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Candidate Gene Studies of a Promising Intermediate
Phenotype: Failure to Replicate
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Many candidate gene studies use ‘intermediate phenotypes’ instead of disease diagnoses. It has been proposed that intermediate
phenotypes have simpler genetic architectures such that individual alleles account for a larger percentage of trait variance. This implies
that smaller samples can be used to identify genetic associations. Pharmacogenomic drug challenge studies may be an especially promising
class of intermediate phenotype. We previously conducted a series of 12 candidate gene analyses of acute subjective and physiological
responses to amphetamine in 99—162 healthy human volunteers (ADORAZA, SLC6A3, BDNF, SLC6A4, CSNKIE, SLC6A2, DRD2, FAAH,
COMT, OPRM ). Here, we report our attempt to replicate these findings in over 200 additional participants ascertained using identical
methodology. We were unable to replicate any of our previous findings. These results raise critical issues related to non-replication of
candidate gene studies, such as power, sample size, multiple testing within and between studies, publication bias and the expectation that
true allelic effect sizes are similar to those reported in genome-wide association studies. Many of these factors may have contributed to

our failure to replicate our previous findings. Our results should instill caution in those considering similarly designed studies.
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INTRODUCTION

A central goal of psychiatric genetics is to identify the small
subset of polymorphisms that influence behavior out of the
millions of polymorphisms that could, in principle, have
such an effect. One approach is to focus on ‘candidate
genes,” which are typically genes for proteins involved in
neurotransmission or with similarly well-understood func-
tions. Many candidate gene studies have focused on
intermediate phenotypes, for example, laboratory-based
measures of normal behaviors. In contrast to endopheno-
types, which must meet specific criteria (Gottesman and
Gould, 2003), the term intermediate phenotype is some-
times used for traits that have not been formally shown to
meet the criteria for endophenotypes (see Goldman and
Ducci, 2007). It has been argued that intermediate
phenotypes have a simpler genetic architecture than disease
phenotypes, which would allow for the use of smaller
samples (Goldman and Ducci, 2007). Drug response
phenotypes, some of which can be considered intermediate
phenotypes, have sometimes yielded large effect alleles
(Daly, 2010), which stimulated our interest in intermediate
phenotypes that focus on subjective drug responses.
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Based on this reasoning, we investigated variability in
acute response to a stimulant drug, d-amphetamine, in a
large sample of healthy volunteers under highly controlled
conditions. D-amphetamine response is known to be
heritable in humans (Crabbe et al, 1983; Nurnberger et al,
1982) and behavioral responses to d-amphetamine are also
heritable in mice (Alexander et al, 1996; Grisel et al, 1997;
Kamens et al, 2005; Zombeck et al, 2010). Our study
benefited from excellent experimental control and a reason-
ably large number of participants (N=398). The partici-
pants were normal-weight, psychiatrically and physically
healthy young adults, with no history of substance
dependence. We screened for drug use before each session,
limited testing to the follicular phase in women, and
counterbalanced the order of sessions. The study was
double-blind, placebo controlled and included two (or in
some participants, three) doses of the drug.

Over the 5 years that it took to collect these data, we
conducted several interim analyses (N=99-162) that
focused on carefully selected candidate genes: ADORA2A
(Hohoff et al, 2005), SLC6A3 (Hamidovic et al, 2010b; Lott
et al, 2005), BDNF (Flanagin et al, 2006), SLC6A4 (Lott et al,
2006), CSNKIE (Veenstra-VanderWeele et al, 2006), SLC6A2
(Dlugos et al, 2007; Dlugos et al, 2009) DRD2 (Hamidovic
et al, 2009), FAAH (Dlugos et al, 2010), COMT (Hamidovic
et al, 2010a), and OPRM1 (Dlugos et al, 2011). These genes
were examined using either the first 99 or the first 162
participants. The resulting publications have been cited
over 200 times and have helped to inspire multiple similar
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studies. In the present report, we have attempted to
replicate our previously published associations in over 200
more recently collected participants that were recruited,
screened and tested in an identical manner. Unlike many
other attempts to replicate results from candidate gene
studies, ours consists of multiple candidate genes, relatively
large initial and replication cohorts and identical methodol-
ogy. Thus, we avoided multiple sources of heterogeneity
that are sometimes used to explain the failure of candidate
gene studies to replicate.

MATERIALS AND METHODS

Here, we present the results of a new sample of young adults
tested with three doses of d-amphetamine (0, 5, 10, 20 mg),
under double-blind conditions exactly like those in the
earlier studies. Because our goal was to replicate our
previously reported associations, we first reanalyzed the
data published previously for each gene (which we refer to as
the ‘original’ sample), and then conducted an identical
analysis with the new (‘replication’) sample using only the
more recently collected participants. Replication was defined
as obtaining a significant difference (in the same direction)
in the replication sample when performing the same
statistical test that was used in the original publication.

Study Design

Healthy young adults completed separate sessions during
which they received placebo, 10mg, or 20mg of d-
amphetamine. Some participants (N=299) also partici-
pated in a fourth session with 5mg. The study was
performed under double-blind conditions with drug order
counterbalanced. Earlier participants were genotyped at
single SNPs and VNTRs, as well as using the Addictions
Array (Hodgkinson et al, 2008). More recently, genotyping
was performed for all 381 participants on the Affymetrix 6.0
array with imputation from the HapMap 3 (Frazer et al,
2007) and 1000 Genomes panels (Durbin et al, 2010), as
previously described (Hart et al, 2012). VNTRs were directly
genotyped in all 381 participants because they could not be
reliably imputed using the SNP data.

Participants

The complete sample (ie, original and replication samples
combined) consisted of 398 healthy volunteers aged 18-35
years old who were recruited locally and screened through a
physical examination, electrocardiogram, modified Struc-
tured Clinical Interview for DSM-IV, psychiatric symptom
checklist (SCL90) and health questionnaire that included
sections on current and lifetime drug use. Exclusion criteria
were: past year Axis I Disorder, history of mania or
psychosis, less than a high-school level education, smoking
>10 cigarettes per week, drinking more than three cups of
coffee per day, lack of English fluency, a body mass
index out of the range of 19-26kg/m® any regular
prescription medication except oral contraceptive or
medical contraindication to amphetamine administration.
Women not taking oral contraceptives were only tested in
the follicular phase of their menstrual cycle (White et al,
2002). The final sample consisted of 381 participants
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(17 participants could not be included in the final analysis
as discussed in Hart et al, 2012). Qualifying participants
also provided a blood sample, or in some cases a saliva
sample, for DNA analysis.

Phenotyping Procedure

Participants attended three or four 4-h sessions, conducted
from 0900 to 1300 hours. They were tested individually in a
comfortably furnished room located in the hospital.
Sessions were separated by at least 48 h, and participants
were instructed to abstain from drugs and alcohol for 24 h,
nicotine for 12h, and to fast for 12h before each session.
Before each session, participants provided urine (ToxCup,
Branan Medical Corporation, Irvine, CA, USA) and breath
samples (Alcosensor III, Intoximeters, St Louis, MO, USA;
piCO + Smokerlyzer, Bedfont, Rochester, UK) to confirm
drug, alcohol, and nicotine abstinence, and female partici-
pants were tested for pregnancy. After compliance checks,
participants completed subjective effects questionnaires
(see below) and heart rate and blood pressure were
recorded. They then ingested a capsule containing d-
amphetamine (5, 10, or 20 mg) or placebo, under double
blind conditions. During the next 3.5 h, participants relaxed
in the laboratory, with reading materials or TV. They
completed additional subjective effects measures 30, 60, 90,
150, and 180min after the capsule, and physiological
measures were also obtained at these times. At 120 min,
they completed behavioral tasks described below. This
study was approved by the Institutional Review Board of
The University of Chicago and was carried out in
accordance with the Helsinki Declaration of 1975.

Dependent Measures

Subjective measures consisted of three standardized ques-
tionnaires: the Profile of Mood States (POMS; Johanson and
Uhlenhuth, 1980), Drug Effects Questionnaire (DEQ; Chait
et al, 1985), and Addiction Research Center Inventory
(ARCI; Martin et al, 1971). The POMS consists of 72
adjectives used to describe mood, ranging from ‘not at all’
(0) to ‘extremely’ (4). The subscales included from this
questionnaire were ‘Friendliness,” ‘Elation,” ‘Vigor,” ‘Anger,’
‘Anxiety,” ‘Confusion,” ‘Depression,” and ‘Fatigue.” In some
cases, the composite ‘Positive Mood’ (Elation — Depres-
sion) and Arousal [(Anxiety + Vigor)—(Fatigue +
Confusion)] scales were analyzed. The DEQ consists of five
100cm visual-analog scales describing five subjective
responses to the drug: ‘Feel Drug,” ‘Want More,” ‘Feel High,’
‘Like Drug,” and ‘Dislike Drug.” The ARCI is an empirically
derived 52-item true/false questionnaire consisting of six
subscales that measures effects of six classes of drugs:
Amphetamine, Benzedrine, Marijuana, Lysergic Acid (LSD),
Morphine-Benzedrine Group (MBG), and Pentobarbital-
Chlorpromazine-Alcohol Group (PCAG). These measures
were summarized in some analyses by either calculating the
peak change score (PCS) or area under the curve (AUC).
Behavioral tasks included the Stop Task (Logan et al, 1984),
a measure of behavioral inhibition, and the Digit Symbol
Substitution Task (DSST; Wechsler, 1958), a measure of
motor-speed processing.
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Genotyping and Quality Control

DNA was extracted from blood at the General Clinical
Research Center at the University of Chicago. In the few
cases where blood was not available, DNA was extracted
from saliva samples with the Oragene OG-250 or OG-500 kit
(Oragene, DNA Genotek, Kanata, Ontario, Canada). DNA
from 15 participants could not be genotyped on the
Affymetrix 6.0 array for technical reasons. We identified
two participants who completed the study twice; we
excluded their second sessions from the final data set.
Thus, we had genotype and phenotype data from 381
participants in the final sample.

We were concerned that non-replication might reflect
some systematic error in the replication sample (eg,
misalignment of genotypes and phenotypes). Sample swaps
can also often be detected as discordant genotypic and self-
reported sex; however, we observed that genotypic sex was
100% consistent with self-reported sex.

Genotyping was performed in several stages throughout
the course of the 5-year study. Participants were genotyped
at single SNPs or VNTRs using PCR-based methods or on
the Addictions Array (Hodgkinson et al, 2008); these
genotypes were analyzed in our earlier publications. More
recently, participants were genotyped on the Affymetrix 6.0
array as described in Hart et al (2012). We verified each
individual’s self-reported ancestry using the SmartPCA
component of EIGENSOFT (Patterson et al, 2006), which
generated ancestry principal components (PCs) that were
included as covariates in reanalysis of original studies that
included non-Caucasians.

We imputed non-genotyped SNPs with the IMPUTE2
software package (Howie et al, 2009), using the 1000
Genomes (Durbin et al, 2010) and HapMap3 (Frazer et al,
2007) phased genotypes as reference panels. Rs47958,
rs6265, rs135745, rs36017, and rs4680 were genotyped
on the Affymetrix 6.0 array, and rs5751876, rs1861647,
rs4648317, 1rs12364283, rs3766246, 1s2295633, and
rs460000 were imputed. We checked the concordance of
imputed genotypes by comparing them to the genotypes
from the original studies. In all cases, the imputed
genotypes had 96% or greater concordance with the direct
genotypes, which demonstrated that these SNPs were
well imputed.

VNTR Genotyping

SLC6A3 3' UTR VNTR. Polymerase chain reactions were
performed in a total volume of 25 pl containing: 1 x PCR
buffer, 1.5 mM MgCl,, 5% DMSO, 0.2 mM dNTPs, 0.4 mM of
each primer (F: 5-GGT GTA GGG AAC GGC CTG AGA-3/;
R: 5'-CTT CCT GGA GGT CAC GGC TCA AGG-3'),1.25U
Taq DNA polymerase (Fermentas, Glen Burnie, MD),
and 100ng DNA. Cycling conditions were 95°C for
5min, followed by 30 cycles of 94°C for 30s, 62°C for
30s, and 72 °C for 30s. PCR products were resolved on a
2% agarose gel.

SLC6A4 Intron 2 VNTR. Polymerase chain reactions were
performed in a total volume of 25l containing: 1 x PCR
buffer, 1.0mM MgCl,, 0.2mM dNTPs, 0.4mM of each
primer (F: 5-TGG ATT TCC TTC TCT CAG TGA TTG G-3';
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R: 5-TCA TGT TCC TAG TCT TAC GCC AGT-3'), 1 U Taq
DNA polymerase (Fermentas, Glen Burnie, MD), and 100 ng
DNA. Cycling conditions were 95 °C for 2 min, followed by
35 cycles of 95 °C for 1 min, 62.5 °C for 1 min, and 72 °C for
2 min, with a final extension step of 72 °C for 10 min. PCR
products were resolved on a 2% agarose gel.

Original Data Sets

In some cases the genotypes from prior studies were still
available, which allowed us to exactly recreate the original
analyses. In other cases, the original genotype information
was no longer available and so we used genotypes obtained
from the Affymetrix 6.0 array, by imputation, or by direct
genotyping (VNTRs). In such cases, the sample was slightly
different because DNA from a few of the earliest partici-
pants was no longer available. All phenotype data were
available for reanalysis.

RESULTS

Table 1 summarizes the results of the original and the
replication analyses. The main conclusion is that none of
our previous findings could be replicated using the newer
data. The demographic characteristics of the sample
separated by 100’s of sequentially tested participants are
summarized in Table 2. This table shows that the sample
was relatively uniform over the data collection period,
except for race, which was mixed in the first 100
participants but was deliberately limited to Caucasian-only
in the remainder; this issue is addressed in the section
titled ‘Population stratification analyses’ (below). In the
next sections, we summarize the findings of the original
and the replication analyses for 10 genes that were the
subject of 12 of our previous publications. For the purpose
of this paper, we reanalyzed the original data using
methods that were identical to the original publications,
and then conducted the same analysis with the replication
sample. The methods used in the original publications
(including data reduction, selection of outcome measures,
selection of covariates and data presentation) varied across
studies, so these are described separately in each section.
To facilitate comparison, we present the results in the
same format that they appeared in the original publica-
tions. Results for the combined analyses (original and
replication samples) are in Supplementary Table 1. Phe-
notypic means and standard deviations for each study are
in Supplementary Table 2.

ADORA2A (Hohoff et al, 2005)

The original analysis for adenosine receptor genes
(ADORAI, ADORA2A) consisted of 99 mixed-ancestry
participants genotyped at three polymorphisms in ADOR-
A2A (rs5760405, rs5751876, rs35320474) and one poly-
morphism in ADORAI (rs10920568). These genes
were examined in relation to subjective (POMS subscales)
and physiological responses to amphetamine using
3 x 5 x 3 repeated-measures ANCOVAs (Dose x Time X
Genotype), with predrug scores used as covariates. Post hoc
Dunnet’s t-tests were used to assess the effect of specific
genotypes. Hohoff et al (2005) identified a significant



Table I Summary of Recreated Original and Replication Analyses
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Study Gene Polymorphism Outcome Recreated original N (mixed/ Replication N (mixed/
measures P (dose x genotype Caucasian) P (dose x genotype Caucasian)
ANOVA) ANOVA)
Hohoff et al (2005)* ADORA2A rs5751876 POMS Anxiety 0.041 98 (M) 0.624 281 (©)
Lott et al (2005)* SLC6A3 3 UTR VNTR DEQ Feel 0.006 84 (M) 0.597° 273 (C)
ARCI LSD 0.007 86 (M) 0.023° 272 (C)
Diastolic BP 0.037 95 (M) 0.581° 284 (C)
Flanagin et al (2006)* BDNF rs6265 (pooled) POMS Arousal 001 94 (M) 0.862 276 (C)
ARCI BG 0.023 94 (M) 0.543 278 (C)
Heart rate 0.023 94 (M) 0.791 290 (C)
Lott et al (2006)* SLC6A4 Intron 2 VNTR ARCI MBG 0.046 98 (M) 0.352 279 (©)
Veenstra-VanderWeele CSNKIE rs135745 DEQ Feel 0.038 88 (M) 0.267 279 (©)
et al (2006)*
ARCI MBG 0.008 89 (M) 0.109 278 (O)
Dlugos et al (2007)* SLC6A2 rs47958 POMS positive mood 0.019¢ 90 (M) 0.562¢ 289 (©)
POMS Elation 001° 90 (M) 0.278° 289 (O)
Dlugos et al (2009) SLC6A2 rs36017 POMS Elation (gender cov) 0.154 156 (C) 0.57 170 (C)
POMS vigor 0.041 156 (C) 0.334° 170 (C)
SLC6A2 rs1861647 POMS Elation (gender cov) 0.137 155 (C) 0.875 170 (C)
POMS vigor 0.006 155 (C) 0.116° 170 (C)
Hamidovic et al (2009) DRD2 rs12364283 Stop RT 0.008 89 (O 0.644° 122 (O
(pooled)
Dlugos et al (2010) FAAH rs3766246 POMS Arousal (gender cov) 0013 154 (©) 0.123° 173 (©)
POMS fatigue 0.009° 155 (C) 0.187° 173 ()
FAAH rs2295633 POMS Arousal (gender cov) 0.022 155 (©) 0.369° 173 (©)
POMS fatigue 0011 156 (C) 0.478° 173 ()
Hamidovic et al (2010a) COMT rs4680 DSST 0.008 149 (C) 0.734 176 (C)
Hamidovic et al (2010b) SLC6A3 1460000 (pooled) ARCI Amphetamine 0015 152 (C) 0.03 169 (C)
ARCI MBG 0.025 152 (Q) 0.342° 169 (C)
Dlugos et al (2011) OPRM| rs510769 ARCI MBG 0.031° 162 (C) 0.204° 171 (C)
ARCI A 0.019° 162 (C) 0.571° 171 (Q)
OPRMI rs2281617 ARCI MBG 001° 162 (C) 0.340° 171 (Q)
(pooled)
ARCI BG (gender cov) 0.008° 162 (C) 0.923° 171 (C)

P-values for primary tests in the recreated and replication samples are shown here. N denotes sample size. 'Mixed' refers to samples that include both Caucasians and

non-Caucasians.

“We were unable to locate the original genotype data files; therefore, we regenotyped subjects. However, because some DNA samples were unavailable, the sample
size was smaller and therefore the values are slightly different from the initially published results.

PGreenhouse—Gessier correction when Mauchly's Test of Sphericity P<0.05.
“Kruskal-Wallis test.

Drug x Genotype interaction (P=0.041) between ratings
on the POMS Anxiety subscale (PCS) and ADORA2A
rs5751876 genotype. We obtained the same result
(Figure 1a). Post hoc tests revealed that the rs5751876 T/T
group had higher anxiety during the 10- and 20-mg sessions
as compared with the C/T group (10 mg, P=0.004; 20 mg,
P=0.028).

We conducted the same analysis used in the original
publication in the replication sample (N=281). In the
replication sample, the three genotype groups did not differ
on the POMS Anxiety scale (Figure 1b), indicating a failure
to replicate the original result from the original sample.
Because we were concerned about the apparent differences
in means between the original and replication samples, we
plotted the distributions for each sample to verify that there
was no overall difference in POMS Anxiety scores between
the two samples. When the genotypic groups were
combined, the distributions were very similar for the
original sample and the replication sample (POMS Anxiety
PCS, 20 mg; Supplementary Figure S1).

SLC6A3 (Lott et al, 2005)

The original analysis for the dopamine transporter gene
(SLC6A3) consisted of 100 mixed-ancestry participants
genotyped at the SLC6A3 3’ UTR VNTR polymorphism.
Two common alleles exist (9-repeat and 10-repeat); four
participants with rare alleles were excluded from the
analysis. This polymorphism was examined in relation to
subjective drug effects (POMS, DEQ, and ARCI subscales)
and physiological responses to amphetamine using
3 x 5 x 3 repeated-measures ANCOVAs (Dose x Time X
Genotype), with predrug scores used as covariates. Post hoc
t-tests were performed when a significant Drug X
Genotype effect was found. Lott et al (2005) identified
significant Drug x Genotype interactions between SLC6A3
3’ UTR VNTR genotype and ratings on the DEQ Feel
(P=10.006) and ARCI LSD (P = 0.007) subscales, as well as a
significant association with diastolic blood pressure
(P=0.037). We repeated this analysis and obtained the
same results (Figure 1c; Supplementary Figures S2A and C).
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Table 2 Demographic Characteristics of the Participant Sample Over Time

Demographic category

Demographic

Sample number (chronological)

1-100 101-200 201-300 301-398
General Age (mean years + SEM) 239041 227+039  237+£032  228+033
General Gender (% male) 51 6l 63 34
General Education level—% high school or some college 54 46 26 46
General Education level—% college degree 39 39 64 47
General Education level—% advanced 7 I5 10 7
General BMI (mean + SEM) 226+023 228+022 224+£021 2251021
Ancestry 9% American Indian | 0 0 0
Ancestry % African American 20 0 0 0
Ancestry % Asian 12 0 0 0
Ancestry % Caucasian 54 95 97 95
Ancestry % Hispanic 5 5 3 5
Ancestry % More than one race 6 0 0 0
Ancestry % Missing 2 0 0 0
Current drug use Alcohol (mean drinks per week = SEM) 422+£034 449+£038 589+054  568+047
Current drug use Cigarettes (mean cigs per week = SEM) 098+024  053%0.13 1.20+0.28 1.05+0.26
Current drug use Caffeine (mean cups per week + SEM) 9.19+093 598+0.53 8.31£0.62 8.17+£0.55
Current drug use Marijuana (mean times per month £ SEM) 097+027 085%0.18 1.72+047 204053
Lifetime substance use (ever used recreationally) ~ Sedatives (% yes) 5 6 9 12
Lifetime substance use (ever used recreationally)  Stimulants (% yes) 17 25 25 38
Lifetime substance use (ever used recreationally) Opiates (% yes) 10 16 20 27
Lifetime substance use (ever used recreationally) Hallucinogens (% yes) 37 29 32 42
Lifetime substance use (ever used recreationally) Inhalants (% yes) 12 10 8 I3
Lifetime substance use (ever used recreationally) Marijuana (% yes) 74 74 72 86

Demographic characteristics of the sample were computed over four phases of sample collection. Mean values are expressed as mean = SEM.

Post hoc tests revealed that the 9/10 and 10/10 groups
differed significantly for DEQ Feel at 20 mg compared with
placebo (9/9: ns, 9/10: P=0.003, 10/10: 4 x 10 ~9); there was
no significant difference for the 9/9 group. The same
effect was seen for the ARCI LSD scale (9/9: ns, 9/10:
P=29x10"% 10/10: P=1.13x10"*). The 9/10 group
differed significantly for diastolic blood pressure for the 20-
mg session compared with placebo (9/9: ns, 9/10: P =0.004,
10/10: ns). The 10/10 group did show significantly increased
diastolic blood pressure at 10 mg compared with placebo
(P=10.005).

We conducted the same analysis used in the original
publication in the replication sample (N=284). In the
replication sample, the all genotype groups showed signi-
ficant responses to amphetamine on DEQ Feel (Figure 1d)
and diastolic blood pressure (Supplementary Figure S2D),
indicating a failure to replicate the results from the original
sample. However, there was a modest but significant Dose
x Genotype interaction for ARCI LSD (P =0.02; Supple-
mentary Figure S2B).

BDNF (Flanagin et al, 2006)

The original analysis for the brain-derived neurotrophic
factor gene (BDNF) consisted of 99 mixed-ancestry
participants genotyped at the val66met polymorphism
(rs6265) in BDNF. Due to low minor allele frequency, the
met/met group was pooled with the val/met heterozygote
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group in the original study. Associations of rs6265 with
subjective mood scales and physiological measures were
assessed with 3 x 5 x 2 repeated-measures ANCOVAs (Dose
x Time x Genotype), with predrug scores used as
covariates. Flanagin et al (2006) identified significant
Drug x Genotype interactions between genotype at
rs6265 and POMS Arousal (P=0.01; Figure le) and ARCI
BG (P =0.023; Supplementary Figures S3A and C), as well
as Dose X Genotype x Time interaction with heart rate
(trend, P=0.057; Supplementary Figures S3E and G), and
we repeated this analysis and obtained the same results.

We conducted the same analysis used in the original
publication in the replication sample (N=290). In the
replication sample, the two genotype groups did not differ
on any measure (POMS Arousal: Figure 1f; ARCI BG:
Supplementary  Figures S3B and D; heart rate:
Supplementary Figures S3F and H), indicating a failure to
replicate the results from the original sample.

SLC6A4 (Lott et al, 2006)

The original analysis of the serotonin transporter gene
consisted of 101 mixed-ancestry participants genotyped at
the serotonin transporter (SLC6A4) Intron 2 VNTR and 5-
HTTLPR polymorphisms. The two common Intron 2 VNTR
alleles were analyzed (10 or 12 repeats) and individuals with
rare alleles were excluded. These polymorphisms were
analyzed in relation to subjective response to amphetamine



a ADORA2A: Hohoff et al. 2005
= 7
b Ors5751876 C/C N=23
@ D1s5751876 C/T N=55
@ 5| mrss751876 T N-22
a 4
g s
g
< 2
7}
g 1
a 07
§
2

2 Placebo 10 mg 20 mg
(o] SLC6A3: Lott et al. 2005

0.4

0O Placebo
s 210mg
B20m
u 03 9
+
@ N
(7]
L 0.2
g | |
w
a
g 01
=
0
9/9 N=7 9/10 N=33 10/10 N=52
3'UTR VNTR
e BDNF: Flanagin et al. 2006
val/val (n=68)

= 141|oPlacebo
u 1o4|@10mg
4 |20 m
$ 10 9 .
g s 1
3
2 6
<
2 ¢ — :
Q 2 t T T T 1
€ 0 ; 4 +
g 2 30 60 90 150 180

-4

Time post capsule ingestion (minutes)

16 val/met + met/met (n=31)
= 14
w
o 12 I f I
10 I
]
L i

6 -

i 4 L I T T 1
= l 1 1
Q 2
€ 0 r r r r )
g 2 30 60 90 150 180

-4

Time post capsule ingestion (minutes)

Figure |

Candidate gene studies fail to replicate

AB Hart et al
b Replication sample
= 7
o 0O rs5751876 C/C N=43
@ 61|m rs5751876 CIT N=142
@ 57|mrs5751876 T/T N=96
a4
>
3 3
= I
g 2
g | ﬂ
g o} Ceimin .
H
s -1
= 2
- Placebo 10 mg 20 mg
d Replication sample
0.4
0O Placebo
= 010 mg
|2
§ oo)lazms
+
©
s 0.2
5
w
=)
H
S 041
=
0
9/9 N=24 9/10 N=100 10/10 N=149
3'UTR VNTR
f Replication sample
val/val (n=188)
14 4
s 4, ||DPlacebo
% o 10mg
3 101 |m20 mg
T 84
3
° 6
2 24 : . . 2
.
§ ° ;
2 L 30 60 90 150 180
44
Time post capsule ingestion (minutes)
14 val/met + met/met (n=88)
ﬁ 12
2 10
LN 1 ! !
2 T 1 1 1
2 6 1
<
e * '
o 2 ¥ 1
= I
c 0 +- T T ]
©
2 o 30 60 9P 160 180
-4

Time post capsule ingestion (minutes)

Replication results: ADORA2A, SLC6A3, and BDNF. (a) The recreated results from Hohoff et al (2005) (ADORAZA). T/T homozygotes had

significantly higher ratings of Anxiety during the 10- and 20-mg drug sessions as compared with heterozygotes. (b) The results from the replication sample.
No differences in anxiety between genotypes groups in the replication sample were observed. (c) The recreated results for DEQ Feel from Lott et al (2005)
(SLC6A3). Participants with the 9/9 genotype showed less response to amphetamine when compared with heterozygotes and |0/10 homozygotes. (d) The
results from the replication sample. All genotype groups showed the same pattern of response. (e) The recreated results from Flanagin et al (2006) (BDNF)
for POMS Arousal. Val/val homozygotes showed more pronounced response to amphetamine when compared with val/met 4+ met/met groups. (f) the
results from the replication sample. Both the val/val and val/met + met/met groups showed similar responses to amphetamine. *P<0.05, **P<0.001,

#Ep <1077,

(DEQ Feel, POMS Anxiety, and ARCI MBG subscales)
using 3 x5 x 3 repeated-measures ANCOVAs (Dose X
Time x Genotype), with predrug scores used as covariates.
Post hoc analyses were conducted with paired t-tests.
Lott et al (2006) identified a significant Drug x Genotype
interaction between ratings of ARCI MBG in response
to 20mg amphetamine. Our reanalysis of the original
data produced the same result (P=0.046; Figure 2a).
Post  hoc tests with mean change scores from
baseline revealed significantly greater mean ratings on
the ARCI MBG subscale in the 10/10 group as compared
with the 12/12 and 10/12 groups (P=0.002, P =0.006,
respectively).

We conducted the same analysis used in the original
publication in the replication sample (N=279). In the
replication sample, we did not identify any difference
between the three genotype groups (Figure 2b), indicating a
failure to replicate the results from the original sample.

CSNKIE (Veenstra-VanderWeele et al, 2006)

The original analysis of the casein-kinase I epsilon gene
(CSNKIE) consisted of 91 participants genotyped at three
polymorphisms in CSNKIE (rs135745, rs1005473, rs199764).
This polymorphism was analyzed in relation to subjective
responses to amphetamine (DEQ Feel, POMS Anxiety, ARCI
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Figure 2 Replication results: SLC6A4, CSNKIE, and SLC6A2. (a) The recreated results from Lott et al (2006) (SLC6A4). 10/10 homozygotes showed
greater subjective response to 20 mg amphetamine as compared with heterozygotes and 12/12 homozygotes. (b) The results from the replication sample.
All genotype groups had similar levels of subjective response to 20 mg amphetamine. (c) The recreated results for the DEQ Feel subscale from Veenstra-
VanderWeele et al (2006) (CSNKIE). The C/C group had greater ratings on the DEQ Feel subscale in response to |0 mg d-amphetamine as compared with
C/G and G/G. (d) The results from the replication sample. No significant differences in subjective response to d-amphetamine were observed. (e) The
recreated results from Dlugos et al (2007) (SLC6A2). C/C homozygotes and A/C heterozygotes had greater increases in subjective response to 20 mg
amphetamine as compared with placebo; no such increase was seen in A/A homozygotes. (f) The results from the replication sample. All genotype groups
showed similar increases in response to drug. *P<0.05, ##P<0.001, ##*P< |07

MBG subscales) using 3 x 5 x 3 repeated-measures ANO-
VAs (Dose x Time X Genotype). Predrug scores were
subtracted from the score at each time point to yield change
scores. Post hoc analyses were conducted to assess the effect
of dose on the Genotype x Dose interaction; these
consisted of 2 x5 x 3 repeated-measures ANOVAs (Dose
x Time x Genotype). Veenstra-VanderWeele et al (2006)
identified significant Drug x Genotype interactions
between DEQ Feel and ARCI MBG change scores and
genotype at rs135745 (P=0.038; P=0.008), an effect that
was specific to the 10-mg dose (P=0.001; P=0.004); we
repeated this analysis and obtained the same result
(Figure 2c; Supplementary Figure S4A).

We conducted the same analysis used in the original
publication in the replication sample (N =279), but did not
identify any differences between the three genotype groups
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on any measure (Figure 2d; Supplementary Figure S4B),
indicating a failure to replicate the results from the original
sample.

SLC6A2 (Dlugos et al, 2007)

The original analysis of the norepinephrine transporter
gene (SLC6A2) consisted of 99 participants genotyped at
eight SNPs in SLC6A2 (rs35915, rs168924, rs168924,
rs2242446, rs36017, rs2270935, rs47958, rs171798). These
SNPs, along with eight haplotypes comprised of these SNPs,
were examined in relation to subjective responses to
amphetamine using the non-parametric Kruskal-Wallis
test. Dlugos et al (2007) identified a significant association
between ratings of POMS Positive Mood (PCS; P=0.019)
and POMS Elation (PCS; P=0.01) following amphetamine



administration (20 mg) and genotype at rs49758, and we
repeated this analysis and obtained the same results
(Figure 2e). Post hoc tests revealed significantly higher
ratings of Positive Mood in response to 20 mg amphetamine
in the C/C group (P=0.003) and the A/C group (P =0.007),
but not in the A/A group (P=0.6), as well as significantly
higher ratings of Elation in the C/C (P=1.34 x 10~ *) and
A/C (P=0.001), but not the A/A group (P =0.4). Addition-
ally, Dlugos et al found that the rs36017-rs2270935-rs47958
GCC and CCA haplotypes were significantly associated with
ratings of POMS Positive Mood (20mg PCS), and we
repeated the analysis and obtained the same results (GCC,
P=0.032; CCA, P=0.016).

We conducted the same analysis used in the original
publication in the replication sample (N=289), but in the
replication sample, the genotype groups did not differ on
any measure (Figure 2f). Furthermore, neither the GCC
haplotype (P=0.453) nor the CCA haplotype (P=0.573)
was associated with ratings of POMS Positive Mood in the
replication sample. Thus, we failed to replicate the results
from the original sample.

SLC6A2 (Dlugos et al, 2009)

The original analysis of the norepinephrine transporter
gene (SLC6A2) consisted of 162 Caucasian participants
genotyped at 11 SNPs in SLC6A2 (rs2397771, rs3785143,
rs192303, rs36024, rs36021, rs3785152, rs36017, rs10521329,
rs3785155, rs1861647, rs5569). These SNPs, along with two
haplotypes comprised of these SNPs, were analyzed in
relation to POMS Elation and Vigor subscales (PCS) in
response to amphetamine using 3 x 3 repeated-measures
ANOVAs or ANCOVAs (Dose x Genotype). Gender was
used as a covariate in the analyses of POMS Elation, as it
was seen to be associated with this subscale. Post hoc one-
way ANOVAs were performed. Dlugos et al (2009)
identified associations between POMS Vigor and Elation
following amphetamine administration and SLC6A2 SNP
genotypes. We obtained the same results using the same
data (Figure 3a; Supplementary Figures S5A, C and E).
Specifically, significant Drug x Genotype interactions were
identified for rs36017 and Vigor (P=0.041) and rs1861647
and Vigor (P=0.006). Although not statistically significant,
trends were seen for rs36017 and Elation (P=0.154) and
rs1861647 (P=0.137). Post hoc analyses revealed that
individuals with the C/C genotype at rs36017 had signifi-
cantly higher ratings of POMS Vigor following 20 mg
amphetamine when compared with the C/G and G/G groups
(P=0.003, P=0.019, respectively; Figure 3a). Similarly, this
group had significantly higher ratings of POMS Elation in
response to 20 mg amphetamine when compared with the
C/G group (P=0.013; Supplementary Figure S5A). The
rs181647 A/A group had significantly higher ratings of
POMS Vigor (P=0.01; Supplementary Figure S5C) and
POMS Elation (P=10.017; Supplementary Figure S5E) when
compared with the G/G group. Additionally, Dlugos et al
found that the rs36017-rs10521329-rs3785155 CCG and
rs1861647-rs5569 GC haplotypes were significantly asso-
ciated with ratings of POMS Vigor (20mg PCS), and we
repeated this analysis and obtained similar results (rs36017-
rs10521329-rs3785155 CCG, P=0.097; rs1861647-rs5569
GC, P=0.0142).
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We conducted the same analysis used in the original
publication in the replication sample (N = 170), but did not
identify any differences between the three genotype
groups for either SNP on any measure (Figure 3f;
Supplementary Figures S5B, D and F). Neither the CCG
haplotype (P =0.667) nor the GC haplotype (P =0.571) was
associated with ratings of POMS Vigor in the replication
sample. Thus, we failed to replicate the results from the
original sample.

DRD2 (Hamidovic et al, 2009)

The original analysis of the dopamine D2 receptor gene
(DRD2) consisted of 93 Caucasian participants genotyped at
12 SNPs in DRD2 (rs2242592, rs1079596, rs1125394,
rs27471857, rs4648317, rs4350392, rs1799978, rs12364283,
rs71003679, rs4648318, rs4274224, rs4581480). In addition
to 10 and 20 mg of amphetamine, this study also included
the 5-mg dose. These SNPs were analyzed in relation to
performance on the Stop Task following amphetamine
administration using 4 x 3 repeated-measures ANOVAs
(Dose x Genotype). Paired-samples t-tests were used to
assess the effect of drug on each genotype group when a
significant Drug x Genotype interaction was found.
Hamidovic et al (2009) identified a significant Drug x
Genotype interaction between genotype at rs12364283 and
scores on the Stop Task in response to amphetamine
(P=10.008), and we repeated this analysis and obtained the
same result (Figure 3c). Post hoc tests revealed that
amphetamine decreased stop reaction time (Stop RT) in
the A/A group as compared with placebo (5mg, P=0.02;
10 mg, P =0.001; 20 mg, P =0.05), but did not decrease Stop
RT in the combined A/G+ G/G group, and the 10-mg
amphetamine dose significantly increased Stop reaction
time compared with placebo in the combined A/G+ G/G
group (P =0.043; Figure 3c).

We conducted the same analysis used in the original
publication in the replication sample (N = 122), which was
reduced in size because we excluded participants that
possessed low quality Stop RT data. We did not identify any
differences between the genotype groups (Figure 3d),
indicating a failure to replicate the results from the original
sample.

FAAH (Dlugos et al, 2010)

The original analysis of the fatty acid amide hydrolase gene
(FAAH) consisted of 159 Caucasian participants genotyped
at four SNPs in FAAH (rs6703669, rs3766246, rs324420,
rs2295633). These SNPs were analyzed in relation to
subjective responses to amphetamine (POMS Arousal,
Fatigue subscales; AUC) using 3 x 3 repeated-measures
ANOVAs/ANCOVAs (Dose x Genotype). Post hoc analyses
were carried out with one-way ANOVAs. Gender was used
as a covariate in the analyses of POMS Arousal, as it was
found to be associated with this subscale. Dlugos et al
(2010) identified associations between two SNPs in FAAH
and scores on the POMS Arousal and Fatigue subscales in
response to amphetamine. Significant Drug x Genotype
interactions were found for rs2295633 and POMS Arousal
(P=0.02) as well as Fatigue (P=0.01). We repeated
this analysis and obtained the same results (Figure 3e;
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Figure 3 Replication results: SLC6A2, DRD2, and FAAH. (a) The recreated results from Dlugos et al (2009) for rs36017 (SLC6A2). C/C homozygotes had
increased ratings of Vigor in response to 20 mg amphetamine in comparison to heterozygotes and G/G homozygotes. (b) The results from the replication
sample. No significant differences in ratings of Vigor were seen between groups. (c) the recreated results from Hamidovic et al (2009). Rs12364283 A/A
homozygotes had decreases in stop reaction times in response to amphetamine, while no such decrease was seen for the A/G + G/G group. (d) The results
from the replication sample. The A/A group and A/G + G/G group displayed decreases in stop reaction time in response to amphetamine administration (5
and 10 mg). (e) The recreated results from Dlugos et al (2010) (FAAH). Rs229633 C/C homozygotes had increased ratings on the POMS Arousal scale in
response to 10 mg amphetamine, as compared with the heterozygote group. (f) The results from the replication sample. There were no significant
differences in ratings of Arousal between the three genotypes at 10 mg. *P<0.05, **P<0.001, **P <0~ *

Supplementary Figure S6A). Post hoc tests revealed that the
C/C group had significantly higher ratings of Arousal in
response to 10 mg amphetamine as compared with the C/T
group (P=0.003); the C/C group also showed significantly
reduced Fatigue (P=0.005). Additionally, significant Drug
x Genotype interactions were found for rs3766246 and
POMS Arousal (P=0.013) and POMS Fatigue (P =0.009).
We obtained the same results in our repeat analysis.
Participants in the C/C group reported higher ratings of
Arousal and lower ratings of Fatigue when compared with
participants in the C/T group (P=0.009 and P=0.01,
respectively). Additionally, Dlugos et al found that the
rs3766246-rs324420-1s2295633 CCC and TAT haplotypes
were significantly associated with ratings of Fatigue at
10 mg, and we repeated the analysis and obtained the same
results (CCC, P=0.003; TAT, P=0.012).
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We conducted the same analysis used in the original
publication in the replication sample (N=173). In the
replication sample, the genotype groups for both SNPs did
not differ on any measure (Figure 3f; Supplementary Figure
S6B). Furthermore, neither the CCC nor the TAT haplotype
was significantly associated with ratings of fatigue in the
replication sample (CCC, P=0.667; TAT, P=1.0). Thus, we
failed to replicate the results from the original sample.

COMT (Hamidovic et al, 2010a)

The original analysis of the catechol-O-methyltransferase
gene (COMT) consisted of 161 Caucasian participants
genotyped at the vall58met polymorphism (rs4680). This
SNP was analyzed in relation to subjective and behavioral
responses to amphetamine administration (POMS



subscales, DSST; AUC) using 3 x 3 repeated-measures
ANOVAs (Dose x Genotype). Paired-samples t-tests were
used to assess the effect of drug on each genotype group
when a significant Drug x Genotype interaction was found.
Hamidovic et al (2010a) identified a significant Drug x
Genotype interaction (P=0.008) between scores of the
DSST in response to amphetamine. We repeated this
analysis and obtained the same result (Figure 4a). Post
hoc analyses revealed that met/met carriers did not
respond to amphetamine, while val/val carriers showed
enhanced performance in the 10mg and 20mg drug
sessions as compared with placebo (10mg, P=5.4 x 10~ 7;
20mg, P=1.3 x 104 Figure 4a). Val/met carriers showed
an intermediate response to drug in the 20-mg session
(P=10.002).

We conducted the same analysis used in the original
publication in the replication sample (N=176), but did not
identify any differences between the three genotype groups
(Figure 4b), indicating a failure to replicate the results from
the original sample.

SLC6A3 (Hamidovic et al, 2010b)

The original analysis of the dopamine transporter gene
(SLC6A3) consisted of 152 Caucasian participants geno-
typed at four SNPs in SLC6A3 (rs460000, rs3756450,
rs37022, rs6869645). Due to low minor allele frequency,
the minor allele homozygotes were pooled with the
heterozygotes for all four SNPs. These SNPs were analyzed
in relation to subjective effects and cognitive performance
in response to amphetamine using 3 x 2 repeated-measures
ANOVAs (Dose x Genotype). Paired-samples t-tests were
used to assess the effect of drug on each genotype group
when a significant Drug x Genotype interaction was found.
Hamidovic et al (2010b) identified a significant Drug x
Genotype interaction for the ARCI Amphetamine and ARCI
MBG scales (AUC) and genotype at rs460000 (P=0.015,
P=0.025, respectively). We repeated this analysis and
obtained the same result (Supplementary Figure S7A;
Figure 4c). Post hoc tests demonstrated that the C/C group
had greater response to amphetamine when compared with
the A/A+A/C group (ARCI Amphetamine placebo vs 20 mg
P=31x10"" ys P=19x10 ’; ARCI MBG placebo vs
20mg P=15x10"" yvs P=2x10"°).

We conducted the same analysis used in the original
publication in the replication sample (N=169). In the
replication sample, there was a significant Drug X
Genotype interaction between ratings on the ARCI Amphe-
tamine subscale and genotype at rs460000; however, a post
hoc one-way ANOVA revealed that this effect was driven by
the placebo session (P =0.028; Supplementary Figure S7B).
There was no evidence of association with ARCI MBG, with
all groups responding similarly across all sessions
(Figure 4d), indicating a failure to replicate the results
from the original sample.

OPRM1 (Dlugos et al, 2011)

The original analysis of the opioid receptor, mu 1 gene
(OPRM1) consisted of 162 Caucasian participants geno-
typed at seven SNPs in OPRMI (rs1799971, rs510769,
rs660756, rs1918760, rs2281617, rs1998220, rs1998220).
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@

These SNPs, along with seven haplotypes comprised of
these SNPs, were analyzed in relation to the subjective
response to amphetamine (ARCI subscales; PCS) using
3 x 3 repeated-measures ANOVAs/ANCOVAs (Dose X
Genotype). Post hoc analyses consisted of one-way ANO-
VAs/ANCOVAs. Gender was used as a covariate in the
analyses of ARCI BG, as it was seen to be associated with
this subscale. Dlugos et al (2011) identified significant Drug
x Genotype interactions between rs510769 and ARCI MBG
(P=0.031) and ARCI Amphetamine (P=0.019), as well as
between rs2281617 and ARCI MBG (P =0.01) and ARCI BG
(P=0.008). We repeated this analysis and obtained the
same result (Supplementary Figures S8A and C; Figure 4e;
Supplementary Figure S8E). Post hoc tests revealed that
these associations were specific to the 10 mg session. The
rs510769 G/G group had increased ratings on the ARCI
MBG scale as compared with the A/A group (P=0.02;
Supplementary Figure S8A), and the A/G and G/G groups
had increased ARCI Amphetamine ratings as compared
with the A/A group (P=0.005, P=0.003, respectively;
Supplementary Figure S8C). The rs2281617 C/C group
had increased ratings on the ARCI MBG and ARCI BG
scales compared with the C/T + T/T group (P=3.4 x 10 %,
P=13x10"*% respectively; Figure 4e; Supplementary
Figure S8E).

Dlugos et al, also identified significant associations
between the rs1799171-rs510769 AG and AA haplotypes
and ratings on the ARCI Amphetamine scale, the
rs1799171-rs510769 AA haplotype and ratings on the ARCI
MBG scale, the rs1918760-rs2281617-rs1998220 ATA hap-
lotype and ratings on the ARCI MBG scale, and the
rs1918760-rs2281617-rs1998220 ATA and GCG haplotypes
and ratings on the ARCI BG subscale. We repeated the
analysis and obtained similar results (rs1799171-rs510769
AG and AA ARCI Amphetamine P=0.019, P=0.005;
rs1799171-rs510769 AA and ARCI MBG P=0.031;
rs1918760-rs2281617-rs1998220 ATA and ARCI MBG
P=0.01; rs1918760-rs2281617-rs1998220 ATA and ARCI
BG P=0.048; rs1918760-rs2281617-rs1998220 GCG and
ARCI BG P=10.069).

We conducted the same analysis used in the original
publication in the replication sample (N=171). In the
replication sample, the genotype groups for both SNPs did
not show significant differences for any measures (Supple-
mentary Figures S8B and D; Figure 4f; Supplementary
Figure S8F). Furthermore, we failed to identify any
associations with haplotypes in the replication sample
(rs1799171-rs510769 AG and AA ARCI Amphetamine
P=0.222, P=0.190; rs1799171-rs510769 AA and ARCI
MBG P =0.590; rs1918760-rs2281617-rs1998220 ATA and
ARCI MBG P =0.233; rs1918760-rs2281617-rs1998220 ATA
and ARCI BG P=0.975; rs1918760-rs2281617-rs1998220
GCG and ARCI BG P=0.159). Taken together, these results
reflect a failure to replicate the results from the original
sample.

Population Stratification Analyses

The original sample of 99 participants, which was used in
the analysis of ADORA2A (Hohoff et al, 2005), SLC6A3 (Lott
et al, 2005), BDNF (Flanagin et al, 2006), SLC6A4 (Lott et al,
2006), CSNKIE (Veenstra-VanderWeele et al, 2006), and
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Figure 4 Replication results: COMT, SLC6A3, and OPRM . (a) The recreated results from Hamidovic et al (2010a) (COMT). Val/met heterozygotes had
increased performance on the DSST task in response to 20 mg amphetamine, while val/val homozygotes showed increased performance in response to
both 10 and 20 mg amphetamine. No improvement was seen in the met/met group. (b) The results from the replication sample. Similar increases in
performance were seen across all genotype groups. (c) The recreated results from Hamidovic et al (2010b) (SLC6A3). The rs46000 C/C group had
increased subjective responding on the ARCI MBG scale in comparison to the A/A + A/C group. The results from the replication sample are found in (d);
the C/C group and the A/A + A/C group showed very similar levels of subjective response to amphetamine. (e) The recreated results from Dlugos et al
(2011) for rs2281617 (OPRMI). C/C homozygotes had increased ratings on the ARCI MBG subscale in response to 10 mg d-amphetamine as compared
with the C/T + T/T group. (f) The results from the replication sample. The same increase was not seen in the C/C group as compared with the C/T 4 T/T

group. *P< 005, **P<0,001, ¥*p <0~ *

SLC6A2 (Dlugos et al, 2007), included 41 participants who
self-reported being non-Caucasians (subsequent studies of
SLC6A2, DRD2, FAAH, COMT, and OPRM]1 excluded non-
Caucasians). We used genome-wide SNP data (Hart et al,
2012) to evaluate whether population stratification con-
tributed to the associations identified using the non-
Caucasian participants. Because nine samples were not
available for genotyping with the Affymetrix 6.0 microarray,
this analysis required us to exclude those nine participants.
We report the initial P-values (‘Original’), the effect of
removing those nine individuals (‘Original—9 participants’)
and any additional effect of using the ancestry PCs as
covariates (‘Original - 9 participants + PCs’) in Table 3.
Adjustment for ancestry principal components appeared to
have little impact on the initial results. When we included
the ancestry PCs as covariates, some associations became
slightly stronger (eg, SLC6A3 and ARCI LSD), while others
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became slightly weaker (eg, CSNKIE and ARCI MBG;
Table 3). Taken together, these results demonstrate that
none of the original associations appears to be primarily
due to population stratification.

DISCUSSION

Our results show an unexpectedly widespread failure to
replicate our previously published findings. This study is
striking because we were attempting to replicate apparently
robust findings related to well-studied candidate genes. We
used a relatively large number of new participants for the
replication, and their data were collected and analyzed
using identical procedures. Thus, our study did not suffer
from the heterogeneity in phenotyping procedures impli-
cated in previous failures to replicate other candidate gene
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Table 3 Association P-values from Tests With or Without Incorporation of Ancestry Principal Components (PCs) as Covariates in

Analyses Involving Non-Caucasians

Gene Original Original—9 participants Original—9 participants + PCs
ADORAZ2A POMS Anxiety: 0.041 (N=98) POMS Anxiety: 0.107 (N=89) POMS Anxiety: 0.1 14 (N=89)
SLC6A3 DEQ Feel: 0.006 (N =84) DEQ Feel: 0.006 (N=284) DEQ Feel: 0.013 (N=284)

ARCI LSD: 0.007 (N =86) ARCI LSD: 0.007 (N=86) ARCI LSD: 0.005 (N=86)

Diastolic BP: 0.037 (N=95) Diastolic BP: 0.022 (N =90) Diastolic BP: 0.068 (N = 90)
BDNF POMS Arousal: 0.01 (N=94) POMS Arousal: 0.013 (N=289) POMS Arousal: 0.005 (N =89)

ARCI BG: 0.023 (N=94) ARCI BG: 0015 (N=289) ARCI BG: 0.018 (N=289)

Heart rate: 0.023 (N =94) Heart rate: 0.025 (N=289) Heart rate: 0.012 (N=289)
SLC6A4 ARCI MBG: 0.046 (N=98) ARCI MBG: 0071 (N=90) ARCI MBG: 0.064 (N=90)
CSNKITE DEQ Feel: 0038 (N=288) DEQ Feel: 0.064 (N=85) DEQ Feel: 0.053 (N=285)

ARCI MBG: 0.008 (N=89) ARCI MBG: 0.024 (N=187) ARCI MBG: 0.068 (N=187)
SLC6A2 POMS Pos Mood: 0.012 (N=90) POMS Pos Mood: 0.012 (N=90) POMS Pos Mood: 0.008 (N=90)

POMS Elation: 0.003 (N =90)

POMS Elation: 0.003 (N =90)

POMS Elation: 0.005 (N =90)

Nine samples from the original analysis were not available for genotyping with the Affymetrix 6.0 microarray and therefore did not have ancestry PCs. Sample size is

given in parentheses.

studies (Ho et al, 2010; Mathieson et al, 2012). The failure of
our associations to replicate suggests that most or all of our
original results were false positives.

One possible cause of these false positives could have
been that that six of our original studies included 41 non-
Caucasian participants (Table 3). To address this concern,
we repeated the original analyses with the addition of
ancestry PCs as covariates; there were no major differences.
Therefore, while population stratification can sometimes
lead to false positive results, it does not appear that the
inclusion of non-Caucasians significantly contributed
to the observed failure to replicate our previously published
results.

It is worth considering whether we should have viewed
our original results with greater skepticism. Genome-wide
association studies (GWAS) of a wide variety of phenotypes
suggest that the effects of individual alleles are very small,
such that the modestly sized samples typically used in
candidate-gene studies such as ours would be severely
under-powered (McCarthy et al, 2008). Both the original
and the replication samples were too small to detect alleles
with the small effect sizes seen in GWAS. Our original
studies suggested that we were detecting alleles that
contributed ~5% of the total phenotypic variance we
reported. Given that there are millions of polymorphisms in
the human genome, such large effects might have aroused
greater scrutiny, but we were reassured by the commonly
held belief that polymorphisms in our candidate genes
represented a privileged subset of polymorphisms and by
the notion that intermediate phenotypes might have a
simpler genetic architecture. We were not alone—many
other candidate gene studies have and continue to report
similarly large effect sizes and to espouse similar beliefs.

Three of our previously reported associations were due to
the lack of a drug effect in a particular genotype group; in all
cases, the rare homozygote groups did not show a
significant drug response, which could reflect a lack of
power rather than a true lack of response. For example, the
3’ UTR VNTR polymorphism in SLC6A3 was associated

with ratings of DEQ Feel in Lott et al (2005), but in the
original analysis the minor allele 9/9 genotype group (N=7)
did not show response to amphetamine, while the hetero-
zygote (N=33) and major allele 10/10 (N=52) groups did.
In the replication sample, the 9/9 group (N = 24), like the 9/
10 and 10/10 groups, showed a significant drug response.
Similarly, a lack of drug effect in rare allele homozygote
groups contributed to the associations in Flanagin et al
(2006) (BDNF) and Hamidovic et al (2010a) (COMT); these
results reflect poor power to detect the effect of ampheta-
mine due to a small number of rare allele homozygotes. This
phenomenon has been noted in other candidate gene
studies of the SLC6A3 3’ UTR where a lack of effect was
observed in the 9/9 genotype group (Joober et al, 2007; Stein
et al, 2005), suggesting that this may be a widespread
problem. The fundamental issue is that small genotype
groups may not show a response to treatment due to a lack
of power. One potentially valuable strategy to avoid this
problem is prospective genotyping, which allows for more
balanced genotype groups and is thus helpful when
evaluating rare alleles.

Two related problems that are common among candidate
gene studies like ours are insufficient correction for
multiple testing (both within and across studies) and
publication bias. Although several of our previous reports
applied corrections for the number of tests performed
within that publication, others did not. Furthermore, we
never corrected for all comparisons performed across all 12
studies. Similar failures to fully correct for multiple testing
are common in the candidate gene literature, where large
data sets are often repeatedly analyzed. If we corrected for
all 322 primary tests performed in this study, the
Bonferroni-corrected significance threshold would be
0.00015. While this P-value is overly stringent because both
SNPs and phenotypes are inter-correlated, it gives some
sense for the cumulative burden of multiple testing across
all 12 studies. Multiple testing across studies is more
problematic than multiple testing within studies, as it is
often not readily apparent that a data set has been analyzed
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repeatedly from the reading of one study. Better standards
for reporting prior analyses of a given data set might be
helpful, but in the end running more tests will inevitably
inflate the number of false positives, whether the tests use
one data set repeatedly or many separate data sets. Thus
standards that tend to preclude multiple analyses of the
same data set are too simplistic to fully address this
problem.

The problem of publication bias, which is the tendency to
preferentially publish significant results and to repress non-
significant ones, is related to the failure to correct for
multiple testing because the true number of hypotheses
tested in a given data set is concealed. It has been argued
that publication bias against non-significant results con-
tributes to non-replication of candidate gene associations
(Bosker et al, 2011; Munafo et al, 2007). Our original results
reflect a minor degree of publication bias: in our early
investigations we performed preliminary analyses on a
small number of genes that did not yield significant results
and thus we did not publish them. This increase in multiple
testing was not taken into account when determining
significance thresholds. Similarly, we sometimes considered
several alternative methods for calculating phenotypes (eg,
peak change score summarization vs area under the curve,
which tend to be highly but incompletely correlated). It
seems very likely that the candidate gene literature
frequently reflects this sort of publication bias, which
represents a special case of uncorrected multiple testing.
Proper correction for multiple phenotypes is a concern and
a source of debate for multidimensional phenotypes, such
as brain imaging (Poldrack and Mumford, 2009; Bennett
et al, 2011).

One feature of our studies was the use of subjective drug
effects as outcome measures. While we initially regarded the
use of subjective drug effects as a strength, it may be that
other phenotypes provide a more sensitive indicator of drug
response. Although subjective drug effects are dose and
time dependent and provide a unique, face-valid indicator
of the drug’s effect on behavior, they are also highly variable
within and across participants, and are subject to the biases
present in any self-report measure. Instead, measures such
as functional magnetic resonance imaging (fMRI) may
provide a more precise and objective index of biological
response to a drug. One example of the success of fMRI
phenotypes has been the association of the amygdala
response to threat stimuli and the 5-HTTLPR polymorph-
ism, which was initially suggested to account for 10% of the
phenotypic variance (Munafo et al, 2008) but was later
determined to account for ~1% (Murphy et al, 2012). Other
examples of potentially promising phenotypes include
alcohol-induced flushing (Macgregor et al, 2009; Wall
et al, 2005), nicotine metabolism (Benowitz et al, 2003;
Lerman et al, 2006), and electroencephalography
(Hodgkinson et al, 2010). Ultimately, the optimal phenotype
for any particular scientific or clinical question depends on
the sensitivity and selectivity of the measure and practical
issues such as cost and throughput.

Using our results as an example, we demonstrate that a
rigorously assessed and biologically based intermediate
phenotype has the potential to yield false positives, in part
because of the common practices used in candidate gene
studies. How can this problem be addressed in the future?
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Clearly more stringent thresholds for significance that
better address multiple testing within and between studies
are important. Because an initial study is best for hypothesis
generation, replication studies, such as this one, are also
essential. More stringent standards will require correspond-
ingly larger samples. Although many journals have added
requirements for replication (Anonymous, 2005; Barsh et al,
2012; Hewitt 2012; http://onlinelibrary.wiley.com/journal/
10.1002/(ISSN)1552-485X/homepage/ForAuthors.html; http://
www.blackwellpublishing.com/pdf/G2B-Association-Studies.
pdf), replication is not infallible (Sullivan, 2007).

Candidate gene studies with samples of several hundred
or less subjects are only adequately powered to detect alleles
with effects that are significantly larger than those observed
in most GWAS. Thus, these studies are only productive if
one assumes that an intermediate phenotype is fundamen-
tally different from a disease trait. Our study does not
support this hypothesis, although it just one example. If the
genetic architecture of intermediate phenotypes is indeed
similar to disease traits, very large samples will be needed to
achieve sufficient power.

One key factor for a successful candidate gene study is to
have strong prior information that the polymorphism being
examined is likely to be a true positive. Whereas
‘traditional’ candidate gene studies such as ours have
focused on heavily studied genes (sometimes with a specific
focus on coding SNPs, eg Flanagin et al, 2006; Hamidovic
et al, 2010a; Dlugos et al, 2011), a more recent trend is to
focus on the SNPs that have experimentally validated effects
on gene expression; such SNPs are termed expression
quantitative trait loci (eQTL). Recent studies have
shown that SNPs associated with complex traits are
enriched for eQTLs (Schadt et al, 2008; Nicolae et al,
2010; Fehrmann et al, 2011; Gamazon et al, 2012). Similarly,
recent GWAS studies have begun to provide unambiguous
associations between SNPs and disease traits (Furberg et al,
2010; Ripke et al, 2011); these SNPs are likely to be the
subject of the next wave of candidate gene studies. While
focusing on polymorphisms that have known biological
effects can only improve candidate gene studies, the
fundamental question remains: is it realistic to assume
that the effect of these SNPs will be large enough to allow
for detection when examining intermediate phenotypes with
only modestly sized samples?

In conclusion, in an effort to examine the validity and
replicability of our previous work, we performed a
replication study of 12 of our previously published
candidate gene association studies. We were motivated to
perform this replication study because we believed that we
had an ideal sample to explore replication in a broad range
of different candidate genes. We failed to replicate any of
our previously published results, suggesting that our
previously published findings were likely false positives.
More broadly, our results should instill caution in other
investigators who, in some cases inspired by our previous
publications, have undertaken similarly designed and
powered studies. The final judgment about the usefulness
of intermediate phenotypes will depend on the results from
many studies. Our experience provides one example in
which a promising intermediate phenotype did not perform
as expected. We conclude that future candidate gene studies
focused on intermediate phenotypes similar to ours should
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strongly consider the possibility that effect sizes may be
similar to those observed in GWAS.
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