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Prader-Willi syndrome (PWS) is a rare genetic disorder with a complex neurobehavioral
phenotype associated with considerable psychiatric co-morbidity. This clinical case
series, for the first time, describes the distribution and frequency of polymorphisms
of pharmacodynamic genes (serotonin transporter, serotonin 2A and 2C receptors,
catechol-o-methyltransferase, adrenergic receptor 2A, methylene tetrahydrofolate
reductase, and human leucocytic antigens) across the two major molecular classes
of PWS in a cohort of 33 referred patients who met medical criteria for testing. When
results were pooled across PWS genetic subtypes, genotypic and allelic frequencies
did not differ from normative population data. However, when the genetic subtype
of PWS was examined, there were differences observed across all genes tested
that may affect response to psychotropic medication. Due to small sample size, no
statistical significance was found, but results suggest that pharmacodynamic gene
testing should be considered before initiating pharmacotherapy in PWS. Larger scale
studies are warranted.

Keywords: genetic testing, medication management, imprinting, Prader-Willi, pharmacogenetics

INTRODUCTION

Pharmacogenomics is the study of how structural gene changes determine the function, regulation
and production of gene products that affect the body’s response to medication. Pharmacodynamic
testing involves the assessment of genes that code for neurotransmitter receptors and transporters,
antigens, and enzymes that have an impact on drug activity and response, usually in the brain, as a
function of an individual’s DNA pattern. Pharmacodynamic phenotypes may explain why certain
classes of medications are not as effective in some people, beyond that predicted by the knowledge
of drug pharmacokinetics and cytochrome P450 genes. Also, pharmacodynamic phenotypes may
inform the risk of occurrence of side effects. Clinicians who are informed about the therapeutic
value of pharmacodynamic testing appreciate and utilize this knowledge to evaluate potential side
effects and variability of response to certain classes of psychotropic medication.

Using psychotropic medication to manage the multifaceted symptoms associated with Prader-
Willi syndrome (PWS) requires a knowledge of evidence-based science, clinical expertise, and
risk for potential side effects. PWS is a rare, complex, neurodevelopmental disorder best known
for hypothalamic obesity, neuroendocrine disturbances, and psychiatric co-morbidity. PWS is
an imprinting disorder resulting from absent paternal expression of the genes located in the
chromosome 15q11-q13 region. The features of PWS include infantile hypotonia, a poor suck with
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feeding difficulties, global developmental delay,
hypogenitalism/hypogonadism and growth failure due to
multiple hormone deficiencies (Butler et al., 2006). Short stature
with small hands and feet are common findings, and food
seeking with hyperphagia develops in early childhood leading to
morbid obesity, if not controlled by dietary and environmental
restriction and mandatory exercise. Disorders of sleep (central
and obstructive sleep apnea) and wakefulness (excessive daytime
sleepiness) are common. Mild intellectual disability, learning
difficulties, and behavioral concerns are noted. Temper tantrums,
stubbornness, emotional outbursts, and skin picking may be
present along with excessively rigid and repetitive behavior that
may appear obsessive-compulsive like. Mood disorder, psychosis,
and symptoms of Autism spectrum disorder are more likely
to correlate with specific PWS genetic subtypes (Butler et al.,
2004, 2006; Weisensel et al., 2015, 2016; Manzardo et al., 2018).
A positive DNA methylation test confirms the diagnosis of PWS
in 99% of cases, but additional testing is required to determine
the genetic subtype. The 15q11-q13 deletion (DEL) occurs in
60% of cases, maternal disomy 15 (UPD), in which one inherits
both chromosome 15 s from the mother, occurs in 35% of
cases, and the remaining persons have defects in the imprinting
center that controls the activity of the imprinted genes in the
15q11-q13 region (Butler et al., 2019). The frequency of maternal
disomy 15 appears to be increasing among older mothers and
those who have had in vitro fertilization (Butler et al., 2019;
Hattori et al., 2019).

The spectrum of clinical findings in PWS presents challenges
for families, caregivers and providers alike to develop and
implement various management strategies (Duis et al., 2019).
Clinical care is most effectively directed by a multidisciplinary
team that includes clinical geneticists, endocrinologists,
dietitians, exercise physiologists, gastroenterologists, orthopedic
specialists, and primary care physicians. The primary goal of
clinical care is to manage weight gain, monitor growth, and treat
associated comorbid conditions such as hormone deficiencies,
scoliosis, gut mobility issues, sleep apnea, and skin picking.
Ancillary disciplines of speech and language therapy, physical
therapy, occupational therapy, and special educators are essential
toward the achievement of developmental and vocational goals.
Mental health experts manage behavioral symptoms through
modified delivery of behavioral analysis techniques and cognitive
behavior therapy.

Psychiatric evaluation elucidates the etiology of symptoms,
including diagnosing co-morbid psychiatric disorders, and
results in a multidimensional treatment plan that involves
environmental modification, enhancing coping skills, behavior
management and use of psychotropic medication, hopefully
in that order. Too often psychotropic medications are used
for crisis intervention, and the evidence-base for use of
psychotropic medication to manage aspects of the behavioral
phenotype is lacking. Psychotropic medication selection
and dosage determination are important for optimal care.
Clinical experience suggests that people with PWS as a group
appear to be more sensitive to psychotropic medications,
requiring lower than typical doses for clinical response.
But there are individual variations, and this is a focus of
investigation in this report.

In 2006 the National Institutes of Health (NIH) PWS Rare
Disease Registry began recruiting persons with PWS for the
largest naturalistic longitudinal study examining factors related
to the cause, manifestations and treatment of this rare genetic
disorder (Butler et al., 2018). Of the 355 registrants in the
NIH Rare Disease PWS Registry, 265 of them received 483
psychotropic medications listed in Table 1. The frequency of use
by medication class is found in Table 2.

The data from the NIH PWS Registry indicates that over the
past 10 years, there has been a downward trend in the age that
children with PWS first receive treatment with selective serotonin
reuptake inhibitors (SSRIs). Nearly 50% of children age 5–12 year
were receiving SSRIs, and this increased to 70% in the 12–
21 years age group, often together with an atypical antipsychotic
medication (Forster, 2019). Polypharmacy leads to drug-drug
interactions, a significant problem contributing to medical and
psychiatric co-morbidity (Olashore and Rukewe, 2017). Further,
except for treatment of co-morbidities or specific augmentation
strategies, the evidence base for using multiple medications
simultaneously is lacking (Mrazek, 2010a). Therefore, there is
a need for an informed and individualized approach to dose
selection and medication management (Blasco-Fontecilla, 2019).

This clinical case series, for the first time in PWS, describes
the clinical significance of the most commonly studied
pharmacodynamic genes and their polymorphisms: serotonin
transporter (SLC6A4), serotonin 2A receptor (HRT2A),
serotonin 2C receptor (HRT2C), catechol-o-methyltransferase
(COMT), adrenergic receptor 2A (ADRA2A), methylene
tetrahydrofolate reductase (MTHFR), and human leucocytic
antigens (HLA-A and B). None of the pharmacodynamic genes
tested is located in the PWS chromosome 15q11-q13 region,
which is deleted or not expressed in the majority of patients with
PWS. To date, only serotonin 2C receptor activity and serotonin
transporter activity have been identified as being affected in
animal models and humans. There are epigenetic effects on the
editing of serotonin 2C receptor believed to be caused by base pair
complementarity with one of the sno-RNAs in the critical region,
specifically SNORD115 (Kishore and Stamm, 2006). However,
the loss of SNORD115 in animal models does not appear to be
sufficient to cause the abnormal editing of HTR2C (Hebras et al.,
2020). Falaleeva et al. (2015) has proposed a mutual interaction
between SNORDs, where SNORD116 is necessary to facilitate
alternative splicing of RNAs by SNORD115, and SNORD115
modulates the expression of genes by SNORD116, although none
of those appear to be directly related to the pharmacodynamic
genes in this case report (Falaleeva et al., 2015). Deficiency
of Necdin, one of the imprinted genes not expressed in PWS,
is related to an increase in serotonin transporter activity and
altered neuroarchitecture of the serotonergic system in the
Necdin knock-out mouse, specifically affecting the central
respiratory mechanisms in the medulla (Zanella et al., 2008;
Matarazzo et al., 2017). Also, decreased serotonin transporter
has been identified in the brain stem of patients with PWS UPD
vs. DEL using single photon emission tomography (SPECT)
(Krishnadas et al., 2018). Similar imaging studies have noted a
reduction in SERT in the brain stem and other brain regions
of adults with depressive illness vs healthy controls (Kambeitz
and Howes, 2015). This is relevant to PWS given the greater
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TABLE 1 | Number, class and name of psychotropic medications prescribed to 265 PWS registrants in the National Institutes of Health Rare Disease Consortium for
Prader-Willi Syndrome.

Antidepressant/
Anti-anxiety

N Antipsychotic/Mood stabilizer N Anticonvulsant/Mood stabilizer N Stimulants/Non-stimulants N

SSRI 143 SGA 90 Anticonvulsant 76 Methyphenidate 36

Fluoxetine 58 Risperidone 37 Topiramate 32 Ritalin* 21

Sertraline 37 Aripiprazole 26 Valproic acid 17 Concerta* 7

Citalopram 18 Quetiapine 15 Phenobarbital 7 Focalin* 6

Escitalopram 15 Ziprasidone 8 Carbamazepine 2 Metadate* 1

Paroxetine 12 Paliperidone 2 Oxcarbazepine 4 Daytrana* 1

Fluvoxamine 3 Olanzapine 1 R-etiracetam 4 Amphetamine 11

SNRI 8 FGA 10 Lamotrigine 4 Adderall* 5

Nefazodone 1 Haloperidol 3 Gabapentin 2 Dexedrine* 5

Venlafaxine 4 Loxapine 3 Tiagabine 2 Vyvanse* 1

Desvenlafaxine 1 Thioridazine 3 Zonisamide 1 Nonstimulant 39

Imipramine 1 Chlorpromazine 1 Phenytoin 1 Atomoxetine 5

Clomipramine 1 Mood stabilizer 4 Modafanil 34

Other Lithium 4

Bupropion 12

Trazadone 1

Anti-anxiety 37

Benzodiazepine 18

Clonidine 8

Guanfacine 3

Buspirone 4

Hydroxyzine 4

SSRI, selective serotonin reuptake inhibitor; SNRI, serotonin norepinephrine reuptake inhibitor; SGA, second generation antipsychotics; FGA, first
generation antipsychotics. *Brand name used. The bolded numbers in the table are subtotals for medication classes.

prevalence of affective psychosis among UPD than DEL (Singh
et al., 2019a). Finally, MTHFR TT polymorphism, which is the
low activity polymorphism, was higher in mothers who had a
child with Angelman syndrome due to a maternal imprinting
defect, a deficiency of the methylation process, but data from
fathers did not reach statistical significance (Zogel et al., 2006).
It should be noted that the American College of Medical
Genetics does not endorse MTHFR testing because of population
heterogeneity and minimal data for clinical utility in predicting
risk for coronary artery disease or thromboembolism. The
clinical utility of MTHFR polymorphism studies in psychiatry
continues to be examined (Wan et al., 2018).

For the first time, the frequency of pharmacodynamic gene
polymorphisms in this cohort of clinically referred patients with
PWS is presented and compared with normative population data
when possible. The capacity to use this knowledge to anticipate
treatment efficacy and/or vulnerability to adverse effects of
pharmacotherapy will be addressed. Finally, the potential for
interactions between psychodynamic genes to affect psychiatric
co-morbidity in genetic subtypes of PWS is discussed.

MATERIALS AND METHODS

In this clinical case series, 33 patients with genetically confirmed
PWS were evaluated at one of three geographically distinct
clinical centers in the United States (University of Kansas Medical
Center, Vanderbilt University Medical Center and Pittsburgh

TABLE 2 | Percentage of 265 persons from the NIH PWS registry receiving
psychotropic medication by class.

Medication class Frequency of use %

SSRI 54.0

SNRI + Other 7.9

Anti-anxiety 13.9

Atypical antipsychotics (SGA) 33.9

Typical antipsychotics (FGA) 3.8

Anticonvulsant/mood stabilizer 30.2

Stimulant 17.7

Non-stimulant 14.7

SSRI, selective serotonin reuptake inhibitor; NSRI, non-selective serotonin
reuptake inhibitor; SGA, second generation antipsychotics; FGA, first
generation antipsychotics.

Partnership, PA, United States). Pharmacogenomic testing was
ordered as part of the clinical evaluation by the authors who
are physicians treating patients with medications prescribed for
behavioral or psychiatric problems. All patients in this clinically
referred cohort met medical necessity criteria for testing. After
a discussion with the physician about pharmacogenetics and its
use in medication management, the guardians consented for
genetic testing by signing order forms provided and approved
by the three commercially licensed and CLIA accredited
laboratories: Genesight (Mason, OH, United States), Genelex
(Seattle, Washington), and Genomind (King of Prussia, PA,
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United States). Buccal cells were collected from a total of 33
patients in the clinical setting and sent to the laboratories
of Genesight (n = 27), Genelex (n = 5), and Genomind
(n = 1) for DNA extraction and genotyping. The results
were received by each clinician, deidentified with respect to
age, gender, race and ethnicity, and added to the collective
data set. Information about clinical treatment and response
to psychotropic medication(s) in our PWS cohort was not
included, although clinical necessity criteria for testing requires
treatment failure due to inefficacy, treatment emergent side
effects, or co-morbid conditions requiring multiple medications.
Only the PWS genetic subtype was identified in the population.
There were 14 persons with the 15q11-q13 deletion (DEL)
and 14 persons with uniparental maternal disomy 15 (UPD).
Genetic subtype was unknown in 5 persons whose diagnosis
of PWS was confirmed previously with DNA methylation. The
most commonly studied pharmacodynamic genes and their
polymorphisms were analyzed: serotonin transporter (SLC6A4),
serotonin 2A receptor (HTR2A), serotonin 2C receptor (HTR2C),
COMT, adrenergic receptor 2A (ADRA2A), MTHFR, and human
leucocytic antigens (HLA-A and HLA-B). Results were collated
across PWS genetic subtypes, and a third category comprised of
pooled data (DEL + UPD + PWS unspecified) was designated
as “ALL.” Genotype and allele frequencies were calculated and
compared with normative population data. The frequency of
pharmacodynamic gene polymorphisms has been based upon
large population studies with ethno-geographic specificity. When
possible, the data derived from our cohort of persons with
PWS was compared to genotypic and allelic frequencies from
populations designated as North American, European American,
European, White American, or US Caucasian by chi-square test.
The phenotype of each pharmacodynamic gene was inferred from
the genotype. For example, it is well known that the s allele of the
serotonin transporter promoter region has been associated with
50% less transcription than the L allele, so the homozygous form
is designated as low activity. However, it is also acknowledged
that there are other factors that may determine transcriptional
activity (Mendlewicz et al., 2004).

Ethical review and approval were not required for this report.
This article is a scholarly report of a clinical case series of
patients with PWS who received pharmacogenomic testing as
part of medical care at one of three specialty programs across
the United States. This report will both inform and hopefully
improve the quality of care of patients with PWS. The clinical
care described in this article was not part of a research project.
Prior to the collation and analysis of data, all pertinent private or
protected health information about each patient was eliminated,
except for the genetic subtype of PWS and the pharmacodynamic
genotypes. Further, the results presented in this paper have been
deidentified, will not affect the patient’s clinical care, nor do they
have the potential to cause the patient any harm. Therefore, IRB
approval was not obtained for ethics oversight.

RESULTS

This is the first attempt to ascertain the frequency of
polymorphisms of pharmacodynamic genes in persons with

PWS. From the frequency data presented in the combined
cohort of “ALL” PWS, polymorphisms of pharmacodynamic
genes tested were similar to normative population data.
However, differences were observed between DEL and UPD
genetic subtypes. In summary, those with UPD displayed an
increased frequency of the L allele of the serotonin transporter
and an increased frequency of VAL/VAL polymorphism of
COMT gene. Those with DEL displayed increased frequency of
HRT2A polymorphisms associated with risk of autonomic and
respiratory dysfunction in infancy and sleep apnea and metabolic
syndrome with age. Among patients of both subtypes, there was
an increased frequency of serotonin 2C polymorphism resulting
in potential risk for side effects associated with pharmacotherapy
with SSRIs and atypical neuroleptics. There were genetic
subtype differences for the ADRA2A gene suggesting increased
risk of side effects in DEL and decreased efficacy in UPD
during treatment with alpha-adrenergic agonists. MTHFR results
indicate that both PWS genetic subtypes have an increased
frequency of diminished function alleles, as well as increased
frequency of compound genotypes associated with potential risk
of developing psychosis. In summary, when analyzed by genetic
subtype, there are pharmacodynamic gene differences in this
referred population that may contribute to response and/or
the emergence of adverse effects with treatment. Although the
above findings showed differences, they were not significantly
different by chi-square test (p < 0.05) due to small sample
size. The complete results of the pharmacodynamic genes tested
(SLC6A4, HTR2A, HTRT2C, ADRA2A, COMT, and MTHFR) in
our referred cohort clustered by genetic subtype and testing lab
are found in Table 3.

Serotonin Transporter
One of the best studied pharmacodynamic genes is the serotonin
transporter (5-HTT, SERT, or SLC6A4) that has both short and
long polymorphisms of the gene promoter allele. The SERT
gene is located at Ch17q11.1-q12. The serotonin transporter
shuttles through the synaptic cleft from the serotonergic neuron
to the post-synaptic receptor, collecting and recycling unbound
serotonin. The homozygous form of the short allele (s/s) is
associated with reduced efficiency of transcription, lower gene
expression, and decreased serotonin binding affinity (Lesch et al.,
1996). Both human and animal studies have shown that this
genotype is associated with increased stress sensitivity to adverse
life events, although a positive outcome can be expected with
environmental support (Kumsta et al., 2010). The ss genotype
is associated with anxious, neurotic and somatic personality
styles (Caspi et al., 2003), not unlike some of the personality
characteristics seen in PWS. The s allele appears to modulate
the impact of environmental stress on depression (Daws and
Gould, 2011). Studies have demonstrated an additive effect of
the number of s alleles contributing to low emotional resilience
and distress intolerance (Stein et al., 2009; Amstadter et al.,
2012). Schepers and Markus (2017a,b) found that BMI was
positively correlated with a ruminative cognitive style among s
allele carriers, and that in this group, stress increased attention
bias for high calorie, savory foods identified by an eye-tracking
task. The homozygous form of the long allele (L/L) is associated
with high gene expression, and this genotype confers stress
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TABLE 3 | Selected results of pharmacodynamic genotypes and phenotypes among the referred cohort of patients with PWS assorted by genetic subtype and
pharmacogenomic testing lab.

SLC6A4 HTR2A HTR2C ADRA2A COMT MTHFR

Lab 1438G > A −998G > A 614-2211T > C −759C > T −1291G > C VAL158MET 472G > A 677C > T 1298A > C

“PWS”

GS L/s GA t

GS s/s GA i CC d VAL/MET i CT i

GS L/L GG r GC t VAL/MET i

GS L/L AA d CC d MET/MET d CC t

GS s/s GA t GC t VAL/MET i CT i

DEL

GL GA i CC d CC r CC d AA d CT i AC i

GS L/s GG r GC t VAL/MET i

GL GG r CC d CC r GC t AA d CT i CC d

GL AA d TC t CC r GC t AA d CT i AA t

GS s/s GG r CC d VAL/MET i

GS L/s GA t GC t VAL/MET i

GS L/s GA t GC t MET/MET d

GS s/s AA d CC d MET/MET d CC t

GL LA/sA AA d CC d CC r GC t AA d TT d AA t

GS s/s GA t GC t VAL/MET i

GS L/L AA d CC d VAL/MET i

GS L/L GG r GG t VAL/VAL h

GS s/s GA t CC d VAL/VAL h

GS L/s GA t GC t MET/MET d

UPD

GL GA i TC t CC r GC t GA i CC t AC i

GS L/L GA t CC d VAL/VAL h

GS L/s GA t GC t MET/MET d CC t

GS L/s GA i GC t VAL/VAL h CT i

GS L/s GA i CC d VAL/VAL h CT i

GS L/s GA t CC d VAL/MET i CT i

GS L/L GA t CC d VAL/MET i CC t

GS L/L GA i GC t VAL/VAL h CC t

GS L/s GA t CC d VAL/MET i

GM L/L GA t

GS L/L GG r GC t MET/MET d

GS L/L GA t CC d VAL/VAL h

GS L/L GG r CC d VAL/VAL h

GS L/s GA t CC d VAL/MET I

Lab: GS, GeneSight; GL, Genelex; GM, Genomind. PWS Genetics: DEL, Deletion; UPD, Uniparental disomy. “PWS” – Methylation positive, subtype unspecified.
Phenotypes: d, decreased activity; i, intermediate activity; t, typical activity; h, high activity; r, at risk.

resilience (Stein et al., 2009). Medications of the selective
serotonin reuptake inhibitor (SSRI) type bind with variable
affinity to the transporter, displacing serotonin into the cleft
for increased availability at the post-synaptic receptor. This is
the mechanism for producing the antidepressant response from
these medications. The ss genotype is associated with decreased
response to SSRI medications, and the LL genotype is associated
with increased response. Although the genotype is subject to
Mendelian inheritance, there is variability of gene frequency
across ethno-geographic groups as discussed by Mrazek (2010b).
This case series infers the phenotype from the genotype, although
there are epigenetic factors that ultimately determine gene

expression such as nutrition, stress, immune activation, age, and
pharmacological effects as discussed by Daws and Gould (2011).

The distribution of serotonin transporter genotype among the
29 patients with PWS in our cohort compared to the Caucasian
American population is shown in Figure 1. The alleles in the
combined cohort “ALL” show some skewing toward the L/L
genotype comparable to the predicted cohort.

Table 4 shows the allelic frequencies for the combined cohort
of PWS (ALL), which are 59% for the L allele and 41% for the
s allele. These frequencies compare favorably with the allelic
frequencies reported in the Caucasian American population,
which are 60% for the L allele and 40% for the s allele
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FIGURE 1 | Distribution of serotonin transporter genotypes by PWS genetic
subtype ALL (n = 29), DEL (n = 11), UPD (n = 13) compared to a predicted
Caucasian American population (n = 114) (Poland et al., 2013). DEL, deletion;
UPD, uniparental disomy; ALL, combined cohort of PWS.

TABLE 4 | Distribution of serotonin transporter genotype and allele frequencies
among PWS DEL, UPD and ALL cohort (n = 29) compared to a predicted
Caucasian American population (n = 114); both number and within group
(%) are reported.

Cohort N s/s (%) s/L(%) L/L(%) s Allele L Allele

Caucasian American* 114 18(15.8) 55(48.2) 41(36) 0.40 0.60

Current: ALL PWS 29 6(20.7) 12(41.4) 11(37.9) 0.41 0.59

DEL subtype 11 4(36.4) 5(45.5) 2(18.2) 0.59 0.41

UPD subtype 13 0 6(46.2) 7(53.8) 0.23 0.77

*Poland et al., 2013.

(Poland et al., 2013). However, the data is different when the
genetic subtype of PWS is considered. For the UPD subtype, the
distribution is skewed toward the L/L genotype, and no one with
UPD had the s/s genotype. The frequency of the L allele among
our UPD cohort is 76.9%. This is higher than the expected 60%
ascertained for the Caucasian American population (Poland et al.,
2013). This finding may indicate increased sensitivity to SSRIs
and greater possibility of mood activation. Results for the deletion
cohort are skewed toward the s/s genotype. The frequency of s
allele is 59.1% among the deletion subgroup, higher than the 40%
expected for the Caucasian American population (Poland et al.,
2013). This finding is consistent with what might be expected
for persons with PWS, who show traits of stress sensitivity,
neuroticism and somatization and have a better outcome in a
structured, socially supported environment.

Serotonin Receptors
Serotonin receptors 2A (HTR2A) and 2C (HTR2C) are
most relevant to understanding the action and efficacy of
antidepressant medication. They are G-protein coupled, post-
synaptic receptors with expression developmentally regulated
in the prefrontal cortex (PFC) where two serotonin receptors
appear have opposing effects. Serotonin 2A receptors are located
on excitatory glutamate neurons while HTR2C are located on
inhibitory GABA interneurons. Lambe et al. (2011) studied
gene expression (mRNA) from HTR2A and HTR2C in the PFC

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Neonate

Infant

Toddler

School age 7-12 yrs

Teenage 13-19 yrs

Young adult 20-25 yrs

Adult  >25 yrs

HTR2C HTR2ANormalized mRNA Expression

FIGURE 2 | Normalized mRNA expression of serotonin receptors in human
prefrontal cortex obtained from post-mortem cases of different ages, as
adapted from Lambe et al. (2011).

of post-mortem brains sampled at various ages across the life
cycle (Figure 2).

Expression of the mRNA from HTR2A, the excitatory
serotonin receptor, increases from infancy through the toddler
and school age years, peaks during adolescence, and then
declines in the young adult years until reaching adulthood levels.
Expression of the mRNA from HTR2C, the inhibitory serotonin
receptor, follows a similar pattern of upregulation at a level
two thirds of HTR2A expression until parity is achieved in the
young adult and later adult years. The greatest discrepancy in
expression occurs in adolescence. From this mRNA data in the
human prefrontal cortex, it appears that the activating form
of HTR2A expression predominates from the school age years
through adolescence. It is well known that the phenomenon of
mood and behavioral activation associated with the use of SSRIs
is more likely to occur in younger individuals and adolescents
(Luft et al., 2018). This is the reason for the black box warning
about suicide potential among children and adolescents started
on SSRIs and some atypical antipsychotics. Further, Pandey et al.
(2002) found an increase in the serotonin 2A receptors in the PFC
of post-mortem brains of adolescents who completed suicide, and
Schmauss (2003) found abnormal editing of the serotonin 2C
receptor in the PFC of depressed suicide victims.

This information is particularly relevant to persons with PWS.
Located in the imprinted region of chromosome 15q11-q13 is a
small nucleolar RNA (HBII-52 or SNORD115) that is required for
proper editing of the serotonin 2C receptor (Kishore and Stamm,
2006). The clinical implication for PWS is that the serotonin 2C
receptor is produced, but its overall efficacy is diminished due to
improper editing. Therefore, it is likely that persons with PWS
have a serotonin 2C receptor with deficient function. With a
typical expression of HTR2A throughout development and lower
functional expression of HTR2C in PWS leading to less inhibitory
effect, there is greater potential for clinical response to lower
doses of SSRIs as well as adverse effects of mood activation at
typical doses (Durette et al., 2012; Gourash et al., 2015).

Serotonin 2A Receptor
The serotonin receptor 2A (HTR2A) gene is located on
chromosome 13q14-21. Only the rs6311 polymorphism in the
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FIGURE 3 | Frequency of HTR2A genotype and phenotype per PWS genetic
subtype cohort: DEL (n = 14), UPD (n = 14), and ALL (n = 33). DEL, deletion;
UPD, uniparental disomy; ALL, combined cohort of PWS.

TABLE 5 | Distribution of HTR2A genotypes and allele frequencies among PWS
and European cohorts; both number and within group (%) are reported.

Cohort N AA(%) GA(%) GG(%) A G

European* 286 50(17.5) 144(50.3) 92 (32.2) 0.43 0.57

Current: ALL PWS 33 5(15.2) 21(63.6) 7(21.2) 0.47 0.53

DEL subtype 14 4(28.6) 6(42.9) 4(28.6) 0.50 0.50

UPD subtype 14 0 12(86.7) 2(14.3) 0.43 0.57

*Gorwood et al., 2002.

promoter (−1438G > A) of HTR2A is tested on the Genesight
panel. The−998G > A polymorphism on the Genelex panel is the
same as −1438G > A. The phenotypic activity of the −1438GA
allele has been reported as typical or intermediate by GeneSight
and Genelex. The frequencies of the genotypes and phenotypes
reported in the PWS genetic subgroups are displayed in Figure 3.

Across the total PWS cohort, the typical phenotype of
−1438G > A is expressed more frequently (45.5%) than the
intermediate phenotype (18.26%). The−1438AA genotype, a low
activity phenotype, is reported in 15.2% of the total cohort. In
several meta-analyses, the AA genotype carries the greatest risk
for obstructive sleep apnea and hypopnea (Zhao et al., 2013; Xu
et al., 2014). The -1438GG genotype occurs in 21.2% of the total
cohort, and this phenotype carries the greatest risk for increased
waist circumference associated with metabolic syndrome and
hypertension (Halder et al., 2007).

Among 286 individuals of European ancestry, the prevalence
of −1438G > A polymorphisms was 50 AA (17.5%), 144 GA
(50.3%), and 92 GG (32.2%); the frequency of the G allele was
0.57 and the frequency of the A allele was 0.43 (Gorwood et al.,
2002). Among the total PWS cohort, the frequency of the G allele
was 0.53, and the frequency of A allele was 0.47, similar to that
reported by Gorwood et al. (2002).

Table 5 displays the genotypic frequencies among the
PWS genetic subtypes and compares them to the typical
European population described above. There was a more normal
distribution of -1438G > A gene polymorphisms in the DEL
subtype: AA (28.6%), GA (42.9%), and GG (28.6%) where the
frequency of both A and G alleles was 0.50. In the UPD subtype,
the distribution of polymorphisms was skewed: AA (0), GA
(86.7%), and GG (14.3%) with the frequency of the G allele being

0.57 and the A allele 0.43, remarkably similar to that reported by
Gorwood et al. (2002) in the typical European population. So,
compared to UPD, the deletion subtype in our cohort appears
to be at greater risk for adverse effects of SSRIs, sleep apnea and
metabolic syndrome.

In addition to the HTR2A -998G > A polymorphism, the
Genelex panel also tests for the 614-2211T > C allele, also known
as rs7997012 or−1178G > A. In the STAR∗D study, people with
depression who had the adenosine substitution (AA) were more
likely to respond to citalopram than those who had the GA or GG
genotype (McMahon et al., 2006). Of the five patients tested using
the Genelex panel in our case series, three had the low activity
phenotype and two had typical activity.

In addition to phenotypic differences in functional activity
determined by the polymorphism, binding affinity varies
across drugs. Among the atypical antipsychotic medications,
risperidone and ziprasidone have the highest affinity for
HTR2A followed by olanzapine and aripiprazole. Increased
risk for movement disorder, such as tardive dyskinesia, which
is an adverse effect associated with the use of antipsychotic
medications, is increased among those with the G allele of
−1438G > A (rs6311) and the C allele of 102T/C (rs6313)
(Lattuada et al., 2004). These two polymorphisms are in strong
linkage disequilibrium with rs1928040, another polymorphism of
HTR2A associated with the orofacial type of tardive dyskinesia
particularly among females (Pozhidaev et al., 2020).

The promoter region of HTR2A is subject to epigenetic
modification by methylation during fetal development, and these
effects have been associated with neurobehavioral problems
during infancy, psychiatric disorders in young adulthood, and
chronic fatigue syndrome in adults as discussed by Paquette and
Marsit (2014). Stress has an ongoing role in epigenetic regulation
of HTR2A, and there are both glucocorticoid as well as cortisol
binding sites in the promoter region (Paquette and Marsit, 2014).

Serotonin Receptor 2C
The Serotonin 2C receptor gene (HTR2C) is located on the X
chromosome (Xq24). So males, who by definition have only one
X chromosome, are maternally hemizygous for the HTR2C gene
alleles. The serotonin 2C receptor is a site of action of most
antidepressants and atypical antipsychotic medications. All these
agents have variable affinity for the receptor. Polymorphisms of
the HTR2C are associated with increased risk of side effects of
weight gain and movement disorder with the use of atypical
antipsychotics (MacNeil and Müller, 2016). Only Genelex tests
for polymorphisms of the serotonin 2C receptor gene, so the
data from our PWS cohort is limited. Of the five cases receiving
Genelex testing of the HTR2C -759 C > T polymorphism, all
of them had the CC phenotype suggesting greater risk of side
effects of weight gain and movement disorder associated with
the use of atypical antipsychotic medications. As previously
described, the function of the serotonin 2C receptor is likely to
be abnormal in PWS.

Alpha-2A Adrenergic Receptor
The alpha-2A adrenergic receptor is a G-protein coupled
receptor that primarily provides presynaptic feedback inhibition
on norepinephrine (NE) release by central and peripheral
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sympathetic neurons. This results in reduced peripheral
vasoconstriction and blood pressure. The gene is located at
Ch10q25.2. The -1291C/G promoter polymorphism in ADRA2A
has been associated with vascular reactivity to stress, and
vasoconstriction increases linearly with the number of copies
of the G allele (Flordellis et al., 2004). Specifically, there is an
association between this genetic variation and cardiovascular
reactivity in young African Americans (Kelsey et al., 2012).
Also, the adrenergic receptor 2A modulates response to
methylphenidate and alpha-adrenergic agonists. There is a
linear relationship between the number of G substitutions in
the −1291C/G promoter polymorphism and the response to
methylphenidate targeting inattentive symptoms in ADHD
(Schmitz et al., 2006; Polanczyk et al., 2007; Cheon et al., 2009).
However, more recent studies have implicated a more robust
pharmacodynamic association between a diagnosis of ADHD
and serotonin transporter, dopamine transporter, dopamine
receptor, COMT and other pertinent genes (McGough et al.,
2009; Joensen et al., 2017).

ADRA2A (−1291CG) and other adrenergic receptor SNPs
are also involved in metabolism and central obesity (Halder
et al., 2007). Alpha-2A adrenergic receptors are located in
pancreatic islet β-cells, and there is an association between
stress and hyperglycemia associated with stress, especially among
Caucasians (Adefurin et al., 2016). Insulin activates ADRA2A,
and expression of ADRA2A inhibits lipolysis, contributing to
weight gain (Stich et al., 1999, 2003). Garenc et al. (2002)
found an association between some SNPs of ADRA2A with the
accumulation of abdominal fat unrelated to overall body mass
among African Americans. Although ADRA2A alone has not
been associated with obesity, there is an interactive effect with
other SNPs (Lima et al., 2007). Some atypical antipsychotics
such as risperidone have alpha-adrenergic agonist effects. Given
that hyperglycemia and an accumulation of abdominal fat is
associated with adrenergic agonist effects, it is possible that the
weight gain and metabolic syndrome occurring during treatment
with second generation antipsychotics may be related, in part, to
their adrenergic effects (Riordan et al., 2011).

Figure 4 shows the frequency of the -1291C/G promoter
polymorphism in ADRA2A in our cohort of patients with
PWS. Overall, the frequency of polymorphisms is almost
evenly distributed between the low affinity and typical
affinity phenotypes; there was only one person with the
ADRA2A−1291GG allele, which also confers the typical affinity
phenotype. When examining the results for the genetic subtypes
of PWS, there is a tendency toward the typical affinity phenotype
among the deletion group and the low affinity phenotype among
the UPD group.

Population studies show a variation in the distribution of
−1291C/G polymorphism with race and ethnicity, as reviewed
by Karahalil et al. (2008). The genotype and allelic frequencies
among White Americans (Lima et al., 2007) are compared to the
data from our PWS cohort in Table 6.

The frequency of the G allele is increased among the DEL
subgroup. An increased dose of G allele has been associated with
increased vascular reactivity with stress and improved response
to methylphenidate and alpha-adrenergic agonists. There is
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FIGURE 4 | Frequencies of 1291C > G ADRA2A genotype and phenotype
among PWS genetic subtypes DEL, UPD, and ALL (n = 31) compared to a
predicted cohort of White Americans (n = 232) (Lima et al., 2007). DEL,
deletion; UPD, uniparental disomy; ALL, combined cohort of PWS.

TABLE 6 | Distribution of 1291C > G ADRA2A genotypes and allele frequencies
among PWS and White American cohorts; both number and within group
(%) are reported.

Cohort N CC(%) CG(%) GG(%) C G

White Americans* 232 85(53.5) 58(36.5) 16(10.1) 0.72 0.28

Current: ALL PWS 31 15(48.4) 15(48.4) 1(3.2) 0.73 0.26

DEL subtype 14 5(35.7) 8(57.1) 1(7.1) 0.64 0.36

UPD subtype 13 8(61.5) 5(38.5) 0 0.81 0.19

*Lima et al., 2007.

an increase in the C allele among the UPD subgroup that
may contribute to lesser efficacy of alpha-adrenergic agonists
in treatment trials. The alpha-2 adrenergic receptor agonist
guanfacine has been used successfully in patients with PWS
to target symptoms of aggression, skin picking, and ADHD
(Singh et al., 2019b), but it was not effective in managing
the severe psychopathology associated with PWS, which is
usually found in UPD.

Catechol-O-Methyltransferase
The COMT enzyme is responsible for clearing dopamine
and other monoamine neurotransmitters from the synaptic
cleft. COMT polymorphism is a major determinant of
dopamine function in the prefrontal cortex, limbic system
and reward centers of the brain (Schacht, 2016). Dopamine
tone in the prefrontal cortex determines cognitive functions
along a U-shaped continuum; either too much or too little
dopamine can impair executive function (Meyer-Lindenberg
and Weinberger, 2006). Bilder et al. (2004) described an
inverse relationship between cortical and subcortical activation
associated with COMT polymorphism, dopamine tone, and
psychosis susceptibility. Further, Mier et al. (2010) performed
a meta-analysis of fMRI studies that supported a COMT
polymorphism-related bias for cognitive vs emotional processing
as a function of activation of the prefrontal cortex. In another
meta-analysis, Taylor (2018) reviewed the association between
COMT polymorphisms and major psychiatric disorders, such
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as schizophrenia, schizoaffective disorder, bipolar disorder,
depression, obsessive compulsive disorder and ADHD. Many
studies have explored how specific behavioral attributes
(endophenotypes), such as stress sensitivity, reward response,
extraversion, neuroticism and aggression are related to COMT
polymorphisms (Hoth et al., 2006; Collip et al., 2011; Lancaster
et al., 2012; Lee and Prescott, 2014; Qayyum et al., 2015; Millenet
et al., 2018). Some studies have focused on the association of age
across development and COMT expression (Bowers et al., 2020).

The COMT gene is located on chromosome 22q11.21. The
rs4680 or 472G > A gene variant is the most widely studied.
It occurs as a VAL/MET polymorphism and appears in 3
combinations (VAL/VAL, VAL/MET, and MET/MET) depending
on a substitution of methionine for valine. The frequency of
occurrence of the MET allele differs across geographical ancestry
as reviewed by Mrazek (2010b). Also, there are racial differences
with African Americans displaying a decreased frequency of
MET/MET polymorphism (Fiocco et al., 2010).

COMT (VAL/VAL) is associated with high enzyme activity
resulting in lower dopamine levels in the synaptic cleft. This has
been associated with greater cognitive flexibility and a positive
response to environmental support, but a greater likelihood of
distractibility; it predicts a typical response to psychostimulants
(He et al., 2012).

COMT (MET/MET) is associated with low enzyme activity (as
much as 2–4 times lower than VAL/VAL) and higher dopamine
levels in the synapse (Chen et al., 2004) of neurons in the
PFC. It is associated with reward focused behavior and response
(Lancaster et al., 2012) as well as stress sensitivity (He et al.,
2012; Boecker-Schlier et al., 2016). MET/MET carriers are more
likely to respond to stressful life events occurring in childhood
and adolescence (Crum et al., 2018). This endophenotype may
result in stress sensitivity throughout life and may predispose
to addiction (Lovallo et al., 2017; Buchanan and Lovallo, 2019).
Collip et al. (2011) found that the persons with the MET/MET
phenotype were more emotionally reactive to stress, displayed
more negative affect, and were more likely to experience
“momentary psychosis” (most often with delusional thinking)
in response to a stress. However, in a stress-is-enhancing
mindset manipulation, MET/MET carriers were more likely
than VAL/VAL carriers to reappraise the effect of stress on
their lives and respond with improved cognitive function and
positive affect (Crum et al., 2018). Also, MET/MET carriers who
have schizophrenia or schizoaffective disorder are more likely
to respond to treatment with atypical antipsychotic medications
affecting dopamine receptors (D2) resulting in a reduction in
positive symptoms (Huang et al., 2016; Schacht, 2016).

Our cohort of 33 patients with PWS was sampled from clinics
in the United States. The distribution of COMT polymorphisms
is found in Figure 5 and compared to a normal Caucasian
population (Lee and Prescott, 2014).

Overall, the MET/MET genotype was found in 32.3% of our
collective cohort, which is higher than predicted (28.3%), and
the VAL/VAL genotype was found in 25.8% of the collective
cohort, also higher than predicted (22%) from a meta-analysis of
studies yielding a normal Caucasian population of 13,399 people
(Lee and Prescott, 2014). These data sets are comparable. When
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FIGURE 5 | Frequency of COMT receptor phenotypes and genotypes among
PWS genetic subtypes DEL, UPD, and ALL (N = 31) compared to a predicted
Caucasian Cohort (N = 13,399) (Lee and Prescott, 2014). DEL, deletion; UPD,
uniparental disomy; ALL, combined cohort of PWS.

examining the results from the PWS genetic subtypes, however,
the distribution is skewed toward MET/MET among those with
DEL subtype and VAL/VAL among those with UPD.

Table 7 compares the COMT genotype and MET and VAL
allelic frequencies of the PWS genetic subtypes with a normative
Caucasian population. The frequency of MET allele among PWS
with deletion is 0.68, which is higher than expected compared to
the frequency among Caucasians, which is 0.53 (Lee and Prescott,
2014). The frequency of MET allele among PWS with UPD was
0.35, which is lower than Caucasian norms. Karayiorgou et al.
(1997) looked at COMT polymorphisms among a large cohort
of people with obsessive compulsive disorder (OCD) and found
that among male subjects, the Met allele frequency was 0.68.
The Type I deletion in PWS is more likely to be associated
with obsessional thoughts and compulsive behaviors compared
to Type II deletion or UPD (Manzardo et al., 2018). In the
cognitive dimension, MET carriers have sustained dopamine
activation in neural networks that promotes attention fixation
and protect from distraction (Lee and Prescott, 2014). VAL
carriers are better able to switch sets, update neural networks
with new information, and extinguish patterns associated with
rewards (Lee and Prescott, 2014). Further studies are required
to ascertain the association between COMT polymorphisms and
the unique neuropsychiatric phenotype associated with the PWS
genetic subtypes.

Methylene Tetrahydrofolate Reductase
Methylene tetrahydrofolate reductase is an enzyme that converts
dietary folate into L-methyl folate, the building block of
brain monoamine neurotransmitters and the catalyst of brain
energy processes. This biochemical process is responsible
for the methylation of homocysteine to produce methionine
and eventually S-adenosylmethionine (SAMe). This epigenetic
process of DNA methylation is the one-carbon metabolic
pathway essential for DNA and neurotransmitter synthesis.
When MTHFR function is impaired, abnormalities of the
methylation cycle lead to oxidative stress (Fryar-Williams, 2016).
As a result, serum folate may decrease, and serum homocysteine
may increase. This contributes to a variety of illnesses such
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TABLE 7 | Comparison of COMT genotype and allele frequencies in PWS cohort (n = 31) with Caucasians (N = 13,399); both number and within group (%) are reported.

Cohort N MET/MET MET/VAL VAL/VAL MET VAL

Caucasians* 13,399 3,796 (28.3%) 6,650(49.6%) 2,953(22.0%) 0.53 0.47

Current: ALL PWS 31 10 (32.3%) 13 (41.9%) 8 (25.8%) 0.53 0.47

DEL subtype 14 7 (50.0%) 5 (35.7%) 2 (14.3%) 0.68 0.32

UPD subtype 13 2 (15.4%) 5 (38.5%) 6 (46%) 0.35 0.65

*Lee and Prescott, 2014.

as cardiovascular disease, recurrent pregnancy loss, neural tube
defects, cancer, leukemia, venous thrombosis and stroke, which
require genetic counseling (Levin and Varga, 2016). MTHFR
polymorphisms have been associated with Autism spectrum
disorder (Rai, 2016), ADHD (Gokcen et al., 2011; Baykal et al.,
2019), and migraine (Liu et al., 2019). Their association with
neuropsychiatric disorders, such as depression, bipolar disorder
and schizophrenia, has been well studied as reviewed by Gilbody
et al. (2007), Peerbooms et al. (2011), Kevere et al. (2012), Hu
et al. (2015), and Wan et al. (2018). Also, MTHFR polymorphisms
have been associated with severity of illness, longer duration of
symptoms, diminished response to medication as well as risk of
side effects. In particular, the low activity MTHFR alleles have
been found to contribute to symptoms of metabolic syndrome
in patients receiving atypical neuroleptics (Ellingrod et al., 2012;
Misiak et al., 2017). L-methyl folate has been accepted as a
method to augment treatment of depression and bipolar disorder
(Coppen and Bolander-Gouaille, 2005; Lewis et al., 2012; Baek
et al., 2013).

The MTHFR gene is located on chromosome 1p36.22. The two
most common single nucleotide polymorphisms are 677C > T
and 1298A > C, both of which result in a proportional decrease
in enzyme function across allelic frequencies. The 677C > T
polymorphism alleles have been associated with a reduction in
folate levels in erythrocytes (Molloy et al., 1997). Population
studies in the USA have noted the association of the 677C > T
polymorphism alleles (CC, CT, and TT) with race (Wilcken et al.,
2003). Further, there is an ethno-geographical association with
677C > T polymorphism that varies across the world according
to the distance from the equator (Wilcken et al., 2003; Castro
et al., 2004; Mischoulon et al., 2012). When comparing results
of MTHFR polymorphism studies race, ethnicity and geography
should be considered.

Studies suggest a relationship between the MTHFR 677C > T
mutation and increased susceptibility for depression (Lewis
et al., 2006, 2012), and risk of depression has been found to
increase with environmental stress and the dosage of T allele
(Lok et al., 2013). Low serum folate, vitamin B12 and elevated
serum homocysteine have variously been indicated (Bjelland
et al., 2003). MTHFR polymorphisms have been reported to be
associated with treatment resistant depression (Pan et al., 2017).
Mischoulon et al. (2012) found that serum folate was negatively
associated with treatment response in a study of adults with
major depressive disorder (MDD). Supplementation with folate
and vitamin B12 has been considered as an adjunctive treatment
for depression (Coppen and Bolander-Gouaille, 2005). In direct
treatment trials, there is evidence to suggest that individuals with
refractory depression respond to antidepressant augmentation

with L-methylfolate, and that higher doses (15 mg/d) are
more effective than lower doses (1–5 mg/d) (Papakostas et al.,
2012; Venkatasubramanian et al., 2013). There is evidence to
suggest that MTHFR polymorphism status is associated with
antidepressant treatment response, specifically in males receiving
serotonin-norepinephrine re-uptake inhibitors (SNRIs) (Sun
et al., 2013).

There appears to be a shared epigenetic vulnerability for
schizophrenia, bipolar disorder (BPD) and MDD Peerbooms
et al. (2011). Kevere et al. (2012) studied the association
of serum homocysteine, severe mental illness and MTHFR
polymorphisms. The highest serum levels of homocysteine were
associated with the MTHFR 677TT genotype, and the most
severely impaired individuals had cyclic episodes of psychosis
with an affective component. Homocysteine levels were twice
as high among heterozygotes who developed schizophrenia,
and the course of their illness was more severe with recurring
episodes and more affective symptoms (Kevere et al., 2014). Some
studies have indicated that abnormal serum levels of vitamin
B12 and folate, associated with cognitive impairments, psychotic
and mood symptoms, were unrelated to MTHFR 677TT status
(Moorthy et al., 2012).

The other polymorphism is the MTHFR 1298A > C form;
it does not show as much ethnic or geographical variance. It
is a less efficient form of the enzyme. In its homozygous CC
form, 1298A > C is associated with twice the prevalence of major
depression in a Slovak population (Evinova et al., 2012). There
is also an association with bipolar disorder Peerbooms et al.
(2011) and schizophrenia (Lajin et al., 2012). The 1298A > C
genotype (but not the 677C > T genotype) may be associated
with increased rates of ADD/ADHD (Gokcen et al., 2011; Baykal
et al., 2019). Some studies indicate an association between the
MTHFR gene mutations and increased risk of autism spectrum
disorder. Case-control comparisons revealed significantly higher
frequency of homozygosity as well as heterozygosity for both
the 677C > T and 1298A > C genotypes among autistic versus
non-autistic children (Liu et al., 2011; Rai, 2016). Also, migraine
headache is associated with MTHFR polymorphisms. The 677TT
polymorphism is more frequent among those with migraines,
but the 1298CC polymorphism is more frequent among those
with tension headaches and migraine with aura (Liu et al., 2019).
Migraine has also been associated with higher homocysteine
levels (Pizza et al., 2012; Rainero et al., 2013).

Weisensel et al. (2016) studied 30 patients with PWS residing
in a specialized residential setting (Residential PWS). There
was no statistical relationship between MTHFR 677C > T or
1298A > C polymorphisms, PWS genetic subtype, psychiatric
diagnosis, or the severity of mental illness as determined by
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a combination of the frequency of behavioral outbursts and
the number of psychiatric medications needed to stabilize.
Serum folate was within normal limits in all but one person
who had a mild elevation at 35.1 (7–31.4) and who also had
the 677CT/1298AA genotype. Homocysteine was marginally
elevated 15.19 (5–15) in one person with 677CT/1298AA.
Vitamin B12 levels were elevated in one third of the cohort
and were higher among PWS deletion subtype with 677CT and
677TT alleles. The data from our cohort of PWS persons is
limited to fifteen cases for the 677C > T polymorphism and 5
cases with the 1298A > C polymorphism. Figure 6 displays the
data from our cohort with the data from the Residential PWS
study by Weisensel et al. (2016).

In Table 8 the results from the current cohort and the
Residential PWS study are compared with the frequencies of
677C > T and 1298A > C polymorphisms in a typical Caucasian
population residing in the US, as reviewed in Nefic et al. (2018).
Over half of our PWS cohort of referred patients had the
intermediate metabolizer phenotype of MTHFR 677CT, which
exceeds frequencies for both the Residential PWS and US
Caucasian population. Another 20% have the poor metabolizer
phenotype of 1298CC, which exceeds population norms.
Unfortunately, our small sample size limits statistical analysis.

Compound genotypes have a clinically additive effect across
several medical and psychiatric conditions. The frequency of
compound genotypes of 677C > T and 1298A > C found in the
current cohort is compared with the Residential PWS data and
published norms (Ogino and Wilson, 2003) in Table 9.

Data from Weisensel et al. (2016) indicates greater numbers
of the following compound genotypes in Residential PWS
compared to the typical population: CC/AA, CC/CC, and
CT/AA. The frequency of CC/AC is comparable to the typical
population, and the frequencies of CT/AC and TT/AA are
less than expected. Analysis of the data from the Residential
PWS study did not find any correlations between psychiatric

diagnosis and single mutations in MTHFR, but the frequency
of compound phenotypes among those with a diagnosis
of psychosis was not ascertained. There is an increased
incidence of psychosis in PWS (Sinnema et al., 2011; Manzardo
et al., 2018) and association between compound genotypes
and schizophrenia has been identified (Sazci et al., 2005;
Foroughmand et al., 2015). Sazci et al. (2005) found that the
risk of schizophrenia in Turkish male patients compared to
healthy controls was associated with the 677TT and 1298CC
genotypes and the 677TT/1298AA and 677CC/1298CC
compound genotypes. Comparing patients with controls, the
risk of schizophrenia in Iran was found to be associated with
the following compound genotypes in descending frequency:
677CC/1298CC > 677TT/1298AA > 677CT/1298AA > 677CT/
1298CC > 677CT/1298AC (Foroughmand et al., 2015).
Compared to the typical US population, the Residential
PWS cohort displayed increased frequencies of two of
the at-risk compound genotypes (CC/CC and CT/AA)
identified in the Middle Eastern studies of susceptibility
to schizophrenia.

Other studies have explored the frequency of MTHFR
compound genotypes among those who had ischemic or
hemorrhagic embolism (Sazci et al., 2006). Among typical
persons with venous thromboembolism (VTE), Liu et al.
(2017) determined that twice as many had MTHFR compound
genotypes compared to single mutations of MTHFR, and this
finding was not associated with elevated serum homocysteine
levels. This is of relevance to PWS as there is an increased risk
of VTE (Butler et al., 2020).

MTHFR deficiency predisposes to major psychiatric disorders
and life-threatening medical conditions. It is accepted clinically
that supplementation with L-methyl folate is indicated in
typical patients who have treatment resistant depression
(Zajecka et al., 2016; Jain et al., 2019) and bipolar disorder
(Nierenberg et al., 2017). Further, mood stabilizers such
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TABLE 8 | MTHFR genotype frequency of 677C > T and 1298A > C gene polymorphisms in the current cohort, US Residential PWS, and US Caucasian population
displayed by group and within group n/%.

MTHFR 677C > T MTHFR 1298A > C

Cohort N 677CC 677CT 677TT N 1298AA 1298AC 1298CC

US Caucasian† 564 236/41.8% 246/43.6% 82/14.5% 574 265/46.2% 250/43.6% 59/10.3%

US Residential PWS* 30 19/63.3% 8/26.7% 3/10% 30 18/60% 8/26.7% 4/13.3%

Current: ALL PWS 15 6/40% 8/53.3% 1/6.7% 5 2/40% 2/40% 1/20%

†Adapted from Nefic et al. (2018). *Weisensel et al. (2016).

TABLE 9 | Frequency of compound genotypes of MTHFR 677C > T and 1298A > C in typical US populationa residential PWSb and the current cohortc.

Compound Genotypes MTHFR 677C > T/MTHFR 1298A > C

N CC/AA CC/AC CC/CC CT/AA CT/AC CT/CC TT/AA TT/AC TT/CC

7389a 15.6% 22.7% 9.1% 20.8% 20.3% 0.15% 11.2% 0.19% 0%

30b 26.6% 23.3% 13.3% 23.3% 3.3% 0 10% 0 0

5c 0 1 0 1 1 1 1 0 0

aTypical US population (Ogino and Wilson, 2003).
bResidential PWS (Weisensel et al., 2016).
cCurrent PWS cohort.

as lithium, valproic acid and lamotrigine may interfere
with MTHFR function over time, and supplementation
with oral L-methyl folate is recommended (Coppen and
Bolander-Gouaille, 2005; Baek et al., 2013). Given the
frequency of mood disorders in the PWS population, and
the fact that more than half of individuals tested have the
intermediate or poor phenotype, MTHFR testing or an empirical
trial of the supplement L-methyl folate is recommended,
especially in patients whose symptoms have been refractory to
treatment.

Human Leucocytic Antigens: HLA-A and
HLA-B
One of the best recognized pharmacodynamic tests are alleles
for the human leucocyte antigens (HLA-A and HLA-B) that
determine cytotoxic T-cell function in the immune system.
These surface receptors are heterodimers consisting of a major
protein with multiple polymorphisms located on Ch6p21.3 and a
minor invariant microglobulin located on Ch15q22, outside the
PWS critical region of Ch15q11-q13. HLA-B∗1502 determines
risk for Stevens-Johnson rash or toxic epidermal necrolysis.
This severe, life threatening skin reaction is associated with
the use of carbamazepine, lamotrigine, phenytoin, olanzapine,
modafinil, and allopurinol in some individuals. This HLA
test is now recognized and recommended by the FDA prior
to starting carbamazepine, especially among Southeast Asian
populations, where the odds ratio is reported to be 10 to 1
compared to near 0 for Europeans, Hispanics and Africans
(Wang et al., 2017). Of the 33 persons with PWS referred
for testing, only one of them carried the polymorphism
for this cutaneous risk sensitivity, and this occurrence is
compatible with statistical prediction of occurrence in the
general population.

DISCUSSION

In this report, for the first time, the results of pharmacodynamic
gene testing in a cohort of outpatients with PWS are
presented with specific attention to the PWS genetic subtype.
This combined cohort represents a referred population of
patients with PWS whose pharmacogenomic testing was deemed
medically necessary. In this clinically referred population,
the number of patients with DEL was equal to UPD. The
higher number of patients with UPD may be consistent with
a referral bias due to the greater psychiatric co-morbidity
among those who have this molecular subtype. Given the high
likelihood of psychiatric co-morbidity in PWS with possible
genetic subtype specificity, pharmacodynamic gene testing may
be considered as an additional tool to inform psychotropic
medication management.

When the results of pharmacodynamic testing for our cohort
of 33 patients are pooled without regard to PWS genetic
subtype, the distribution of most of the pharmacodynamic
polymorphisms is comparable to population norms. However,
differences were noted for PWS genetic subtypes for the
polymorphism of the serotonin transporter promotor (increased
frequency of the L allele in UPD) and COMT (increased
frequency of VAL/VAL polymorphism in UPD and increased
MET/MET in DEL). Serotonin 2A receptor gene testing revealed
increased distribution of alleles in DEL with increased risk for
side effects as well as diminished efficacy. Epigenetic effects on the
efficiency of the serotonin 2C receptor in PWS are not expected
to have genetic subtype specificity, and gene testing on 5 patients
indicated the presence of the at-risk allele contributing to side
effects. For ADRA2A, the frequency of the G allele is increased
among the DEL subgroup, which may correlate with both
treatment efficacy and adverse events, and there is an increase
in the C allele among the UPD subgroup that may contribute
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to lesser efficacy of alpha-adrenergic agonists in treatment trials.
MTHFR results indicate that both PWS genetic subtypes have
an increased frequency of diminished function alleles, as well as
increased frequency of compound genotypes associated with the
risk of developing psychosis. Although limited by a small number
in this clinical case series, polymorphisms of pharmacodynamic
genes associated with PWS genetic subtype may contribute to
disparities in treatment response and emergence of adverse
effects. Further investigation of pharmacodynamic gene-gene
interactions in the PWS population is recommended in a
larger cohort.

Although there is no reason to suspect a difference in the
frequency of serotonin transporter polymorphisms in PWS, there
is a predominance of the L/L genotype among our cohort
of persons with UPD subtype. The L allele of the serotonin
transporter is well recognized as conferring resilience to stress.
Although we typically consider PWS persons with both deletion
and UPD to be equally susceptible to stress, we find more severe
psychopathology among those persons with UPD subtype. It is
possible that these findings indicate that people with UPD and
PWS appear to tolerate rising levels of stress until their coping
strategies fail precipitously, and then they present with symptoms
of severe mental illness. It is also recognized that higher serotonin
transporter activity is associated with greater sensitivity to the
use of SSRIs. This may make those with UPD more susceptible
to mood and behavioral activation, which clinically may appear
similar to affective psychosis.

Among persons with PWS, it is suspected that the function
of the serotonin 2C receptor is faulty due to the absence of
function of the snoRNA gene HBII 52 (SNORD 115), which is
located in the critical region and results in the failure to transcribe
the antisense protein essential for proper editing of serotonin
2C receptor (Kishore and Stamm, 2006; Kishore et al., 2010).
Further, the difference in expression of mRNA from 5HTRA
(excitatory) and 5HTRC (inhibitory) results in an imbalance
of serotonergic action in the prefrontal lobe resulting in mood
and behavioral activation, especially during the childhood and
adolescent years (Lambe et al., 2011). This has been reported to
occur in up to one-third of juveniles and adolescents with PWS
treated with SSRIs and some atypical antipsychotic medications
(Durette et al., 2012; Gourash et al., 2015). In the current
case series, up to 18% of persons with PWS carry the at-risk
HTR2A alleles associated with sleep apnea and symptoms of
metabolic syndrome. Although only 5 cases were tested for
polymorphisms of the serotonin 2C receptor, all of them carried
the CC allele placing them at greater risk for weight gain and
movement disorder when treated with atypical neuroleptics.
Currently, there are no studies examining the incidence of
side effects of psychotropic medications, especially the SSRIs
and atypical neuroleptics, that are so widely used in the PWS
population of all ages. For example, even though most people
with PWS live in circumstances with dietary management and
food control in the environment, some individuals receiving
atypical neuroleptics display increased food seeking, weight gain,
and increased abdominal girth. Going forward, it would be
important to ascertain if HTR2A and HTR2C polymorphisms are
contributing factors.

With respect to the adrenergic receptor gene, ADRA2A, nearly
50% of those in our PWS cohort carried the low activity allele.
Although this is typical in comparison with population normative
data, there was some selectivity toward the UPD genotype in our
data. Decreased receptor affinity may result in decreased efficacy
of alpha-2 adrenergic agonists, which are currently being used to
manage ADHD, skin picking, and aggressive/disruptive behavior
in children and adolescents with PWS (Singh et al., 2019b).
There is an increased dose of G allele among the deletion group
compared to normative population data, indicating a tendency
toward increased vascular reactivity with stress.

In our cohort, the distribution of COMT polymorphisms
appeared to display genotypic specificity, with a greater number
of persons with PWS DEL having the low activity MET allele and
a greater number of persons with PWS and UPD and having the
high activity VAL allele. COMT has a major effect on dopamine
activity in the prefrontal cortex and plays a role in the etiology of
the affective-psychotic spectrum of disorders. The homozygous
VAL/VAL genotype has the lowest dopamine level and greatest
risk for psychosis (Schacht, 2016). Further, dopamine level in the
PFC decreases with age. It is tempting to associate the higher
frequency of VAL/VAL genotype in our small PWS cohort to
the larger group of persons with PWS and UPD who are at
increased risk for affective psychosis with age. A linear association
between low dopamine and psychosis has been abandoned in
favor of a “U-shaped” hypothesis, suggesting that either extreme
of dopamine availability in the PFC is likely to result in significant
psychopathology. This would help to explain the extreme stress
sensitivity among people with PWS as well as the increased
risk for psychosis in both deletion and UPD subtypes. With
respect to the behavioral phenotype of PWS, diminished working
memory, selective attention, and impaired cognitive flexibility
are several executive dysfunctions associated with low dopamine
levels in the PFC (Fallon et al., 2012). Of interest, COMT gene
expression has also been implicated in the placebo response,
which is widely known anecdotally to occur in persons with PWS
(Hall et al., 2019).

The results of MTHFR testing in our PWS cohort did
not inform any PWS subtype specificity, but the frequency
of 677TT was elevated compared to Residential PWS or
US Caucasian. About one-third of the combined PWS
cohort had diminished MTHFR 677CT phenotypic activity.
The presence of the T allele increases stress response and
predisposes to depression (Lok et al., 2013). There is evidence
to suggest that those individuals who have been diagnosed
with mood disorder may benefit from supplementation with
L-methyl folate. Further, given the increased frequency of
use of mood stabilizers (lithium, valproate, lamotrigine) in
PWS, and evidence that these medications can interfere
with MTHFR function, L-methyl folate supplementation
is recommended. Analysis of compound genotypes is
consistent with studies indicating an increased risk for
schizophrenia. Additional studies are needed to explore the
occurrence of these at-risk compound genotypes among
those persons with PWS who have been diagnosed with
psychosis. A larger cohort of subjects may identify statistically
significant differences.
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Finally, it was beyond the scope of this report with its
small sample size to consider issues of gene-gene interactions.
However, it is not unreasonable to expect that gene interactions
might be-contributing to the risk of co-morbid psychiatric
disorder in the PWS population. This is especially true of
the interaction between serotonin transporter and serotonin
2A receptor in predicting response to treatment of depression
and anxiety disorders with SSRIs and SNRIs (Lohoff et al.,
2013). Further, Peerbooms et al. (2012) found that the number
of T alleles of MTHFR 677CT in combination with the
MET/MET polymorphism of COMT increased the risk of
psychosis in response to environmental stress. Fryar-Williams
(2016) discussed the impact of MTHFR deficiency on deficits
in the methylation cycle related to the etiology of psychosis.
Rahimi et al. (2016) have identified a synergistic interaction
between the VAL allele of COMT and the T allele of the
MTHFR 677CT polymorphism, which increased the incidence
of Bipolar I disorder by a factor of 2.58 (p < 003). On
the other hand, Wang et al. (2015) found that the VAL/VAL
genotype of COMT in combination with the MTHFR 677TT
genotype had a protective effect on the development of
Bipolar II disorder among Han Chinese. Larger scale studies
of pharmacodynamic factors in PWS are recommended in
the future with a larger sample size to further address these
preliminary observations. Pharmacodynamic gene testing can
inform our understanding of the PWS genetic phenotype,
enhance our knowledge of medication efficacy in treating
psychiatric co-morbidity, and improve our awareness of potential
side effects in the clinical setting.

LIMITATIONS

There were three recognized limitations of this case series.
The small number of patients did not allow us to attain
sufficient power to perform statistical analysis. Patient data
were deidentified for HIPPA compliance, so factors of age,
gender, race and ethnic origin were not available for association.
Psychiatric and behavioral history informing past experience
with psychotropic medications, including doses and adverse
effects, was not detailed. Although all patients met criteria for
medical necessity, their psychiatric diagnosis and psychotropic
medication history were not available for clinical correlation
of testing results. In this case series, the phenotypic activity
of the pharmacodynamic genes tested was inferred from the
genotype. There are other factors that impact pharmacodynamic
gene expression, such as epigenetic effects related to stress and
effects of pharmacological treatment. Further, the results of
cytochrome P450 gene polymorphisms were not part of this
clinical report, and interactions between pharmacokinetic and

pharmacodynamic genotypes are necessary to inform the clinical
phenotype for each patient. Finally, our testing results came
from three different pharmacogenomic companies whose panels
differed in some respects as expected for an emerging field of
medical care.
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Baykal, S., Batar, B., Nalbantoğlu, A., Albayrak, Y., Hancı , H., Potas, N., et al.
(2019). Altered methyl tetrahydrofolate reductase gene polymorphism in
mothers of children with attention deficit and hyperactivity disorder. Prog.
Neuropsychopharmacol. Biol. Psychiatry 88, 215–221. doi: 10.1016/j.pnpbp.
2018.07.020

Bilder, R. M., Volavka, J., Lachman, H. M., and Grace, A. A. (2004). The catechol-
O-methyltransferase polymorphism: relations to the tonic phasic dopamine
hypothesis and neuropsychiatric phenotypes. Neuropsychopharmacology 29,
1943–1961. doi: 10.1038/sj.npp.1300542

Bjelland, I., Tell, G. S., Vollset, S. E., Refsum, H., and Ueland, P. M.
(2003). Folate, vitamin B12, homocysteine, and the MTHFR 677C- > T
polymorphism in anxiety and depression: the Hordaland Homocysteine
Study. Arch. Gen. Psychiatry 60, 618–626. doi: 10.1001/archpsyc.60.6.
618

Blasco-Fontecilla, H. (2019). Clinical utility of pharmacogenetic testing in children
and adolescents with severe mental disorders. J. Neural Transm. 126, 101–107.

Boecker-Schlier, R., Holz, N. E., Buchmann, A. F., Blomeyer, D., Plichta,
M. M., Jennen-Steinmetz, C., et al. (2016). Interaction between COMT
Val(158)Met polymorphism and childhood adversity affects reward processing
in adulthood. Neuroimage 15, 556–570. doi: 10.1016/j.neuroimage.2016.
02.006

Bowers, M. E., Buzzell, G. A., Salo, V., Troller-Renfree, S. V., Hodgkinson, C. A.,
Goldman, D., et al. (2020). Relations between catechol-O-methyltransferase
Val158Met genotype and inhibitory control development in childhood. Dev.
Psychobiol. 62, 181–190. doi: 10.1002/dev.21901

Buchanan, T. W., and Lovallo, W. R. (2019). The role of genetics in stress effects
on health and addiction. Curr. Opin. Psychol. 27, 72–76. doi: 10.1016/j.copsyc.
2018.09.005

Butler, M. G., Bittel, D. C., Kibiryeva, N., Talebizadeh, Z., and Thompson, T.
(2004). Behavioral differences among subjects with Prader-Willi syndrome and
type I or type II deletion and maternal disomy. Pediatrics 113, 565–573. doi:
10.1542/peds.113.3.565

Butler, M. G., Hartin, S. N., Hossain, W. A., Manzardo, A. M., Kimonis, V., Dykens,
E., et al. (2019). Molecular genetic classification in Prader-Willi syndrome: a
multisite cohort study. J. Med. Genet. 56, 149–153. doi: 10.1136/jmedgenet-
2018-105301

Butler, M. G., Lee, P. D. K., and Whitman, B. Y. (2006). Management of Prader-Willi
syndrome. New York, NY: Springer Verlag Inc.

Butler, M. G., Kimonis, V., Dykens, E., Gold, J. A., Miller, J., Tamura, R., et al.
(2018). Prader-Willi syndrome and early-onset morbid obesity NIH rare disease
consortium: a review of natural history study. Am. J. Med. Genet. Part A 176,
368–375. doi: 10.1002/ajmg.a.38582

Butler, M. G., Oyetunji, A., and Manzardo, A. M. (2020). Age distribution,
comorbidities and risk factors for thrombosis in Prader-Willi syndrome. Genes
11:67. doi: 10.3390/genes11010067

Caspi, A., Sugden, K., Moffitt, T. E., Taylor, A., Craig, I. W., Harrington, H., et al.
(2003). Influence of life stress on depression: moderation by a polymorphism
in the 5-HTT gene. Science 301, 389–389. doi: 10.1126/science.10
83968

Castro, R., Rivera, I., Ravasco, P., Camilo, M. E., Jakobs, C., Blom, H. J., et al. (2004).
5,10-methylenetetrahydrofolate reductase (MTHFR) 677C > T and 1298A >

C mutations are associated with DNA hypomethylation. J. Med. Genet. 41,
454–458. doi: 10.1136/jmg.2003.017244

Chen, J., Lipska, B. K., Halim, N., Ma, Q. D., Matsumoto, M., Melhem, S., et al.
(2004). Functional analysis of genetic variation in catechol-O-methyltransferase
(COMT): effects on mRNA, protein, and enzyme activity in postmortem human
brain. Am. J. Hum. Genet. 75, 807–821. doi: 10.1086/425589

Cheon, K. A., Cho, D. Y., Koo, M. S., Song, D. H., and Namkoong, K.
(2009). Association between homozygosity of a G allele of the alpha-2a-
adrenergic receptor gene and methylphenidate response in Korean children
and adolescents with attention-deficit/hyperactivity disorder. Biol. Psychiatry
65, 564–570. doi: 10.1016/j.biopsych.2008.12.003

Collip, D., van Winkel, R., Peerbooms, O., Lataster, T., Thewissen, V., Lardinois,
M., et al. (2011). COMT Val158Met-stress interaction in psychosis: role of
background psychosis risk. CNS Neurosci. Ther. 17, 612–619. doi: 10.1111/j.
1755-5949.2010.00213.x

Coppen, A., and Bolander-Gouaille, C. (2005). Treatment of depression: time to
consider folic acid and vitamin B12. J. Psychopharmacol. 19, 59–65. doi: 10.
1177/0269881105048899

Crum, A. J., Akinola, M., Turnwald, B. P., Kaptchuk, T. J., and Hall, K. T.
(2018). Catechol-O-Methyltransferase moderates effect of stress mindset
on affect and cognition. PLoS One 13:e0195883. doi: 10.1371/journal.pone.
0195883

Daws, L. C., and Gould, G. G. (2011). Ontogeny and regulation of the serotonin
transporter: providing insights into human disorders. Pharmacol. Ther. 131,
61–79. doi: 10.1016/j.pharmthera.2011.03.013

Duis, J., van Wattum, P. J., Scheimann, A., Salehi, P., Brokamp, E., Fairbrother,
L., et al. (2019). A multidisciplinary approach to the clinical management of
Prader-Willi syndrome. Mol. Genet. Genomic Med. 7:e514. doi: 10.1002/mgg3.
514

Durette, J. R., Gourash, L. G., and Forster, J. L. (2012). Risks and benefits of SSRI
medication in young people with PWS. Paper Presented at the PWSA Scientific
Conference, Baton Rouge, LA.

Ellingrod, V. L., Taylor, S. F., Dalack, G., Grove, T. B., Bly, M. J., Brook, R. D.,
et al. (2012). Risk factors associated with metabolic syndrome in bipolar
and schizophrenia subjects treated with antipsychotics: the role of folate
pharmacogenetics. J. Clin. Psychopharmacol. 32, 261–265. doi: 10.1097/JCP.
0b013e3182485888

Evinova, A., Babusikova, E., Straka, S., Ondrejka, I., and Lehotsky, J. (2012).
Analysis of genetic polymorphisms of brain-derived neurotrophic factor
and methylenetetrahydrofolatereductase in depressed patients in a Slovak
(Caucasian) population. Gen. Physiol. Biophys. 31, 415–422. doi: 10.4149/gpb_
2012_049

Falaleeva, M., Surface, J., Shen, M., de la Grange, P., and Stamm, S. (2015).
SNORD116 and SNORD115 change expression of multiple genes and
modify each other’s activity. Gene 572, 266–273. doi: 10.1016/j.gene.2015.
07.023

Fallon, S. J., Williams-Gray, C. H., Barker, R. A., Owen, A. M., and Hampshire,
A. (2012). Prefrontal dopamine levels determine the balance between cognitive
stability and flexibility. Cereb. Cortex 23, 361–369. doi: 10.1093/cercor/bhs025

Fiocco, A. J., Lindquist, K., Ferrell, R., Li, R., Simonsick, E. M., Nalls, M.,
et al. (2010). COMT genotype and cognitive function: an 8-year longitudinal
study in white and black elders. Neurology 74, 1296–1302. doi: 10.1212/WNL.
0b013e3181d9edba

Flordellis, C., Manolis, A., Scheinin, M., and Paris, H. (2004). Review: clinical
and pharmacological significance of alpha2-adrenoceptor polymorphisms in
cardiovascular diseases. Int. J. Cardiol. 97, 367–372. doi: 10.1016/j.ijcard.2003.
10.01497

Foroughmand, A. M., Galehdari, H., Pooryasin, A., Ajam, T., and Kazemi-Nezhad,
S. R. (2015). Additive effect of MTHFR and GRIN1 genetic polymorphisms
on the risk of schizophrenia. Mol. Biol. Res. Commun. 4, 33–42. doi: 10.1007/
s00702-018-1882-4

Forster, J. L. (2019). Pearls: use of psychotropic medication in PWS. Paper Presented
at the Scientific Conference of PWSA National Convention, Orlando, FL.

Fryar-Williams, S. (2016). Fundamental role of methylenetetrahydrofolate
reductase 677 C→T Genotype and Flavin compounds in biochemical
phenotypes for schizophrenia and schizoaffective psychosis. Front. Psychiatry
7:172. doi: 10.3389/fpsyt.2016.00172

Garenc, C., Pérusse, L., Chagnon, Y. C., Rankinen, T., Gagnon, J., Borecki, I. B.,
et al. (2002). The alpha 2-adrenergic receptor gene and body fat content and
distribution: the HERITAGE Family Study. Mol. Med. 8, 88–94. doi: 10.1007/
bf03402078

Gilbody, S., Lewis, S., and Lightfoot, T. (2007). Methylenetetrahydrofolate
reductase (MTHFR) genetic polymorphisms and psychiatric disorders:
a HuGE review. Am. J. Epidemiol. 165, 1–13. doi: 10.1093/aje/
kwj347

Gokcen, C., Kocak, N., and Pekgor, A. (2011). Methylenetetrahydrofolate reductase
gene polymorphisms in children with attention deficit hyperactivity disorder.
Int. J. Med. Sci. 8, 523–528. doi: 10.7150/ijms.8.523

Frontiers in Genetics | www.frontiersin.org 15 November 2020 | Volume 11 | Article 579609

https://doi.org/10.1016/j.jpsychires.2011.09.017
https://doi.org/10.1016/j.jpsychires.2011.09.017
https://doi.org/10.1177/0004867413502091
https://doi.org/10.1177/0004867413502091
https://doi.org/10.1016/j.pnpbp.2018.07.020
https://doi.org/10.1016/j.pnpbp.2018.07.020
https://doi.org/10.1038/sj.npp.1300542
https://doi.org/10.1001/archpsyc.60.6.618
https://doi.org/10.1001/archpsyc.60.6.618
https://doi.org/10.1016/j.neuroimage.2016.02.006
https://doi.org/10.1016/j.neuroimage.2016.02.006
https://doi.org/10.1002/dev.21901
https://doi.org/10.1016/j.copsyc.2018.09.005
https://doi.org/10.1016/j.copsyc.2018.09.005
https://doi.org/10.1542/peds.113.3.565
https://doi.org/10.1542/peds.113.3.565
https://doi.org/10.1136/jmedgenet-2018-105301
https://doi.org/10.1136/jmedgenet-2018-105301
https://doi.org/10.1002/ajmg.a.38582
https://doi.org/10.3390/genes11010067
https://doi.org/10.1126/science.1083968
https://doi.org/10.1126/science.1083968
https://doi.org/10.1136/jmg.2003.017244
https://doi.org/10.1086/425589
https://doi.org/10.1016/j.biopsych.2008.12.003
https://doi.org/10.1111/j.1755-5949.2010.00213.x
https://doi.org/10.1111/j.1755-5949.2010.00213.x
https://doi.org/10.1177/0269881105048899
https://doi.org/10.1177/0269881105048899
https://doi.org/10.1371/journal.pone.0195883
https://doi.org/10.1371/journal.pone.0195883
https://doi.org/10.1016/j.pharmthera.2011.03.013
https://doi.org/10.1002/mgg3.514
https://doi.org/10.1002/mgg3.514
https://doi.org/10.1097/JCP.0b013e3182485888
https://doi.org/10.1097/JCP.0b013e3182485888
https://doi.org/10.4149/gpb_2012_049
https://doi.org/10.4149/gpb_2012_049
https://doi.org/10.1016/j.gene.2015.07.023
https://doi.org/10.1016/j.gene.2015.07.023
https://doi.org/10.1093/cercor/bhs025
https://doi.org/10.1212/WNL.0b013e3181d9edba
https://doi.org/10.1212/WNL.0b013e3181d9edba
https://doi.org/10.1016/j.ijcard.2003.10.01497
https://doi.org/10.1016/j.ijcard.2003.10.01497
https://doi.org/10.1007/s00702-018-1882-4
https://doi.org/10.1007/s00702-018-1882-4
https://doi.org/10.3389/fpsyt.2016.00172
https://doi.org/10.1007/bf03402078
https://doi.org/10.1007/bf03402078
https://doi.org/10.1093/aje/kwj347
https://doi.org/10.1093/aje/kwj347
https://doi.org/10.7150/ijms.8.523
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-579609 November 18, 2020 Time: 14:24 # 16

Forster et al. Pharmacodynamic Gene Testing in PWS

Gorwood, P., Adès, J., Bellodi, L., Cellini, E., Collier, D. A., Di Bella, D., et al. (2002).
The 5-HT(2A) -1438G/A polymorphism in anorexia nervosa: a combined
analysis of 316 trios from six European centres. Mol. Psychiatry 7, 90–94. doi:
10.1038/sj.mp.400093839

Gourash, L. M., Durette, J. R., and Forster, J. L. (2015). “SSRI medication
in children, adolescents and young adults with PWS: a cautionary report,”
in Poster Presentation at the Mental Health Research Strategy Workshop,
Bethesda, MD.

Halder, I., Muldoon, M. F., Ferrell, R. E., and Manuck, S. B. (2007). Serotonin
Receptor 2A (HTR2A) gene polymorphisms are associated with blood pressure,
central adiposity, and the metabolic syndrome. Metab. Syndr. Relat. Disord. 5,
323–330. doi: 10.1089/met.2007.0008

Hall, K. T., Loscalo, J., and Kaptchuk, T. J. (2019). Systems pharmacogenomics
- gene, disease, drug and placebo interactions: a case study in COMT.
Pharmacogenomics 20, 529–551. doi: 10.2217/pgs-2019-0001

Hattori, H., Hiura, H., Kitamura, A., Miyauchi, N., Kobayashi, N., Takahashi, S.,
et al. (2019). Association of four imprinting disorders and ART. Clin. Epigenetics
11:21. doi: 10.1186/s13148-019-0623-3

He, Q., Xue, G., Chen, C., Lu, Z. L., Chen, C., Lei, X., et al. (2012). COMT
Val158Met polymorphism interacts with stressful life events and parental
warmth to influence decision making. Sci. Rep. 2:677. doi: 10.1038/srep00677

Hebras, J., Marty, V., Personnaz, J., Mercier, P., Krogh, N., Nielsen, H., et al.
(2020). Re-assessment of the involvement of Snord115 in the serotonin 2C
receptor pathway in a genetically relevant mouse model. eLife 9:e60862. doi:
10.7554/eLife.60862

Hoth, K. F., Paul, R. H., Williams, L. M., Dobson-Stone, C., Todd, E., Schofield,
P. R., et al. (2006). Associations between the COMT Val/Met polymorphism,
early life stress, and personality among healthy adults. Neuropsychiatr. Dis.
Treat. 2, 219–225. doi: 10.2147/nedt.2006.2.2.219

Hu, C. Y., Qian, Z. Z., Gong, F. F., Lu, S. S., Feng, F., Wu, Y. L., et al. (2015).
Methylenetetrahydrofolate reductase (MTHFR) polymorphism susceptibility
to schizophrenia and bipolar disorder: an updated meta-analysis. J. Neural
Transm. 122, 307–320. doi: 10.1007/s00702-014-1261-8

Huang, E., Zai, C. C., Lisoway, A., Maciukiewicz, M., Felsky, D., Tiwari, A. K., et al.
(2016). Catechol-O-methyltransferase Val158Met polymorphism and clinical
response to antipsychotic treatment in Schizophrenia and Schizo-affective
disorder patients: a meta-analysis. Int. J. Neuropsychopharmacol. 19:yv132.

Jain, R., Manning, S., and Cutler, A. J. (2019). Good better best: clinical scenarios
for the use of L-methylfolate in patients with MDD. CNS Spectrums Dec. 13,
1–15. doi: 10.1017/S1092852919001469

Joensen, B., Meyer, M., and Aagaard, L. (2017). Specific genes associated with
adverse events of methylphenidate use in the pediatric population: a systematic
literature review. J. Res. Pharm. Pract. 6, 65–72. doi: 10.4103/jrpp.JRPP_16_161

Kambeitz, J. P., and Howes, O. D. (2015). The serotonin transporter in depression:
meta-analysis of in vivo and postmortem findings and implications for
understanding and treating depression. J. Affect. Disord. 186, 358–366. doi:
10.1016/j.jad.2015.07.034

Karahalil, B., Coskun, E., and Emerce, E. (2008). ADRA2A polymorphism and
smoking in a Turkish population. Toxicol. Ind. Health 24, 171–176. doi: 10.
1177/0748233708093354

Karayiorgou, M., Altemus, M., Galke, B. L., Goldman, D., Murphy, D. L., Ott, J.,
et al. (1997). Genotype determining low catechol-O-methyltransferase activity
as a risk factor for obsessive-compulsive disorder. Proc. Natl. Acad. Sci. U.S.A.
94, 4572–4575. doi: 10.1073/pnas.94.9.45724

Kelsey, R. M., Alpert, B. S., Dahmer, M. K., Krushkal, J., and Quasney, M. W.
(2012). Alpha-adrenergic receptor gene polymorphisms and cardiovascular
reactivity to stress in black adolescents and young adults. Psychophysiology 49,
401–412. doi: 10.1111/j.1469-8986.2011.01319.x

Kevere, L., Purvina, S., Bauze, D., Zeibarts, M., Andrezina, R., Piekuse, L., et al.
(2014). Homocysteine and MTHFR C677T polymorphism in children and
adolescents with psychotic and mood disorders. Nord. J. Psychiatry 68, 129–136.
doi: 10.3109/08039488.2013.782066

Kevere, L., Purvina, S., Bauze, D., Zeibarts, M., Andrezina, R., Rizevs, A., et al.
(2012). Elevated serum levels of homocysteine as an early prognostic factor
of psychiatric disorders in children and adolescents. Schizophr. Res. Treat.
2012:373261. doi: 10.1155/2012/373261

Kishore, S., Khanna, A., Zhang, Z., Hui, J., Balwierz, P. J., Stefan, M., et al. (2010).
The snoRNA MBII-52 (SNORD 115) is processed into smaller RNAs and

regulates alternative splicing. Hum. Mol. Genet. 19, 1153–1164. doi: 10.1093/
hmg/ddp585

Krishnadas, R., Cooper, S. A., Nicol, A., Pimlott, S., Soni, S., Holland, A. J., et al.
(2018). Brain-stem serotonin transporter availability in maternal uniparental
disomy and deletion Prader-Willi syndrome. Br. J. Psychiatry. 212, 57–58. doi:
10.1192/bjp.2017.7

Kishore, S., and Stamm, S. (2006). The snoRNA HBII-52 regulates alternative
splicing of the serotonin receptor 2C. Science 311, 230–232. doi: 10.1126/
science.1118265

Kumsta, R., Stevens, S., Brookes, K., Schlotz, W., Castle, J., Beckett, C., et al. (2010).
5HTT genotype moderates the influence of early institutional deprivation on
emotional problems in adolescence: evidence from the English and Romanian
Adoptee (ERA) study. J. Child Psychol. Psychiatry 51, 755–762. doi: 10.1111/j.
1469-7610.2010.02249.x

Lajin, B., Alhaj Sakur, A., Michati, R., and Alachkar, A. (2012). Association
between MTHFR C677T and A1298C, and MTRR A66G polymorphisms and
susceptibility to schizophrenia in a Syrian study cohort. Asian J. Psychiatr. 5,
144–149. doi: 10.1016/j.ajp.2012.03.002

Lambe, E. K., Fillman, S. G., Webster, M. J., and Shannon Weickert, C. (2011).
Serotonin receptor expression in human prefrontal cortex: balancing excitation
and inhibition across postnatal development. PLoS One 6:e22799. doi: 10.1371/
journal.pone.0022799

Lancaster, T. M., Linden, D. E., and Heerey, E. A. (2012). COMT val158met
predicts reward responsiveness in humans. Genes Brain Behav. 11, 986–992.
doi: 10.1111/j.1601-183X.2012.00838.x

Lattuada, E., Cavallaro, R., Serretti, A., Lorenzi, C., and Smeraldi, E. (2004). Tardive
dyskinesia and DRD2, DRD3, DRD4, 5-HT2A variants in schizophrenia: an
association study with repeated assessment. Int. J. Neuropsychopharmacol. 7,
489–493. doi: 10.1017/S1461145704004614

Lee, L. O., and Prescott, C. A. (2014). Association of the catechol-O-
methyltransferase val158met polymorphism and anxiety-related traits: a meta-
analysis. Psychiatr. Genet. 24, 52–69. doi: 10.1097/YPG.0000000000000018

Lesch, K. P., Bengel, D., Heils, A., Sabol, S. Z., Greenberg, B. D., Petri, S.,
et al. (1996). Association of anxiety-related traits with a polymorphism in the
serotonin transporter gene regulatory region. Science 274, 1527–1531. doi: 10.
1126/science.274.5292.1527

Levin, B. L., and Varga, E. (2016). MTHFR: addressing genetic counseling
dilemmas using evidence-based literature. J. Genet. Couns. 25, 901–911. doi:
10.1007/s10897-016-9956-7

Lewis, S. J., Araya, R., Leary, S., Davey-Smith, G., and Ness, A. (2012). Folic acid
supplementation during pregnancy may protect against depression 21 months
after pregnancy, an effect modified by MTHFR C677T genotype. Eur. J. Clin.
Nutr. 66, 97–103. doi: 10.1038/ejcn.2011.136

Lewis, S. J., Lawlor, D. A., Davey-Smith, G., Araya, R., Day, I. N. M., Timpson, N.,
et al. (2006). The thermolabile variant of MTHFR is associated with depression
in the British Women’s Heart and Health Study and a meta-analysis. Mol.
Psychiatry 11, 352–360. doi: 10.1038/sj.mp.4001790

Lima, J. J., Feng, H., Duckworth, L., Wang, J., Sylvester, J. E., Kissoon, N., et al.
(2007). Association analyses of adrenergic receptor polymorphisms with obesity
and metabolic alterations. Metabolism 56, 757–765. doi: 10.1016/j.metabol.
2007.01.007

Liu, F., Silva, D., Malone, M. V., and Seetharaman, K. (2017). MTHFR A1298C
and C677T polymorphisms are associated with increased risk of venous
thromboembolism: a retrospective chart review study. Acta Haematol. 138,
208–215. doi: 10.1159/000480447

Liu, L., Yu, Y., He, J., Guo, L., Li, H., and Teng, J. (2019). Effects of MTHFR C677T
and A1298C polymorphisms on migraine susceptibility: a meta-analysis of 26
studies. Headache 59, 891–905. doi: 10.1111/head.1354033

Liu, X., Solehdin, F., Cohen, I. L., Gonzalez, M. G., Jenkins, E. C., Lewis, M. E.,
et al. (2011). Population and family-based studies associate the MTHFR gene
with idiopathic autism in simplex families. J. Autism Dev. Disord. 41, 938–944.
doi: 10.1007/s10803-010-1120-x

Lohoff, F. W., Narasimhan, S., and Rickels, K. (2013). Interaction between
polymorphisms in serotonin transporter (SLC6A4) and serotonin receptor 2A
(HTR2A) genes predict treatment response to venlafaxine XR in generalized
anxiety disorder. Pharmacogenomics J. 13, 464–469. doi: 10.1038/tpj.2012.33

Lok, A., Bockting, C. L., Koeter, M. W., Snieder, H., Assies, J., Mocking, R. J., et al.
(2013). Interaction between the MTHFR C677T polymorphism and traumatic

Frontiers in Genetics | www.frontiersin.org 16 November 2020 | Volume 11 | Article 579609

https://doi.org/10.1038/sj.mp.400093839
https://doi.org/10.1038/sj.mp.400093839
https://doi.org/10.1089/met.2007.0008
https://doi.org/10.2217/pgs-2019-0001
https://doi.org/10.1186/s13148-019-0623-3
https://doi.org/10.1038/srep00677
https://doi.org/10.7554/eLife.60862
https://doi.org/10.7554/eLife.60862
https://doi.org/10.2147/nedt.2006.2.2.219
https://doi.org/10.1007/s00702-014-1261-8
https://doi.org/10.1017/S1092852919001469
https://doi.org/10.4103/jrpp.JRPP_16_161
https://doi.org/10.1016/j.jad.2015.07.034
https://doi.org/10.1016/j.jad.2015.07.034
https://doi.org/10.1177/0748233708093354
https://doi.org/10.1177/0748233708093354
https://doi.org/10.1073/pnas.94.9.45724
https://doi.org/10.1111/j.1469-8986.2011.01319.x
https://doi.org/10.3109/08039488.2013.782066
https://doi.org/10.1155/2012/373261
https://doi.org/10.1093/hmg/ddp585
https://doi.org/10.1093/hmg/ddp585
https://doi.org/10.1192/bjp.2017.7
https://doi.org/10.1192/bjp.2017.7
https://doi.org/10.1126/science.1118265
https://doi.org/10.1126/science.1118265
https://doi.org/10.1111/j.1469-7610.2010.02249.x
https://doi.org/10.1111/j.1469-7610.2010.02249.x
https://doi.org/10.1016/j.ajp.2012.03.002
https://doi.org/10.1371/journal.pone.0022799
https://doi.org/10.1371/journal.pone.0022799
https://doi.org/10.1111/j.1601-183X.2012.00838.x
https://doi.org/10.1017/S1461145704004614
https://doi.org/10.1097/YPG.0000000000000018
https://doi.org/10.1126/science.274.5292.1527
https://doi.org/10.1126/science.274.5292.1527
https://doi.org/10.1007/s10897-016-9956-7
https://doi.org/10.1007/s10897-016-9956-7
https://doi.org/10.1038/ejcn.2011.136
https://doi.org/10.1038/sj.mp.4001790
https://doi.org/10.1016/j.metabol.2007.01.007
https://doi.org/10.1016/j.metabol.2007.01.007
https://doi.org/10.1159/000480447
https://doi.org/10.1111/head.1354033
https://doi.org/10.1007/s10803-010-1120-x
https://doi.org/10.1038/tpj.2012.33
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-579609 November 18, 2020 Time: 14:24 # 17

Forster et al. Pharmacodynamic Gene Testing in PWS

childhood events predicts depression. Transl. Psychiatry 3:e288. doi: 10.1038/tp.
2013.60

Lovallo, W. R., Enoch, M. A., Sorocco, K. H., Vincent, A. S., Acheson, A., Cohoon,
A. J., et al. (2017). Joint Impact of Early Life Adversity and COMT Val158Met
(rs4680) genotypes on the adult cortisol response to psychological stress.
Psychosom. Med. 79, 631–637. doi: 10.1097/PSY.0000000000000481d

Luft, M. J., Lamy, M., DelBello, M. P., McNamara, R. K., and Strawn, J. R.
(2018). Antidepressant-induced activation in children and adolescents: risk,
recognition and management. Curr. Probl. Pediatr. Adolesc. Health Care 48,
50–62. doi: 10.1016/j.cppeds.2017.12.001

MacNeil, R. R., and Müller, D. J. (2016). Genetics of common antipsychotic-
induced adverse effects. Mol. Neuropsychiatry 2, 61–78. doi: 10.1159/000445802

Manzardo, A., Weisensel, N., Ayala, S., Hossain, W., and Butler, M. (2018). Prader
Willi syndrome genetic subtypes and clinical neuropsychiatric diagnoses in
residential care adults. Clin. Genet. 93, 622–631. doi: 10.1111/cge.13142

Matarazzo, V., Caccialupi, L., Schaller, F., Shvarev, Y., Kourdougli, N., Bertoni,
A., et al. (2017). Necdin shapes serotonergic development and SERT activity
modulating breathing in a mouse model for Prader-Willi syndrome. Elife
6:e32640. doi: 10.7554/eLife.32640

McGough, J. J., McCracken, J. T., Loo, S. K., Manganiello, M., Leung, M. C.,
Tietjens, J. R., et al. (2009). A candidate gene analysis of methylphenidate
response in attention-deficit/hyperactivity disorder. J. Am. Acad. Child Adolesc.
Psychiatry 48, 1155–1164. doi: 10.1097/CHI.0b013e3181bc72e3

McMahon, F. J., Buervenich, S., Charney, D., Lipsky, R., Rush, A. J., Wilson, A. F.,
et al. (2006). Variation in gene encoding the serotonin 2A receptor is associated
with outcome of antidepressant treatment. Am. J. Hum. Genet. 78, 804–814.
doi: 10.1086/503820

Mendlewicz, J., Massat, I., Souery, D., Del-Favero, J., Oruc, L., Nöthen, M. M., et al.
(2004). Serotonin transporter 5HTTLPR polymorphism and affective disorders:
no evidence of association in a large European multicenter study. Eur. J. Hum.
Genet. 12, 377–382. doi: 10.1038/sj.ejhg.5201149

Meyer-Lindenberg, A., and Weinberger, D. R. (2006). Intermediate phenotypes and
genetic mechanisms of psychiatric disorders. Nat. Rev. Neurosci. 7, 818–827.
doi: 10.1038/nrn1993

Mier, D., Kirsch, P., and Meyer-Lindenberg, A. (2010). Neural substrates of
pleiotropic action of genetic variation in COMT: a meta-analysis. Mol.
Psychiatry 15, 918–927. doi: 10.1038/mp.2009.36

Millenet, S. K., Nees, F., Heintz, S., Bach, C., Frank, J., Vollstädt-Klein, S., et al.
(2018). COMT Val158Met polymorphism and social impairment interactively
affect attention-deficit hyperactivity symptoms in healthy adolescents. Front.
Genet. 9:284. doi: 10.3389/fgene.2018.0028466

Mischoulon, D., Lamon-Fava, S., Selhub, J., Katz, J., Papakostas, G. I., Iosifescu,
D. V., et al. (2012). Prevalence of MTHFR C677T and MS A2756G
olymorphisms in major depressive disorder, and their impact on response to
fluoxetine treatment. CNS Spectr. 17, 76–86. doi: 10.1017/S1092852912000430

Misiak, B., Laczmanski, L., Sloka, N. K., Szmida, E., Slezak, R., Piotrowski,
P., et al. (2017). Genetic variation in one-carbon metabolism and changes
in metabolic parameters in first-episode schizophrenia patients. Int. J.
Neuropsychopharmacol. 20, 207–212. doi: 10.1093/ijnp/pyw094

Molloy, A. M., Daly, S., Mills, J. L., Kirke, P. N., Whitehead, A. S., Ramsbottom,
D., et al. (1997). Thermolabile variant of 5,10-methylenetetrahydrofolate
reductase associated with low red-cell folates: implications for folate intake
recommendations. Lancet 349, 1591–1593. doi: 10.1016/S0140-6736(96)12049-
3

Moorthy, D., Peter, I., Scott, T. M., Parnell, L. D., Lai, C. Q., Crott, J. W., et al.
(2012). Status of vitamins B-12 and B-6 but not of folate, homocysteine, and
the methylenetetrahydrofolatereductase C677T polymorphism are associated
with impaired cognition and depression in adults. J. Nutr. 142, 1554–1560.
doi: 10.3945/jn.112.161828

Mrazek, D. A. (2010a). Psychiatric pharmacogenomic testing in clinical practice.
Dialogues Clin. Neurosci. 12, 69–76.

Mrazek, D. A. (2010b). Psychiatric Pharmacogenomics. Oxford: Oxford Press.
Nefic, H., Mackic-Djurovic, M., and Eminovic, I. (2018). The Frequency of the

677C > T and 1298A > C Polymorphisms in the Methylenetetrahydrofolate
Reductase (MTHFR) Gene in the Population. Med. Arch. 72, 164–169. doi:
10.5455/medarh.2018.72.164-1

Nierenberg, A. A., Montana, R., Kinrys, G., Deckersbach, T., Dufour, S., and Baek,
J. H. (2017). L-Methylfolate for bipolar I depressive episodes: An open trial

proof-of-concept registry. J. Affect. Disord. 207, 429–433. doi: 10.1016/j.jad.
2016.09.053

Ogino, S., and Wilson, R. B. (2003). Genotype and haplotype distributions of
MTHFR677C > T and 1298A > C single nucleotide polymorphisms: a meta-
analysis. J. Hum. Genet. 48, 1–7. doi: 10.1007/s100380300000

Olashore, A. A., and Rukewe, A. (2017). Polypharmacy among children and
adolescents with psychiatric disorders in a mental referral hospital in Botswana.
BMC Psychiatry 17:174. doi: 10.1186/s12888-017-1347-6

Pan, L. A., Martin, P., Zimmer, T., Segreti, A. M., Kassiff, S., McKain, B. W.,
et al. (2017). Neurometabolic disorders: potentially treatable abnormalities in
patients with treatment-refractory depression and suicidal behavior. Am. J.
Psychiatry 174, 42–50. doi: 10.1176/appi.ajp.2016.15111500

Pandey, G. N., Dwivedi, Y., Rizavi, H. S., Ren, X., Pandey, S. C., Pesold, C., et al.
(2002). Higher expression of serotonin 5-HT(2A) receptors in the postmortem
brains of teenage suicide victims. Am. J. Psychiatry 159, 419–429. doi: 10.1176/
appi.ajp.159.3.419

Papakostas, G. I., Shelton, R. C., Zajecka, J. M., Etemad, B., Rickels, K., Clain,
A., et al. (2012). L-methylfolate as adjunctive therapy for SSRI-resistant
major depression: results of two randomized, double-blind, parallel-sequential
trials. Am. J. Psychiatry 69, 1267–1274. doi: 10.1176/appi.ajp.2012.110711
14

Paquette, A. G., and Marsit, C. J. (2014). The developmental basis of epigenetic
regulation of HTR2A and psychiatric outcomes. J. Cell. Biochem. 115, 2065–
2072. doi: 10.1002/jcb.24883

Peerbooms, O., Rutten, B. P., Collip, D., Lardinois, M., Lataster, T., Thewissen,
V., et al. (2012). Evidence that interactive effects of COMT and MTHFR
moderate psychotic response to environmental stress. Acta Psychiatr. Scand.
125, 247–256. doi: 10.1111/j.1600-0447.2011.01806.x47

Peerbooms, O. L., van Os, J., Drukker, M., Kenis, G., Hoogveld, L., and Mthfr
in Psychiatry Gorup. (2011). Meta-analysis of MTHFR gene variants in
schizophrenia, bipolar disorder and unipolar depressive disorder: Evidence for
a common genetic vulnerability? Brain Behav. Immun. 25, 1530–1543. doi:
10.1016/j.bbi.2010.12.006

Pizza, V., Agresta, A., Agresta, A., Lamaida, E., Lamaida, N., Infante, F., et al.
(2012). Migraine and genetic polymorphisms: an overview. Open Neurol. J. 6,
65–70. doi: 10.2174/1874205X01206010065

Polanczyk, G., Zeni, C., Genro, J. P., Guimarães, A. P., Roman, T., Hutz,
M. H., et al. (2007). Association of the adrenergic alpha2A receptor gene
with methylphenidate improvement of inattentive symptoms in children and
adolescents with attention-deficit/hyperactivity disorder. Arch. Gen. Psychiatry
64, 218–224. doi: 10.1001/archpsyc.64.2.218

Poland, R. E., Lesser, I. M., Wan, Y. J., Gertsik, L., Yao, J., Raffel, L. J., et al. (2013).
Response to citalopram is not associated with SLC6A4 genotype in African-
Americans and Caucasians with major depression. Life Sci. 92, 967–970. doi:
10.1016/j.lfs.2013.03.009

Pozhidaev, I. V., Paderina, D. Z., Fedorenko, O. Y., Kornetova, E. G., Semke,
A. V., Loonen, A., et al. (2020). 5-hydroxytryptamine receptors and Tardive
Dyskinesia in Schizophrenia. Front. Mol. Neurosci. 13:63. doi: 10.3389/fnmol.
2020.00063

Qayyum, A., Zai, C. C., Hirata, Y., Tiwari, A. K., Cheema, S., Nowrouzi, B., et al.
(2015). The Role of the Catechol-o-Methyltransferase (COMT) GeneVal158Met
in Aggressive Behavior, a Review of Genetic Studies. Curr. Neuropharmacol. 13,
802–814. doi: 10.2174/1570159x13666150612225836

Rahimi, Z., Kakabaraee, K., Garavand, A., and Zohreh, R. (2016). The T
Allele of MTHFR c.C677T and Its Synergism with G (Val 158) Allele of
COMT c.G472A Polymorphism Are Associated with the Risk of Bipolar I
Disorder. Genet. Test Mol. Biomark. 20, 510–515. doi: 10.1089/gtmb.2016.
0061

Rai, V. (2016). Association of methylenetetrahydrofolate reductase
(MTHFR) gene C677T polymorphism with autism: evidence of genetic
susceptibility. Metab. Brain Dis. 31, 727–735. doi: 10.1007/s11011-016-
9815-0

Rainero, I., Rubino, E., Paemeleire, K., Gai, A., Vacca, A., Gentile, S., et al. (2013).
Genes and primary headaches: discovering new potential therapeutic targets.
J. Headache Pain 14:61. doi: 10.1186/1129-2377-14-61

Riordan, H. J., Antonini, P., and Murphy, M. F. (2011). Atypical antipsychotics and
metabolic syndrome in patients with schizophrenia: risk factors, monitoring,
and healthcare implications. Am. Health Drug Benefits 4, 292–302.

Frontiers in Genetics | www.frontiersin.org 17 November 2020 | Volume 11 | Article 579609

https://doi.org/10.1038/tp.2013.60
https://doi.org/10.1038/tp.2013.60
https://doi.org/10.1097/PSY.0000000000000481d
https://doi.org/10.1016/j.cppeds.2017.12.001
https://doi.org/10.1159/000445802
https://doi.org/10.1111/cge.13142
https://doi.org/10.7554/eLife.32640
https://doi.org/10.1097/CHI.0b013e3181bc72e3
https://doi.org/10.1086/503820
https://doi.org/10.1038/sj.ejhg.5201149
https://doi.org/10.1038/nrn1993
https://doi.org/10.1038/mp.2009.36
https://doi.org/10.3389/fgene.2018.0028466
https://doi.org/10.1017/S1092852912000430
https://doi.org/10.1093/ijnp/pyw094
https://doi.org/10.1016/S0140-6736(96)12049-3
https://doi.org/10.1016/S0140-6736(96)12049-3
https://doi.org/10.3945/jn.112.161828
https://doi.org/10.5455/medarh.2018.72.164-1
https://doi.org/10.5455/medarh.2018.72.164-1
https://doi.org/10.1016/j.jad.2016.09.053
https://doi.org/10.1016/j.jad.2016.09.053
https://doi.org/10.1007/s100380300000
https://doi.org/10.1186/s12888-017-1347-6
https://doi.org/10.1176/appi.ajp.2016.15111500
https://doi.org/10.1176/appi.ajp.159.3.419
https://doi.org/10.1176/appi.ajp.159.3.419
https://doi.10.1176/appi.ajp.2012.11071114
https://doi.10.1176/appi.ajp.2012.11071114
https://doi.org/10.1002/jcb.24883
https://doi.org/10.1111/j.1600-0447.2011.01806.x47
https://doi.org/10.1016/j.bbi.2010.12.006
https://doi.org/10.1016/j.bbi.2010.12.006
https://doi.org/10.2174/1874205X01206010065
https://doi.org/10.1001/archpsyc.64.2.218
https://doi.org/10.1016/j.lfs.2013.03.009
https://doi.org/10.1016/j.lfs.2013.03.009
https://doi.org/10.3389/fnmol.2020.00063
https://doi.org/10.3389/fnmol.2020.00063
https://doi.org/10.2174/1570159x13666150612225836
https://doi.org/10.1089/gtmb.2016.0061
https://doi.org/10.1089/gtmb.2016.0061
https://doi.org/10.1007/s11011-016-9815-0
https://doi.org/10.1007/s11011-016-9815-0
https://doi.org/10.1186/1129-2377-14-61
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-11-579609 November 18, 2020 Time: 14:24 # 18

Forster et al. Pharmacodynamic Gene Testing in PWS

Sazci, A., Ergul, E., Kucukali, I., Kara, I., and Kaya, G. (2005). Association of the
C677T and A1298C polymorphisms of methylenetetrahydrofolate reductase
gene with schizophrenia: association 7s significant in men but not in women.
Prog. Neuropsychopharmacol. Biol. Psychiatry 29, 1113–1123. doi: 10.1016/j.
pnpbp.2005.06.022

Sazci, A., Ergul, E., Tuncer, N., Akpinar, G., and Kara, I. (2006).
Methylenetetrahydrofolate reductase gene polymorphisms are associated
with ischemic and hemorrhagic stroke: dual effect of MTHFR
polymorphisms C677T and A1298C. Brain Res. Bull. 71, 45–50.
doi: 10.1016/j.brainresbull.2006.07.014

Schacht, J. P. (2016). COMT val158met moderation of dopaminergic drug effects
on cognitive function: a critical review. Pharmacogenomics J. 16, 430–438. doi:
10.1038/tpj.2016.43

Schepers, R., and Markus, C. R. (2017a). The interaction between 5-HTTLPR
genotype and ruminative thinking on BMI. Br. J. Nutr. 118, 629–637. doi:
10.1017/S0007114517002562

Schepers, R., and Markus, C. R. (2017b). Gene by cognition interaction on stress-
induced attention bias for food: effects of 5-HTTLPR and ruminative thinking.
Biol. Psychol. 128, 21–28. doi: 10.1016/j.biopsycho.2017.07.002

Schmauss, C. (2003). Serotonin 2C receptors: suicide, serotonin, and runaway RNA
editing. Neuroscientist 9, 237–242. doi: 10.1177/1073858403253669

Schmitz, M., Denardin, D., Silva, T. L., Pianca, T., Roman, T., Luis, A. R., et al.
(2006). Association between alpha-2a-adrenergic receptor gene and ADHD
inattentive type. Biol. Psychiatry 60, 1028–1033. doi: 10.1016/j.biopsych.2006.
02.03555

Singh, D., Sasson, A., Rusciano, V., Wakimoto, Y., Pinkhasov, A., and Angulo,
M. (2019a). Cycloid psychosis comorbid with Prader-Willi syndrome: a
case series. Am. J. Med. Genet. A 179, 1241–1245. doi: 10.1002/ajmg.a.
61181

Singh, D., Wakimoto, Y., Filangieri, C., Aaron, P., and Moris, A. (2019b).
Guanfacine Extended Release for the Reduction of Aggression,
Attention-Deficit/Hyperactivity Disorder Symptoms, and Self-Injurious
Behavior in Prader-Willi Syndrome-A Retrospective Cohort Study.
J. Child Adolesc. Psychopharmacol. 29, 313–317. doi: 10.1089/cap.2018.
0102

Sinnema, M., Boer, H., Collin, P., Maaskant, M. A., van Roozendaal, K. E.,
Schrander-Stumpel, C. T., et al. (2011). Psychiatric illness in a cohort of adults
with Prader-Willi syndrome. Res. Dev. Disabil. 32, 1729–1735. doi: 10.1016/j.
ridd.2011.02.027

Stein, M. B., Campbell-Sills, L., and Gelernter, J. (2009). Genetic variation
in 5HTTLPR is associated with emotional resilience. Am. J. Med.
Genet. B Neuropsychiatr. Genet. 150B, 900–906. doi: 10.1002/ajmg.b.
30916

Stich, V., de Glisezinski, I., Crampes, F., Suljkovicova, H., Galitzky, J., Riviere,
D., et al. (1999). Activation of antilipolytic alpha(2)-adrenergic receptors by
epinephrine during exercise in human adipose tissue. Am. J. Physiol. 277,
R1076–R1083. doi: 10.1152/ajpregu.1999.277.4.R1076

Stich, V., Pelikanova, T., Wohl, P., Sengenès, C., Zakaroff-Girard, A., Lafontan,
M., et al. (2003). Activation of alpha2-adrenergic receptors blunts epinephrine
induced lipolysis in subcutaneous adipose tissue during a hyperinsulinemic
euglycemic clamp in men. Am. J. Physiol. Endocrinol. Metab. 285, E599–E607.
doi: 10.1152/ajpendo.00502.2002

Sun, X. Y., Zhang, Z. J., Shi, Y. Y., Xu, Z., Pu, M. J., and Geng, L. Y. (2013). Influence
of methylenetetrahydrofolate reductase gene polymorphisms on antidepressant
response. Chinese J. Med. Gen. 30, 26–30. doi: 10.3760/cma.j.issn.1003-9406.
2013.01.007

Taylor, S. (2018). Association between COMT Val158Met and psychiatric disorders:
a comprehensive meta-analysis. Am. J. Med. Genet. B Neuropsychiatr. Genet.
177, 199–210. doi: 10.1002/ajmg.b.32556

Venkatasubramanian, R., Kumar, C. N., and Pandey, R. S. (2013). A randomized
double-blind comparison of fluoxetine augmentation by high and low dosage

folic acid in patients with depressive episode. J. Affect. Disord. 150, 644–648.
doi: 10.1016/j.jad.2013.02.029

Wan, L., Li, Y., Zhang, Z., Sun, Z., He, Y., and Li, R. (2018).
Methylenetetrahydrofolate reductase and psychiatric diseases. Transl.
Psychiatry 8:242. doi: 10.1038/s41398-018-0276-6

Wang, L. J., Lee, S. Y., Chen, S. L., Chang, Y. H., Chen, P. S., Huang, S. Y.,
et al. (2015). A potential interaction between COMT and MTHFR genetic
variants in Han Chinese patients with bipolar II disorder. Sci. Rep. 5:8813.
doi: 10.1038/srep08813

Wang, Q., Sun, S., Xie, M., Zhao, K., Li, X., and Zhao, Z. (2017).
Association between the HLA-B alleles and carbamazepine-induced SJS/TEN:
a meta-analysis. Epilepsy Res. 135, 19–28. doi: 10.1016/j.eplepsyres.2017.
05.015

Weisensel, N. E., Forster, J. L., Ayala, S., Manzardo, A., Hossain, W., and
Butler, M. (2015). “Prader-Willi Syndrome Genetic Subtypes and Clinical
Neuropsychiatric Diagnoses in Adults,” in Poster Presented at the Asia Pacific
Conference, Melbourne.

Weisensel, N. E., Royle, M., Gourash, L. M., and Forster, J. L. (2016).
“Methylene tetrahydrofolate reductase (MTHFR) polymorphisms, genetic
subtype, psychiatric diagnosis and symptom severity among adults residing
in PWS group homes,” in Poster Presented at the IPWSO Scientific Meeting,
Toronto.

Wilcken, B., Bamforth, F., Li, Z., Zhu, H., Ritvanen, A., Renlund, M., et al.
(2003). Geographical and ethnic variation of the 677C > T allele of 5,10
methylenetetrahydrofolate reductase (MTHFR): findings from over 7000
newborns from 16 areas worldwide. J. Med. Genet. 40, 619–625. doi: 10.1136/
jmg.40.8.619104

Xu, H., Guan, J., Yi, H., and Yin, S. (2014). A systematic review and meta-analysis
of the association between serotonergic gene polymorphisms and obstructive
sleep apnea syndrome. PLoS One 9:e86460. doi: 10.1371/journal.pone.008
6460

Zajecka, J. M., Fava, M., Shelton, R. C., Barrentine, L. W., Young, P., and
Papakostas, G. I. (2016). Long-term efficacy, safety, and tolerability of
L-methylfolate calcium 15 mg as adjunctive therapy with selective serotonin
reuptake inhibitors: a 12-month, open-label study following a placebo-
controlled acute study. J. Clin. Psychiatry 77, 654–660. doi: 10.4088/JCP.
15m10181

Zanella, S., Watrin, F., Mebarek, S., Marly, F., Roussel, M., Gire, C.,
et al. (2008). Necdin plays a role in the serotonergic modulation
of the mouse respiratory network: implication for Prader-Willi
syndrome. J. Neurosci. 28, 1745–1755. doi: 10.1523/JNEUROSCI.4334-07.
2008

Zhao, Y., Tao, L., Nie, P., Lu, X., Xu, X., Chen, J., et al. (2013). Association
between 5-HT2A receptor polymorphisms and risk of obstructive sleep apnea
and hypopnea syndrome: a systematic review and meta-analysis. Gene 530,
287–294. doi: 10.1016/j.gene.2013.08.012

Zogel, C., Böhringer, S., Gross, S., Varon, R., Buiting, K., and Horsthemke, B.
(2006). Identification of cis- and trans-acting factors possibly modifying the
risk of epimutations on chromosome 15. Eur. J. Hum. Genet. 14, 752–758.
doi: 10.1038/sj.ejhg.5201602

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Forster, Duis and Butler. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org 18 November 2020 | Volume 11 | Article 579609

https://doi.org/10.1016/j.pnpbp.2005.06.022
https://doi.org/10.1016/j.pnpbp.2005.06.022
https://doi.org/10.1016/j.brainresbull.2006.07.014
https://doi.org/10.1038/tpj.2016.43
https://doi.org/10.1038/tpj.2016.43
https://doi.org/10.1017/S0007114517002562
https://doi.org/10.1017/S0007114517002562
https://doi.org/10.1016/j.biopsycho.2017.07.002
https://doi.org/10.1177/1073858403253669
https://doi.org/10.1016/j.biopsych.2006.02.03555
https://doi.org/10.1016/j.biopsych.2006.02.03555
https://doi.org/10.1002/ajmg.a.61181
https://doi.org/10.1002/ajmg.a.61181
https://doi.org/10.1089/cap.2018.0102
https://doi.org/10.1089/cap.2018.0102
https://doi.org/10.1016/j.ridd.2011.02.027
https://doi.org/10.1016/j.ridd.2011.02.027
https://doi.org/10.1002/ajmg.b.30916
https://doi.org/10.1002/ajmg.b.30916
https://doi.org/10.1152/ajpregu.1999.277.4.R1076
https://doi.org/10.1152/ajpendo.00502.2002
https://doi.org/10.3760/cma.j.issn.1003-9406.2013.01.007
https://doi.org/10.3760/cma.j.issn.1003-9406.2013.01.007
https://doi.org/10.1002/ajmg.b.32556
https://doi.org/10.1016/j.jad.2013.02.029
https://doi.org/10.1038/s41398-018-0276-6
https://doi.org/10.1038/srep08813
https://doi.org/10.1016/j.eplepsyres.2017.05.015
https://doi.org/10.1016/j.eplepsyres.2017.05.015
https://doi.org/10.1136/jmg.40.8.619104
https://doi.org/10.1136/jmg.40.8.619104
https://doi.org/10.1371/journal.pone.0086460
https://doi.org/10.1371/journal.pone.0086460
https://doi.org/10.4088/JCP.15m10181
https://doi.org/10.4088/JCP.15m10181
https://doi.org/10.1523/JNEUROSCI.4334-07.2008
https://doi.org/10.1523/JNEUROSCI.4334-07.2008
https://doi.org/10.1016/j.gene.2013.08.012
https://doi.org/10.1038/sj.ejhg.5201602
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

	Pharmacodynamic Gene Testing in Prader-Willi Syndrome
	Introduction
	Materials and Methods
	Results
	Serotonin Transporter
	Serotonin Receptors
	Serotonin 2A Receptor
	Serotonin Receptor 2C

	Alpha-2A Adrenergic Receptor
	Catechol-O-Methyltransferase
	Methylene Tetrahydrofolate Reductase
	Human Leucocytic Antigens: HLA-A and HLA-B

	Discussion
	Limitations
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


