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Abstract

Significant advances have been made in the application of pharmacogenomic testing for the
treatment of patients with psychiatric disorders. Over the past decade, a number of studies have
evaluated the utility of pharmacogenomic testing in pediatric patients with psychiatric disorders.
The evidence base for pharmacogenomic testing in youth with depressive and anxiety disorders as
well as attention/deficit hyperactivity disorder (ADHD) is reviewed in this paper. General
pharmacogenomic principles are summarized and functional polymorphisms in P450 enzymes
(and associated metabolizer phenotypes), the serotonin transporter promoter polymorphisms,
serotonin 2A receptor genes (e.g., HT2AR) and catecholamine pathway genes (e.g., COMT) are
reviewed. These commonly tested pharmacogenomic markers are discussed with regard to studies
of drug levels, efficacy and side effects.

The translation of pharmacogenomics to individualized/precision medicine in pediatric patients
with ADHD, anxiety and depressive disorders has accelerated; however, its application remains
challenging given that there are numerous divergent pathways between medication/medication
dose and clinical response and side effects. Nonetheless, by leveraging variations in individual
genes that may be relevant to medication metabolism or medication target engagement,
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pharmacogenomic testing may have a role in predicting treatment response, side effects and
medication selection in youth with ADHD, depressive and anxiety disorders.
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Selective Serotonin Reuptake Inhibitor (SSRI); Selective Norepinephrine Reuptake Inhibitor
(SNRI); antidepressants; psychopharmacology; stimulants

INTRODUCTION

The promise of personalized medicine and of genetically-informed treatment selection that
heralded the beginning of this millennium has yet to be fully-realized. However, great
advances have been made with regard to the application of pharmacogenomic testing to the
treatment of patients with psychiatric disorders. To date, much of this work has been
conducted in adults treated with antidepressants, stimulants, second generation
antipsychotics and antiepileptic medications. The last decade has seen an increasing number
of studies examining the utility of pharmacogenomic testing as a predictor of treatment
response and medication tolerability in pediatric patients.

Pharmacogenetic testing—in its most basic application—Ileverages variations in individual
genes relevant to medication metabolism or targets to predict treatment response and, may
guide treatment selection. Ideally, this testing would maximize the likelihood that a specific
psychotropic medication produces the best therapeutic benefit while at the same time would
minimize adverse effects. Initial use of pharmacogenomic testing focused on single genes
(e.g., cytochrome P450 genes) related to medication metabolism and consequently
medication exposure. The first FDA-approved pharmacogenetic test, the AmpliChip
CYP450 employed a DNA microarray to assess two polymorphisms in CYP2D6 and
CYP2C19 (Roche molecular Systems, Inc: AmpliChip CYP450 Test for /n vitro diagnostic
use). However, more recent strategies utilize combinatorial strategies that rely on (usually
proprietary) algorithms; such a test might utilize the genotype for a series of genes (several
cytochromes, the serotonin transporter (SLC6A4), and the serotonin 2A receptor (5HT;a),
etc.) to generate a profile that aims to guide prescribing for several classes of psychiatric
medications.

Given the increase in pharmacogenomic testing and the rapid pace at which data are
accumulating in pediatric patients, we sought: (1) to summarize the underlying principles of
pharmacogenomic testing in youth with psychiatric disorders; (2) to review current data that
support its use and; (3) to discuss potential limitations.

Cytochrome P450 enzymes

The cytochrome P450 system refers to a group of enzymes called monoxygenases that are
critical for elimination of many drugs. They are expressed in every tissue although greatest
expression is observed in hepatic tissue. Collectively, these enzymes represent Phase |
metabolism; they catalyze the transformation of lipophilic drugs into more polar compounds
that are then excreted by the kidneys. The genes, and consequently the proteins that they
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encode, are highly variable as multiple alleles exist for each cytochrome (e.g., CYPZD6—
more than 100 alleles have been identified). Specific alleles may code for a fully functional
enzyme or an enzyme with decreased or absent activity. In addition, an individual may
express multiple copies of an active allele or an allele with enhanced activity, resulting in an
increased metabolic rate compared to the wild type (i.e., the prevailing phenotype or
“normal” form in the population). A “star” designation is used to refer to specific alleles,
with *1 denoting the standard by which the activity of enzymes encoded by other alleles is
measured.

An individual’s metabolizer phenotype for a particular cytochrome takes into account the
activity of each of the patient’s two alleles (e.g., *1/%2). Given the variation associated with
each cytochrome, classifying patients into four main groups based on metabolic phenotype
represents the most common approach to assigning phenotypes. Using the current standard
terminology from the Clinical Pharmacogenetics Implementation Consortium of the
Pharmacogenomics Research Network,! individuals are classified as extensive (normal),
poor, intermediate, and ultrarapid metabolizers (Table 1). This classification system may
have significant limitations that are most problematic in the extreme phenotypes (/.e.,
ultrarapid and poor metabolizers). Thus, some laboratories have reported metabolic
phenotypes using a seven-category classification system, that adds phenotypes: enhanced
extensive, enhanced intermediate, and reduced intermediate. Examples of allele
combinations which could theoretically give rise to these phenotypes are given in Table 2.

A patient’s response to a medication is highly dependent on cytochrome P450 enzymatic
activity. This phenotypic variance is clinically significant; a patient who is a “poor
metabolizer” for a particular P450 enzyme may require lower doses of a medication that is
metabolized through that system or he/she will be at increased risk for developing adverse
effects. In contrast, ultrarapid metabolizers may not benefit from standard therapeutic doses,
they will have sub-therapeutic medication levels and, in some cases with medications with
short half-lives, they may experience withdrawal symptoms. This may be particularly
relevant for paroxetine in the pediatric population. Phase | metabolism (i.e., oxidation via
cytochrome P450, reduction, and hydrolysis reactions that occur in the liver and are
responsible for converting medications to more polar, water-soluble, metabolites) is
increased in children. This has been hypothesized to underlie the poor tolerability of this
medication in pediatric patients with depression and anxiety disorders.2 On the other hand,
medications that must be activated'through a cytochrome P450 (e.g., codeine and CYPZD6),
poor metabolizers receive little pain relief and ultrarapid metabolizers are at increased risk of
side effects from supra-therapeutic levels of the active metabolite (morphine). Additionally,
allelic frequencies vary widely across ethnic groups (Figure 1), and as such, knowledge of
this ethnicity-related variability may inform testing.

CYP2D6—This cytochrome is the most well-characterized P450 enzyme in humans. It is
involved in the metabolism of >70 available medications via Phase | oxidation reactions3
and varies significantly across ethnic groups (Figure 1). Multiple SS(N)RIs and tricyclic
antidepressants are primarily metabolized by this enzyme (e.g., fluoxetine, paroxetine,
fluvoxamine, venlafaxine, amitriptyline, atomoxetine).# In adults, plasma drug
concentrations of several antidepressants are related to genotype.® Bupropion and duloxetine
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are substantially, but not exclusively, metabolized by CYP2D6.5 Some medications are
metabolized by CYP2ZD6 and also inhibit the CYP2D6 system (e.g., fluoxetine, paroxetine).
Thus, an individual with an extensive metabolizer phenotype can be converted to a poor
metabolizer-like phenotype following administration of these drugs, a phenomenon known
as phenoconversion. With regard to atomoxetine, an SNRI used in the treatment of ADHD,
pediatric patients classified as poor metabolizers based on CYP2D6 genotype were more
likely to experience adverse effects from treatment with the medication when compared with
extensive metabolizers. However, those patients who were able to tolerate the medication
achieved significantly greater improvement in symptom severity.”

CYP2C19—More than 50 medications are metabolized primarily by this enzyme, including
citalopram, escitalopram, and many tricyclic antidepressants. Sertraline is metabolized
substantially, but not exclusively, by CYP2C19. The incidence of CYP2C19poor
metabolizer phenotypes is much higher in Asians compared to Caucasians® (Figure 1). Thus,
in these patients, 2C19-metabolized medications might be avoided or initiated at lower doses
(Hicks et al, 2015). About a third of Caucasians are CYP2C19 ultrarapid metabolizers
(Figure 1), and may require higher doses of medications metabolized by this enzyme to
achieve equivalent serum concentrations of the medication compared to normal
metabolizers.® The FDA recommends that for CYP2C19 poor metabolizers, the maximum
daily dose of citalopram should not exceed 20 mg due to risk of QT prolongation, although
because certain patients may require higher doses of citalopram, it is prudent to evaluate
cardiac risk and corrected QT interval (QTc) in these patients.

CYP1A2—The only antidepressant metabolized primarily by CYP1AZ2is fluvoxamine
(Mrazek, 2010), although duloxetine—the only SNRI to be approved for pediatric patients®
—is substantially metabolized by this cytochrome. Clearance of duloxetine in pediatric
patients is significantly higher in children aged 7-12 years compared to adolescents aged
13-17 years and lowest in patients older than 18 years.1 Median body-weight-normalized
clearance is nearly 4 times faster in children and 2 times faster in adolescents. While this is
probably a developmentally-related difference in Phase | metabolism rather than genetic
variability in CYP1AZor CYPZD6, this finding highlights the complexity of relying solely
on CYP450 metabolizer phenotype in pediatric patients.

Tobacco is a common CYP1AZinducer, which is relevant in the fact that if an ultrarapid
metabolizer starts smoking, he/she may be at risk for loss of medication efficacy if that
medication is primarily metabolized by the CYP1AZ cytochrome. Of note, decreased half-
lives of some second generation antipsychotics, including olanzapine, have been observed in
pediatric patients compared to adults. These findings are hypothesized to be related to
reduced first-pass effects, higher bioavailability and possibly to the markedly lower rates of
cigarette smoking in children and adolescents with psychotic disorders compared to adults
with these conditions.11

CYP3A4—This is one of the most highly expressed P450 enzymes in the liver, and is
responsible for metabolizing 50-60% of medications. Expression of this gene in the liver is
highly variable,? and can be influenced by medications, diet and environmental effects.
However, very few genetic variants in this gene have been associated with enzyme activity.
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Antidepressants metabolized by this cytochrome include sertraline, citalopram,
escitalopram, fluoxetine, venlafaxine.13 In addition, many second generation antipsychotics
and anti-epileptic drugs are also CYP3A4 substrates. Because these medications are
infrequently prescribed in the primary care setting, a discussion of the pharmacogenetics of
these medications is beyond the scope of this review.

Development and P450 System Activity

CYP450-dependent medication metabolism is not solely influenced by functional
polymorphisms, as described above, but it is also influenced by development.14

. CYP2C19activity reaches “adult range” by 6 months of age and then peaks at
1.5-1.8 times adult values by 3-4 years of age and then decreases by the end of
puberty to again reach “adult levels.”

. CYP3A4 activity is similar to activity in adults by 6-12 months of age and then
increases relative to “adult levels” from age 1-4 years and then declines to adult
levels by the end of puberty.

. CYP1AZ2 reaches adult levels by 4 months of age, peaks at age 1-2 years, and
then declines to adult levels by end of puberty.

. CYP2D6 activity reaches developmental “maturity” by 3-5 years of age.1®

Pharmacogenomic-Informed Dosing Guidelines

The Clinical Pharmacogenetics Implementation Consortium (CPIC) recently published
guidelines regarding dosing recommendations for five commonly prescribed SSRIs
(fluvoxamine, paroxetine, citalopram, escitalopram, and sertraline) based on CYP2Dé6 and
CYP2C19 genotypes, given that polymorphisms in these genes can have significant effects
on how these drugs are metabolized in different individuals (Table 2) (Hicks et al, 2015).

PHARMCOGENOMIC TESTING & PHARMACODYNAMICS

SLC6A4

While pharmacokinetic factors determine, in part, medication absorption, distribution,
metabolism, and excretion, pharmacodynamic factors are the most important determinants of
medication target engagement (the interaction of the medication with the molecular target,
e.g., an SSRI blocking the serotonin transporter). Multiple pharmacodynamic genes have
been identified as relevant to the mechanisms of action for antidepressants, antipsychotics,
stimulants and anti-adrenergic medications. Variation in these genes is being investigated
with regard to psychopharmacologic intervention, in children and adults.

The SLC6A4 gene is one of the most widely studied serotonergically-relevant genes.
Polymorphisms in this receptor are associated with decreased expression of the serotonin
transporter and may be associated with increased behavioral responses to threats,16
connectivity within in fear processing circuitryl”=20 as well as activity within brain networks
that are implicated in mood and anxiety disorders.2? In some studies of adults with major
depressive disorder and anxiety disorders predicts antidepressant response.?1-23 S/ C644
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encodes the presynaptic serotonin (5-hydroxytrypamine, [5-HT]) transporter. This facilitates
the return of synaptic serotonin to the presynaptic terminal; inhibition of this transporter is
thought to represent the therapeutic mechanism of the SSRIs. One significant polymorphism
involves an insertion/deletion in the promoter of the gene, giving rise to a long (/) and a short
(s) variant. The short variant results in decreased expression of the 5-HT transporter,24 eo
ipso decreased efficiency of 5-HT reuptake and ostensibly a decrease in the substrate on
which SSRIs might exert their therapeutic effects (Figure 2). Greater responses to SSRI
treatment in depressed adults with two copies of the (/ong) allele, although not all studies
have observed this association (Kraft et al, 2007) and there is some concern that ethnic
differences the regulation of 5-HT transporter expression may underlie these inconsistent
results observed in clinical trials. Finally, a meta-analysis of the association between the
SLC6A4 polymorphism and SSRI efficacy for depression (15 studies, A=1435) revealed that
the s/s variant results in lower remission rates (p<0.0001).1° Other variants in this gene may
also be associated with expression of the transporter, adverse reactions and response to
SSRIs.

To date, no studies have evaluated the predictive utility of SLC6A4 in pediatric patients
treated with antidepressants.

HTR2A

Data suggest that the H7RZ2A gene influences the clinical response to antidepressant
treatment2® in adults and may modulate the likelihood of adverse drug reactions with certain
SSRIs. Additionally, administration of paroxetine downregulates 5-HToa receptor
expression.2® To date, multiple functional polymorphisms of the H7R2A gene have been
identified: a silent point mutation 102T>C that is completely linked to a -1438G>A
promoter polymorphism, and a polymorphism in the coding region causing a His452Tyr
amino-acid substitution. Greater treatment responses have been observed in antidepressant-
treated patients with =1 C-alleles of the 102T>C polymorphism relative to patients who
were 7/T homozygous.2”

There are currently no available data regarding treatment response alleles in pediatric
patients but they have been evaluated for association with side effects during citalopram
treatment in pediatric patients.28

COMT

Catechol-o-methyltransferase is the primary enzyme that inactivates circulating
catecholamines (7.e., NE/DA), which are pathophysiologically implicated in ADHD and
represent targets for stimulant pharmacotherapy in youth with ADHD. One specific
polymorphism in this gene involves an amino acid substitution from valine to methionine
that results in a 40% reduction in enzymatic activity2® and thus higher synaptic levels of
catecholamines in the brain. Several studies have found an association between this COMT
substitution and decreased response rates to methylphenidate30:31 although not all studies
have observed this relationship.32-33 There was a strong trend observed in the study by
Froehlich and colleagues33 towards COMT substitutions predicting treatment response.
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Similarly, studies have found an association between the val/val genotype and a more
favorable response to amphetamines.34

Pharmacogenomic Testing & Side Effects and Tolerability—The ability to predict
adverse effects with the use of pharmacogenetic testing may increase the success of
psychopharmacologic interventions in youth. Moreover, adverse effects such as activation,
gastrointestinal symptoms, and dysomnia in youth create stress and uncertainty for families
and patients and may negatively impact the relationship between the clinician and the
patient/family. The ability to predict side effects would enhance clinical outcomes. Bohm
and Cascorbi® classify adverse drug reactions as Type A and B. Type A reactions are
mediated by the concentration of the medication, and therefore associated with
pharmacogenetic polymorphisms. Type B reactions are drug hypersensitivities mediated by
the immune system and not concentration-related.

At present, there are few pharmacogenomics studies that report associations between
specific polymorphisms or phenotypes and specific side effects. Side effects due to increased
plasma concentrations probably occur in youth who are poor metabolizers. The best
evidence for this has been observed in youth treated with atomoxetine’. Poor metabolizers of
CYP2DE6 exhibited greater treatment-response, but they also experienced more side effects,
including increases in heart rate and blood pressure and decreased velocity of weight gain.’
A similar association of poor metabolizers having greater treatment response and higher
incidence of side effects was demonstrated in a study of psychiatrically-hospitalized
pediatric patients treated with psychotropic medications.36 A study of autistic children
treated with risperidone monotherapy revealed polymorphisms in the 5-HT,a receptor as
well as the 5-HTy¢ receptor. A BDNF-related polymorphism produced treatment-related
increases in prolactin while polymorphisms in the 5-HT,¢ receptor as well as CYP2D6
phenotype predicted risperidone-related increases in BMI and/or waist circumference
(Correia et al. 2010). Two large studies have evaluated the association between specific
polymorphisms in the dopamine transporter and COMT and methylphenidate-related side
effects. In youth, aged 5-16 years of age, COMT-related polymorphisms were associated
with more somatic symptoms during treatment with methylphenidate. In the other study,
McGuff and colleagues®’ found that individuals who were val/va/with regard to COMT had
significantly more irritability associated with treatment. There were also strong trends for a
relationship between DRD4PROM polymorphisms and the COMT val/val with somatic
symptoms in methylphenidate-treated patients. In the same study, McGuff and colleagues3’
noted a strong association between the SCL6A4 and vegetative symptoms with individuals
who were /ong/long have a decreased incidence of vegetative symptoms.3’

Limitations of Pharmacogenetic Testing in Children & Adolescents

While the study of pharmacogenetics appears promising to predict drug levels for some
medications as well as side effects for some individuals, there are several limitations
regarding its implementation into standard clinical practice. At this time, prospective studies
are needed that will examine the benefit of medication selection and/or dose adjustments
based on a patient’s individual genotype prior to starting treatment. It is possible to use
genetic information to calculate theoretical dose adjustments based on a patient’s individual
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phenotype, although it is unclear if this provides a true therapeutic benefit for children and
adolescents.

While SSRIs are first line treatment for pediatric anxiety and depressive disorders, this class
of medications has a wide therapeutic window and it is unclear if higher plasma drug
concentrations are associated with improved efficacy. Antipsychotic-related weight gain may
be more common in pediatric patients than adults, and also needs further study.3® Most
studies to date have been performed exclusively in adults, with results extrapolated to
pediatric populations. Most studies have also been performed on one gene at a time, whereas
it may take a combination of pharmacokinetic and pharmacodynamic genes to predict
treatment response more accurately.

DISCUSSION

Psychiatric illnesses are common in children and adolescents and, despite available
psychopharmacologic and psychotherapeutic interventions, often result in significant
morbidity including decreases in quality of life.3%40 It is common for pediatric patients with
psychiatric disorders to experience trials of multiple psychotropic medications prior to
identifying a medication that is well tolerated and reduces symptoms. Due to the high
frequency of toxicity-related side effects (observed in 20-70% of patients), pediatricians,
child and adolescent psychiatrists and other clinicians often initiate pharmacotherapy at low
doses and slowly titrate the dose until the patient either experiences an intolerable side effect
or achieves symptomatic remission.*! The practice of slow titration of medication may
minimize the emergence of side effects, it may increase the risk of under-treatment and may
lead to a medication change due to the lack of treatment response (especially in ultrarapid
metabolizers). Pediatricians as well as child and adolescent psychiatrists have multiple
medications from which to choose for treating anxiety and depressive disorders as well as
ADHD;#2-45 however, many pediatricians report that they have limited data to guide their
choice of medication for an individual patient.*!

Pharmacogenetically-guided dosing is common in pediatric oncology and gastroenterology
(e.g., TPMT-based dosing of thiopurines) and preemptive pharmacogenetic testing is being
implemented in several institutions (some of which treat pediatric patients) that include
clinical decision support for psychotropic medications based on CPIC guidelines (CYP2D6
and CYP2C19).*6 Evidence is accumulating for the inclusion of pharmacodynamic genes in
these testing panels as well. While there are definite limitations to pharmacogenetic testing
in pediatric patients, testing has the potential to decrease morbidity, decrease treatment-
emergent side effects, improve treatment response, decrease inpatient admissions and
readmissions due to lack of efficacy or side effects, and cost of care for the patient and his or
her family. Ultimately, more research is needed to understand the contributions of
pharmacogenomics testing to the clinical treatment of children and adolescents.
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FIGURE 1.

Ethnic variability in CYP450 Phenotypes. Allelic frequencies for phenotypes of 2C19, 2D6
and 3A4 vary across ethnic groups, which may inform testing. These variations are
presented for the following ethnicities: (1) African, (2) Asian and (3) Phenotypic frequencies
are shown below for Africans (red), Asians (green) and Northern Europeans (blue).
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Figure 2.
Functional causal model of response in pediatric depressive and anxiety disorders

illustrating dependence among variables. The standardized dose of the antidepressant
medication (black circle) to response (black circle) relationship is a~separated by the chain
involving drug level and by forks including age, pharmacogenomics factors, compliance and
hepatic metabolism. Additionally, target engagement refers to myriad factors including
polymorphisms within the “drug target” (/.e., serotonin transporter). Gray nodes represent
consistently measured variables in clinical trials of youth with mood and anxiety disorders.
White nodes represent data that are rarely or inconsistently captured.
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TABLE 1
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Clinical Pharmacogenetics Implementation Consortium (CPIC) guidelines for consideration of genotype and
medication dosing or selection for antidepressant medications.

Medication

Paroxetine

Fluvoxamine

Citalopram,

escitalopram

Sertraline

Cytochrome  Phenotype

CYP2D6 Ultrarapid
Extensive
Intermediate

Poor

CYP2D6 Ultrarapid
Extensive
Intermediate

Poor

CYP2C19 Ultrarapid
Extensive
Intermediate

Poor

CYP2C19 Ultrarapid

Extensive
Intermediate

Poor

Recommendation

Select alternative drug not metabolized by CYP2D6
Initiate therapy at standard starting dose

Initiate therapy at standard starting dose

Consider 50% reduction of recommended starting dose or
select alternative drug

No recommendations due to lack of data
Initiate therapy at standard starting dose
Initiate therapy at standard starting dose

Consider 25-50% reduction of starting dose or use
alternative drug

Consider using alternative drug
Initiate therapy at standard starting dose
Initiate therapy at standard starting dose

Consider 50% reduction of standard starting dose or select
alternative drug

Initiate therapy at standard starting dose and consider
alternative drug if patient does not respond

Initiate therapy at standard starting dose
Initiate therapy at standard starting dose

Consider 50% reduction of standard starting dose or select
alternative drug

Strength of Recommendation
Strong

Strong

Moderate

Optional

Strong
Moderate

Optional

Moderate
Strong
Strong

Moderate

Optional

Strong
Strong
Optional
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