and
psychosocial deficits were described in 30-50% of patients in partial or complete remission (Lam et

al 2014), but they are distributed on a continuum, and clinically it is not straightforward to identify a



threshold for distinguishing patients having high risk of a negative prognosis (e.g. incomplete
functional recovery between episodes, high disease recurrence). Genetics may help in reaching this
objective, through the identification of genetic risk factors in specific genomic areas (genes or
pathways) or general genetic risk factors (e.g. by using polygenic risk scores (PRS)). For example,
higher PRS for schizophrenia or ADHD was associated with the risk of early onset MDD, psychotic
symptoms and social communication difficulties (Rice et al 2019). At treatment level, patients sharing
more genetic risk factors with schizophrenia may have higher risk of poor treatment response, as
demonstrated in bipolar disorder (International Consortium on Lithium Genetics (ConLi+Gen) et al
2018), and possibly need treatment with drugs having alternative mechanisms of action.

Despite a probable neurodevelopmental component in a subgroup of cases, genetic studies provided
quite convincing evidence that MDD pathogenesis and antidepressant action mostly involve
modifications of neural-plasticity and neurotransmission, which are controlled by changes in gene
expression patterns and influenced by the activity of the immune system (Calabrese et al 2014). In
terms of specific pathways, association signals came from those modulating long-term potentiation
(LTP), a persistent increase in synaptic strength following high-frequency synaptic stimulation, and
second messengers mediating the cellular events activated by neurotrophins such as BDNF (brain
derived neurotrophic factor) (Hunter et al 2013) (Fabbri et al 2019a). Excitatory neurotransmission
is a key regulator of neural plasticity and neural survival, and in the CNS (central nervous system)
the most common excitatory neurotransmitter is glutamate. The glutamatergic genes mostly
associated with MDD within this pathway were sortilin-related VPS10 domain containing receptor 3
(SORCS3), Glutamate Metabotropic Receptor 5 (GRMS), dopamine receptor D2 (DRD?2) and calcium
binding protein 1 (CABPI) (Howard et al 2018).

Neurotrophins stimulate neural survival, neurogenesis in specific brain areas and development of new
synapses, while inflammatory factors such as a number of cytokines have the opposite effect. The
impact of genetic pathways modulating immune response and inflammation was indeed demonstrated
for both MDD risk and antidepressant response, involving for example the antigen processing and
presentation pathway, the tumor necrosis factor pathway and the B cell receptor signaling pathway
(Hunter et al 2013) (Fabbri et al 2014) (Wray et al 2018).

Finally, no change in neural plasticity or persistent change in neurotransmission would be possible
without a proper modulation of gene expression which for example determines the level of
neurotransmitter receptors and transporters, or the microtubule reorganization needed to develop new
synaptic connections. Chromatin (i.e. the structure formed by DNA and proteins that constitutes
chromosomes) has a tridimensional structure that varies over time in response to a variety of stimuli,

such as neurotransmitters, growth factors, neuropeptides (Ou et al 2017), which can be modulated by



antidepressant treatments. Pathways modulating chromatin structure have been associated with
depression, antidepressant response and animal models showed that down-regulation of histone
deacetylase (an enzyme modulating chromatin structure) in the hippocampus has antidepressant-like
effect (Network and Pathway Analysis Subgroup of Psychiatric Genomics Consortium 2015) (Fabbri
et al 2019a) (Tsankova et al 2006).

It is possible to hypothesize that not all MDD patients have the same pattern of biological
dysfunctions, or in other words specific pathways may contribute to a different extent to the clinical
manifestations observed in different patients. For example, in part of the subjects there may be genetic
alterations prevalently in pathways responsible for immune response and inflammation, in others in
pathways controlling glutamatergic neurotransmission, while impaired ability to regulate and change
chromatin structure/gene expression in response to certain stimuli may be the main mechanism in
other cases. As reported above, some severe cases may have variations in neurodevelopmental
pathways. Genetics can theoretically serve the purpose of identifying the group each patient belongs
to, assisting in diagnosis and treatment. However, pathway analysis has not been applied to study the
heterogeneity among MDD subtypes to the best of our knowledge, while other methods such as PRS
showed very interesting results for atypical depression, suggesting that it is genetically correlated
with obesity-related traits and treatments effectively targeting immune-metabolic dysregulations may
benefit this subgroup of patients (Milaneschi et al 2017). Pathways and genes associated with MDD

can be also a tool for drug repositioning, another valuable clinical application of genetics.

3. Genetic analysis for drug repositioning and development of new drugs for depression
Bioinformatic approaches based on matching genetic findings with known drug targets can also help
to perform drug repositioning. Alternatively, genetic findings may suggest new drug targets and guide
the development of drugs with alternative mechanisms of action compared to the ones currently
available.

Conventional drug development is a very long and expensive process (13-15 years and US$2-3
billion) with only 10% chance of being approved by regulatory agencies (Nosengo 2016) (Smietana
et al 2016). It was estimated that repositioned drugs could have approval in less than half of the time
and at one-quarter of the cost, because they usually have already passed the early phases of
development and clinical testing (Nosengo 2016).

“Druggability” is a mutable concept, however it is usually referred to those genes which encode
protein targets of approved or clinical trial-phase drug candidates, genes with sequence similarity to
them or genes that encode secreted and extracellular proteins (Gaspar et al 2019). Pathways are more

druggable than single genes, since they provide opportunities of pharmacological modulation at



different levels (Breen et al 2016). Genes/pathways associated with MDD or antidepressant response
can be matched with druggable genes/pathways to identify existing drugs acting on these targets
which could be repositioned for treating MDD. This approach is based on the integration of multiple
data sources and uses the known interactions between drugs and proteins and drug-associated changes
in gene expression, systematically reported in publicly available resources such as DSigDB and
Connectivity Map (Finan et al 2017) (Subramanian et al 2017). When applied to genes and pathways
associated with MDD, drug-target networks suggested that the following modes of action may be
useful in MDD treatment: dopamine receptor D2 antagonism/agonism (DRD?2), serotonin receptor 5-
HT1D antagonism/agonism (H7TRID), calcium channels (particularly CACNA1C) modulation and
antagonism, and estrogen receptor ER-o (ESR/) and ER-B (ESR2) modulation (Gaspar et al 2019).
These findings confirm the results of other studies showing the relevance of these modes of action in
the treatment of depression. For example, L-type voltage-dependent calcium channels (L-VDCC)
were demonstrated to mediate the effect of rapid-acting antidepressants such as ketamine and L-
VDCC plays a critical role in the release of BDNF and synaptic plasticity (Jourdi et al 2009). It was
recently demonstrated that SSRIs (selective serotonin reuptake inhibitors) also have an effect on L-
VDCC which is independent from the blockage of the serotonin transporter (Normann et al 2018).
Fendiline, a calcium channel blocker, was among the top drugs suggested for repositioning in MDD
by an independent study, as well as 4-hydroxyestrone, an endogenous estrogen (So et al 2019). In
rats, co-administration of 17B3-estradiol improved escitalopram-induced antidepressant effect altering
its effects on the gene expressions of serotonin receptor 1A, estrogen receptors alpha and beta
(Ibrahim et al 2016). In line with this, the synthetic selective agonist of ER-f WAY-200070 was
suggested to act as an anxiolytic and antidepressant in mice (Hughes et al 2008). However, the study
of this compound did not progress to the clinical phase, while tibolone, a synthetic steroid acting on
ER-B but preferably ER-o and having also progestogenic and androgenic effects, has shown
preliminary evidence of improving depressive symptoms during the menopause transition (Kulkarni
et al 2018).

Other pharmacological mechanisms of action suggested for drug repurposing in MDD include the
antagonism of alpha-2 and beta-2 adrenergic receptors, the inhibition of the enzyme histone
deacetylase, phosphodiesterase inhibition, and GABA-A receptor modulation (So et al 2019) (So et
al 2017) (Gaspar et al 2019). Interestingly, this last mode action is responsible for the antidepressant
effect of brexanolone, the first drug approved for post-partum depression (Meltzer-Brody et al 2018).
Drugs which inhibit cell proliferation (e.g. mitoxantrone) have also been suggested (So et al 2019),
but the direction of the effect seems dubious in this case, since an increase in neurogenesis has been

associated with the antidepressant effect (Harmer et al 2017).



The available findings (Table 1) support the fact that genetics is a valuable resource for drug
repositioning as well as for the identification of potential pharmacological targets. The growth of
large repositories of genetic data through biobanks and consortia gives the opportunity to exploit
these data not only for finding predictors of treatment response but also for helping in the
development of new drugs for depression. Based on the hypothesis that different genetic pathways
may be responsible for disease pathogenesis in different patients, drug repositioning could be applied
in a more selective way, looking at the genetic profile of subgroups of patients who are treatment-
resistant and show dysfunctions in pathways not directly targeted by the available antidepressant
drugs. The genetics of treatment response or resistance has still not been used for drug repurposing
to the best of our knowledge, mainly because of the lower sample size (and power) of
pharmacogenetic genome-wide association studies (GWAS:s).

Despite the promising results of genetics applied to drug repurposing in MDD, only a few studies
were published, all in the last couple of years, and a longer time is needed to expand and refine the
results, in order to translate them in the development/approval of new drugs for MDD. The current
clinical applications of genetics consist in indications for drug prescription (endorsed by established
international guidelines) and for disease risk estimation (a consensus is lacking, but commercial use

is spreading), which are discussed in the next paragraph.

4. Risk of depression and treatment non-response: a genetic risk score for each patient?

The current established clinical applications of genetics in the treatment of MDD consist in
prescribing recommendations based on cytochrome 2D6 and 2C19 (CYP2D6 and CYP2C19) genetic
variants, as described in guidelines by the Clinical Pharmacogenetics Implementation Consortium
(CPIC) and Dutch Pharmacogenetic Working Group (DPWG) (Pharmacogenomics Knowledge Base
2019). These genes code for enzymes involved in the metabolism of most antidepressants
(pharmacokinetics) and different levels of enzymatic activity are predicted based on the genetic
variants carried by an individual. The clinical indications provided by guidelines include drug choice
and dose, based on the genetically predicted enzymatic activity, as exemplified for some
antidepressants in Table 2. While this information can be helpful in complementing clinical judgment,
it captures only a small fraction of the inter-individual differences in antidepressant response through
the variation in their metabolism. There are indeed no genes mediating antidepressant action
(pharmacodynamics) having prescribing indications in current guidelines. The failure to consistently
replicate the effect of genetic variants in pharmacodynamic candidate genes led to the development
of new methodological approaches, which take into account the complex polygenic architecture of

antidepressant efficacy. Polygenic risk scores (PRSs) aim to fulfill this purpose by summing the risk



alleles carried by each subject, weighted for their effect size on the trait (i.e. the estimated magnitude
of effect on the trait). Ideally, PRSs could provide an estimation of the genetic risk of an individual
to develop a certain trait (for example, MDD or antidepressant non-response or treatment resistance).
PRSs have some key advantages: they take into account the cumulative impact of all the variants
associated with the trait and they avoid missing the contribution of variants having a weak effect on
the trait. However, PRSs show also relevant limitations: they include only common genetic variants
(found in > 1% of the population), they do not incorporate information on possible interactions among
variants and they assume they have addictive effects. Rare variants indeed are scarcely captured by
genome-wide arrays, which represent the most commonly used genotyping technique, and the
estimation of rare variant effect size on treatment response would not possible or would be instable
in relatively small samples. The largest MDD samples currently available (807,553 individuals in
total (Howard et al 2019)) were actually estimated to not provide adequate power for the identification
of all the common variants involved in MDD either. MDD genetic risk was indeed estimated to be
highly polygenic and to involve a continuum of very small effects, with odds ratio very close to one.
Thus, up to 10 million individuals are needed to explain 80% of SNP-based heritability of MDD,
while between 0.7 and 1.5 million for most of the other psychiatric diseases (Zhang et al 2018). On
the other hand, most non-psychiatric chronic diseases such as type 2 diabetes and coronary artery
disease show greater numbers of susceptibility SNPs with larger effects and PRSs are able to explain
a meaningful proportion of variance in these traits in samples of hundreds of thousand subjects
(Zhang et al 2018). This is exemplified by the PRS of cardiovascular disease risk that was shown to
improve prediction of disease compared to clinical risk factors only (Knowles and Ashley 2018). For
psychiatric traits, the variance explained by PRSs on the liability scale was 4% for bipolar disorder,
3% for MDD and 7% for schizophrenia (Stahl et al 2019) (Howard et al 2019)(Wray et al 2018)
(Ripke et al 2014), while heritability estimated by twin studies was considerably higher (70%, 37%
and 80%, respectively (Smoller and Finn 2003) (Sullivan et al 2000) (Sullivan et al 2003)). Despite
the clearly limited performance of PRS in the available sample sizes, direct to consumer genetic
services are rapidly expanding, including access to individual genetic profiles from genotyping
microarrays. Education of the public to a correct interpretation of these results, including PRSs of
psychiatric traits, is a challenge taken by open source tools such as Impute.me, which allows users to
upload consumer genetics data and receive evidence-based information about more than 2000 traits
(Folkersen et al 2019). The PRS of antidepressant response is even at an earlier stage of development
compared to the PRS of MDD and other psychiatric disorders, since the sample size of the published

studies did provide adequate power for PRS estimation (Garcia-Gonzalez et al 2017).



In the described scenario, there are two possible alternatives to move forward: 1) the recruitment of
larger MDD samples characterized in terms of antidepressant response; 2) the use of alternative
analysis approaches which improve power. The first option is doable with time and money, and it
seems feasible by joining the efforts of many research groups. It could also be facilitated by the use
of self-reported data, bearing in mind the known limitations of this approach (Cai et al 2019). In any
case, the second option should be pursued as well, and a promising strategy seems to be the
combination of common variant genome-wide genotyping with complementary or adjunctive
information. In terms of complementary information, a possible strategy is the integration in the
analysis of the impact of genetic variants on gene expression levels (eQTL) which is not considered
in GWASs and standard PRSs, an approach called transcriptome-wide association study (TWAS)
(Gusev et al 2016). TWAS was showed to significantly increase power compared to GWAS, through
a better detection of causal variants (Gusev et al 2016). A number of different methodological
approaches have been developed to perform TWAS. The most commonly used methods apply multi-
SNP prediction (MP) analysis that directly model linkage disequilibrium (LD) when causal variants
are not genotyped, by imputing gene expression based on a reference set of individuals for whom
both gene expression and genetic variation are available (Gusev et al 2016) (Gamazon et al 2015).
TWAS-SMR (summary-based Mendelian Randomization) instead uses expression-genotype and
genotype-phenotype summary-statistics to determine if the effect of the genotype on the trait is
mediated by alternations in gene expression (Zhu et al 2016). Differently from TWAS-MP, TWAS-
SMR can distinguish when gene expression mediates the association SNP-trait (causality) and when
a SNP has direct and independent effects on gene expression as well as the phenotype (pleiotropy).

An example of information that can integrate GWASs is represented by rare variants in coding
regions, obtained by exome sequencing. GWASs cover mostly non-coding regions of the genome
and common variants, however coding regions are pivotal in determining gene expression and protein
functionality; for this reason rare variants were hypothesized to be at least partly responsible for the
proportion of trait heritability not captured by GWAS (Zuk et al 2014). Whole exome sequencing
(WES) requires ~3 days and costs ~500 USD (National Human Genome Research Institute 2018),
thus it is relatively affordable despite costing ~10 times compared to genome-wide genotyping. In
the psychiatric field, WES was performed mainly in neurodevelopmental disorders, such as
schizophrenia, and for identifying genes carrying damaging variants associated with the disease
(Singh et al 2017). Few studies used WES in MDD, in relatively small samples (e.g. (Tombacz et al
2017) (Zhang et al 2019)), and only two studies are available for antidepressant response, of which
one was performed on ten subjects (Tammiste et al 2013), while the other on ~1200 subjects (Fabbri

et al 2019b). Thus, the contribution of rare variants to these traits is largely unknown and difficult to
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explore since the relatively smaller samples analyzed compared to other psychiatric traits. A possible
method to increase the power of detecting the contribution of rare variants works similarly to PRSs,
being calculated as a weighted sum of variant effects, but instead of using variant effect size it uses
the predicted functional impact or pathogenicity of each variant (Curtis 2018). The functional impact
of a variant can be estimated using a number of available functional scores and/or the frequency of
the alternative allele (the rarest a variant is, the most detrimental it is expected to be). Functional
scores are based on sequence homology, physical properties of amino acids (to determine if an amino
acid change is expected to alter protein structure/function), annotations of protein families and
domains, 3D protein structure, conservation. Different types of variant annotations were combined to
create more complex scores reflecting allelic diversity and pathogenicity, such as CADD (Combined
Annotation Dependent Depletion) (Kircher et al 2014) and Eigen scores (Ionita-Laza et al 2016). A
genetic risk score for rare variants would add information that currently PRSs do not include and
putatively increase the performance of predictive models of MDD risk and antidepressant response.
A cumulative genetic score reflecting the burden of rare and common variants could be used to
estimate the individual genetic risk of unfavorable disease progression or treatment outcome (Figure
1). We are currently testing this approach to predict antidepressant response and resistance using
variants obtained through whole exome sequencing and genome-wide genotyping in a multi-centric
MDD sample recruited by the European Group for the Study of treatment-Resistant Depression
(GSRD). Preliminary results showed encouraging prediction of treatment-resistant depression (TRD)
by using the burden of rare and common genetic variants in genes or pathways as predictors, which
was improved by the addition of clinical risk factors (Fabbri et al 2019b). The combination of the
effect of common and rare variants and other future improvements of genetic methods are expected
to improve the performance of genetic factors in predicting psychiatric traits. However, even if with
future improvements, clinical risk factors may be easier to assess and perform similar or better than
genetic predictors, except in two main scenarios: 1) obviously, in patients with low or no clinical risk
factors, who are also the ones most likely to benefit from prognostic or treatment outcome prediction,
because of higher chances of effective preventive and therapeutic strategies; 2) in patients having
genetic risk factors at the highest extreme of the distribution, in line to what suggested for the clinical
application of PRS (Lewis and Vassos 2017) (Figure 1). Pathway(or gene)-based scores can also be
used for cluster analysis in order to identify homogeneous groups of patients in terms of distribution
of genetic risk factors. This could facilitate the matching of each genetic profile with personalized
treatments and the development of new treatments acting on pathways not targeted by the available

antidepressants.
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S. Discussion

The clinical applications of genetics are still limited to the use of variants in pharmacokinetic genes
(CYP2D6 and CYP2C19) to guide antidepressant choice and dosing (Table 2). Advances in our
knowledge of the pathogenetic processes responsible for MDD and the mechanisms of antidepressant
action were achieved thanks to GWAS and multi-marker tests such as pathway analysis. Genetics
also provided new opportunities for drug repositioning. However, the improvements in genotyping
technologies and analysis methods were not good enough to explain the hypothesized contribution of
genetic variants to MDD and antidepressant response. Twin studies estimated that MDD has an
heritability of 37% (Sullivan et al 2000), but the largest GWAS meta-analysis estimated a heritability
of ~9% on the liability scale (Howard et al 2019), suggesting that the inclusion in the analysis of
common variants only and/or our current methodological approach is not able to get close to the
theoretical heritability. The variance in MDD and antidepressant response estimated by PRSs was
also much lower compared to the expected values, as discussed in paragraph 4. Several
complementary strategies can be put in place to address the power limitation of previous studies, as
well as a progressive increase in sample size. The use of minimal phenotyping, typically based on
self-reported information, has been increasingly applied for this purpose, with the limitation that
minimal phenotypes of MDD were demonstrated to have higher genetic overlap with other
psychiatric traits and lower heritability compared to DSM-based MDD (Cai et al 2019). When
evaluating antidepressant response, the collection of detailed phenotypic information is probably
more relevant, since the risk of imprecision on multiple levels (diagnosis, treatment and symptom
longitudinal variation). The balance between sample size and level of phenotyping remains
problematic. Among the possible methodological approaches to improve the power of genetic studies,
we discussed the integration of information from rare variants which has been poorly tested in MDD
and antidepressant response (Figure 1). In studies of other complex traits such as BMI and height,
whole genome sequencing was shown to recover the expected heritability, suggesting that standard
GWASSs miss a relevant part of the genetic contribution to polygenic traits (Wainschtein et al 2019).
Methods able to combine the effects of rare and common genetic variants across relevant genes and
pathways, and to take into account possible interactions, would be theoretically ideal to uncover the
genetic factors involved in MDD and antidepressant response, through predictive modeling or
machine learning. A few studies applied these approaches to antidepressant response prediction, with
encouraging findings, but the issue of independent replication remains (Iniesta et al 2018) (Fabbri, et
al 2019b).

The progress of GWAS and related methods in uncovering the genetics of MDD and other depressive

traits may seem relatively unsatisfying on one side, since the low genetic variance explained, but it
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has already generated a number of direct to consumer products that provide a wide range of
information based on microarray genotyping, including disease risk calculated using PRSs (Folkersen
etal 2019). A PRS can be converted into a standardised score that follows a normal distribution, with
higher PRS corresponding to higher risk, in a way that could be used to determine an individual’s
risk of the corresponding trait based on his/her position on this distribution. However, it is unclear if
there is a threshold able to identify subjects having a clinically meaningful increase in risk and at
which point of the curve this threshold should be set. It was speculated that a PRS in the top 1-5% of
the population would warrant feedback (Lewis and Vassos 2017), but the best threshold is uncertain
as well the possible consequences for individuals predicted to be at high risk, in terms of availability
of preventive strategies and risk of stigma/discrimination. Interestingly, there are significant genetic
correlations between MDD and other psychiatric but also non-psychiatric disorders according to
GWASs, thus the same person may have increased risk for a number of diseases according to PRSs,
and this would make difficult to plan preventive interventions. The uncareful communication of this
information may also result in disproportionate worries and other negative consequences. Numerous
studies have indeed demonstrated that the genetic predisposition to depression is correlated with the
genetics of schizophrenia, bipolar disorder, anorexia nervosa, attention deficit hyperactivity disorder,
autism spectrum disorder, other than a number of non-psychiatric traits such as coronary artery
disease, inflammatory bowel disease and lung cancer (Howard et al 2019) (Figure 2). Currently, the
genetic variants specifically conferring risk for MDD are poorly known.

In conclusion, future studies should aim not only to identify the missing heritability of MDD and
related traits, but also to provide a deeper understanding of the shared and specific genetic risk factors
for MDD and other psychiatric disorders, in order to accurately predict disease risk and avoid
unspecific genetic risk prediction. There are not univocal strategies to accomplish these objectives,

but complementary approaches should be applied.
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Figure 1: In the scenarios A and B, genetic risk factors are hypothesized to be the most useful to
predict disease prognosis and/or treatment outcome and guide the prescription of personalized clinical
interventions. A and B can co-exist in the same subject. In scenario C, when the patient shows known
clinical risk factors, these probably represent the simplest and most effective way to guide clinical
interventions. However, genetic predictors may still add helpful information in case C. Genetic
predictors may be pathway- or gene-based or genome-wide, and they should ideally include the
contribution of rare variants.
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Figure 2: genetic correlations between depression (including DSM-diagnosed MDD and self-
reported major depression) and other psychiatric and non-psychiatric traits, according to the results
reported by Howard et al. Bars represent standard errors. ADHD=attention deficit hyperactivity
disorder; AN=anorexia nervosa; ASD=autism spectrum disorder; BP=bipolar disorder;
CAD=coronary artery disease; IBD=inflammatory bowel disease; SCZ=schizophrenia.
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Table 1: drugs identified as potentially effective for repurposing in MDD.

Mechanisms of action Targets Examples of drugs Reference(s)
Calcium channels modulation | CACNA2DI, Fendiline, dihydropyridine | (Gaspar et al
and antagonism CACNAIH, derivatives (e.g. 2019) (So et al
CACNAIC nitrendipine), pregabalin, 2019) (Zhao and
gabapentin, calmidazolium | So 2019)
Estrogen receptor modulation | ESRI, ESR2 Tibolone, 4- (Gaspar et al
hydroxyestrone, 2019) (So et al
levonorgestrel 2019) (Kulkarni
et al 2018)
Dopamine receptor modulation | DRD?2 Gepirone, sulpiride, (Gaspar et al
bromocriptine, quinagolide | 2019) (So et al
2017)
Serotonin receptor 1D HTRID Vortioxetine, elzasonan (Gaspar et al
modulation (discontinued), bufotenine, | 2019)
GSK163090
Acetylcholine receptor M3 CHRM3 Diphenidol, diphemanil (Gaspar et al

antagonism

methylsulfate, 4-DAMP

2019) (So et al
2019)

GABA-A receptor modulation

GABRAI, GABRGS3,
GABRA6

Brexanolone, primidone,
meprobamate

(Gaspar et al
2019)

Histamine H1, H3, H4 HRHI, HRH3, HRH4 Thioperamide, clemastine (Gaspar et al
receptor antagonism 2019) (So et al
2017)

Glutamate ionotropic receptor | GRIAI Farampator (terminated for | (Gaspar et al

AMPA type 1 antagonism cardiac toxicity), 2019)
dasolampanel

Glutamate ionotropic receptor | GRINI, GRIN2B Arcaine, ifenprodil, (So et al 2017)

NMDA antagonism and partial cycloserine

agonism

Histone deacetylase inhibition | HDAC genes Scriptaid, CP-690334-01, (So etal 2019)
vorinostat (Zhao and So

2019)

Serotonin receptor 2A and 2C | HTR2A4, HTR2C Pizotifen, cyproheptadine (Zhao and So

antagonism 2019)

Cyclooxygenase inhibition COXl1, COX2 Piroxicam (So et al 2017)

Alpha-2 and beta-2 adrenergic | ADRA2A, ADRB2 Idazoxan, todralazine (So etal 2017)

receptors antagonism (So etal 2019)

Sa-reductase isozymes SRD5A1, SRD5A2, Glycosides of the flavone (So et al 2017)

inhibition and xanthine CFTR class (flavonoids, e.g. (Zhao and So

oxidase inhibition apigenin, vitexin, 4'- 2019) (So et al
methoxyflavone), 2019)
anthrarobin

Catechol-O-methyltransferase | COMT Entacapone (So et al 2019)

(COMT) inhibition

Mitochondrial carnitine CPTIC Perhexiline (So et al 2019)

palmitoyltransferase-1

inhibition

Phosphodiesterase inhibitor PDEI0A Papaverine, PBF-999 (So et al 2017)

Mitogen-activated protein MKPI (DUSPI) Sanguinarine (So etal 2017)

kinase phosphatase-1 inhibitor

Activation of peroxisome PPARG, PPARA Pioglitazone

proliferator-activated receptor
gamma and alpha

25




Inhibition of protein synthesis | NOS2, MPO, MAPKS, Doxycycline (So etal 2017)
MAPK 14, MMP1,
MMP7, MMPS,
MMPI13, TH, ABCBI
Modulation of sterol VDR, KCNAI0, Ketoconazole (So et al 2017)
biosynthesis CYP3443, ABCG2, F2R

Table 2: Examples of clinical indications provided by guidelines curated by the Clinical
Pharmacogenetics Implementation Consortium (CPIC) and the Dutch Pharmacogenetic Working
Group (DPWQG). Consider that these examples do not cover all the indications for antidepressants and
guidelines are updated quite frequently. CYP2D6=cytochrome 2D6; CYP2C19=cytochrome 2C19;

PMs=poor metabolizers. UMs=ultrarapid metabolizers. IMs=intermediate metabolizers.

Drug

Gene(s)

CPIC

DPWG

Synthesis of recommendations

Amitriptyline

CYP2D6

X

X

Avoid drug in PMs and UMs or consider dose
adjustments, e.g. in PMs consider a 50-70%
reduction of the standard dose, and monitor
plasma concentration and side effects

Citalopram and
escitalopram

CYP2C19

Consider dose adjustments in PMs (50% of the
standard maximum dose) for the risk of QT
prolongation

Clomipramine

CYP2De,
CYP2C19

Consider an alternative drug in UMs and PMs, or
use 150% of the standard dose in UMs and 50%
of the standard dose in PMs, monitoring plasma
concentration and side effects

Fluvoxamine

CYP2D6

Consider a 25-50% reduction of recommended
starting dose in PMs

Paroxetine

CYP2D6

Select an alternative drug in UMs, consider
alternative drug or 50% reduction of the standard
starting dose in PMs

Sertraline

CYP2C19

50% reduction of the standard starting dose or
alternative drug in PMs

Venlafaxine

CYP2D6

Select alternative drug in PMs and IMs or adjust
dose, titrate dose to a maximum of 150% of the
normal dose or select alternative drug in UMs
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