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The goal of this study was to identify genetic markers associated with
LY2140023 monohydrate response in patients with schizophrenia. Variants
in eight candidate genes related to the mechanism of action of LY2140023
or olanzapine were investigated in a genetic cohort collected from two
clinical trials. Results from this genetic analysis indicate that 23 single
nucleotide polymorphisms (SNPs) were associated with a change in Positive
and Negative Syndrome Scale total score in response to LY2140023 at
28 days (Po0.01; false discovery rate o0.2). Sixteen of these SNPs were
located in the serotonin 2A receptor (HTR2A). Bioinformatic analyses
identified a putative antisense nested gene in intron 2 of HTR2A in the
region of the genetic markers associated with LY2140023 response. These
data suggest a genetic association exists between SNPs in several genes, such
as HTR2A, and response to LY2140023 treatment. Additional clinical trials are
needed to establish replication of these results.
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Introduction

Schizophrenia, a chronic and disabling psychiatric disorder, affects B1% of adults
worldwide.1 Although the underlying etiology remains unknown, dysregulation of
dopaminergic and serotonergic neurotransmission is considered a contributing
factor to the pathophysiology of schizophrenia.2 Blockade of dopamine and/or
serotonin receptors has been the primary focus in the management of
schizophrenia. Despite treatment with antipsychotic agents, 40–50% of patients
do not adequately respond,3 resulting in relapse, poor prognosis, psychiatric and
medical complications, and death from medical comorbidities or suicide.4

Optimizing response by individualizing antipsychotic treatment is key to
achieving successful outcomes in patients with schizophrenia.
Evidence from several clinical and preclinical studies supports the hypothesis

that dysregulation of glutamatergic pathways contributes to the pathogenesis of
schizophrenia.5–7 LY404039 is a potent and highly selective agonist for group II
metabotropic glutamate receptors (mGlu2 and mGlu3 receptors). LY2140023
monohydrate is an oral methionine prodrug of LY404039. LY2140023 is
currently being investigated as an antipsychotic agent with a novel mechanism
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of action. Used herein, LY2140023 refers to the monohy-
drate form of the oral prodrug of LY404039. In a phase II
proof-of-concept trial (H8Y-BD-HBBD (HBBD)), LY2140023
demonstrated significant improvement in Positive and
Negative Syndrome Scale (PANSS) total score compared with
placebo.8 These findings suggest that mGlu2/3 receptor
agonists may be effective for the treatment of schizophrenia.
Genetic factors are theorized to have an important role in

antipsychotic treatment response;9 however, contributions
of specific genetic variants remain poorly understood.10

Candidate gene and genome-wide association studies of
treatment response to typical and atypical antipsychotics
have identified multiple genes associated with response,11

though replication of these findings has not been consis-
tent.10 Continued research to understand the impact of
specific genetic variants on individual patient response is
required. The primary goal of this pharmacogenetic study
was to identify genetic markers uniquely associated with
LY2140023 response. Using DNA samples collected in two
clinical trials, the association between single nucleotide
polymorphisms (SNPs) and LY2140023, placebo or olanza-
pine response was examined in eight genes related to
antipsychotic mechanism of action or schizophrenia disease
susceptibility, including mGlu2 receptor (GRM2), mGlu3
receptor (GRM3), serotonin 2A receptor (HTR2A), dopamine
receptor D2 (DRD2), dopamine receptor D3 (DRD3), neur-
egulin 1 (NRG1), catechol-O-methyltransferase (COMT) and
polycystic kidney and hepatic disease 1 (PKHD1).

Materials and methods

Study population
DNA samples were collected in two clinical trials, a phase II
proof-of-concept trial (HBBD), which assessed LY2140023
efficacy compared with olanzapine and placebo in patients
with schizophrenia,8 and a phase IV fixed dose–response
clinical trial (F1D-US-HGLF (HGLF)), which compared
efficacy of olanzapine at one of three dosages: 10, 20 or
40mg QD in patients with schizophrenia or schizoaffective
disorder.12 Study designs and clinical findings of both trials
have been published.8,12 The HBBD study was conducted at
10 sites in Russia. All patients had a confirmed diagnosis of
schizophrenia as assessed by a modified Structured Clinical
Interview for Diagnostic and Statistical Manual of Mental
Disorders IV (DSM-IV) Axis I Disorders and were hospitalized
for the duration of study participation. All patients self-
reported their ethnicity as Caucasian. The HGLF study was
conducted at 55 study sites in the United States. Both
inpatients and outpatients with a diagnosis of DSM-IV
schizophrenia or schizoaffective disorder were eligible for
trial participation. Only the self-reported Caucasians were
eligible for the pharmacogenetic analysis to avoid ethnicity
confounds. Both studies used PANSS total score as the
primary endpoint and were approved by participating sites’
institutional review boards; all patients provided written
informed consent. The majority of DNA samples included in
the current pharmacogenetic study were obtained from

patients in the HBBD trial; however, as the olanzapine
treatment arm had half the number of patients as the
placebo and LY2140023 arms, DNA samples collected from
patients treated with olanzapine in the HGLF trial were
included in this pharmacogenetic study to increase the
sample size in this treatment group.

Genotyping and SNP selection

A relatively small number of candidate genes was investi-
gated due to the limited power of the study (see Statistical
analysis section). Genes were selected for inclusion based on
several criteria. GRM2 and GRM3 are the known pharma-
cologic targets of the mGlu agonist, LY404039,13 while
DRD2 and HTR2A are among the primary pharmacological
targets of olanzapine. NRG1 and COMT have both been
implicated as schizophrenia disease susceptibility genes,
with NRG1 related to glutamate signaling and COMT related
to dopaminergic activity. Finally, a limited number of SNPs
within PKHD1 were included based on the association of
this gene with atypical antipsychotic treatment-emergent
weight gain.14–17

Genotyping was conducted on two SNP panels. SNPs
selected for the two panels covered the same set of candidate
genes: GRM2, GRM3, HTR2A, DRD2, DRD3, NRG1, COMT
and PKHD1 (PKHD1 was excluded from Panel 2). Panel 2
genotyping was conducted to add redundancy and to
supplement coverage from Panel 1 assay failures. From
within each of the candidate genes (PKHD1 excluded) and
including 5000bp of flanking sequence, SNP selection was
performed utilizing the dbSNP database from National
Center for Biotechnology Information with a combination
of criteria as follows: (1) all tagging SNPs, (2) all non-
synonymous SNPs, (3) synonymous SNPs with minor allele
frequency (MAF) 42% or unreported MAF and (4) non-
coding region SNPs with MAF420%. The rationale for these
criteria was to provide extensive coverage of the genes for
redundancy, potential assay failures and the ability to
determine linkage disequilibrium (LD) across this popula-
tion of patients. In addition, SNPs within GRM3 that had
previously been associated with schizophrenia disease
susceptibility, endophenotypes or antipsychotic treatment
response were also included.18–20 The number of SNPs
analyzed within each gene can be found in Supplementary
Table 1.

Genotyping quality control
Genotyping was performed by Sequenom (San Diego, CA,
USA) using the MassARRAY platform as previously de-
scribed.21 Of the 200 DNA samples sent for genotyping,
genotype data from 196 patients were generated for Panel 1
SNPs (Supplementary Figure 1). One sample genotyped on
Panel 1 had a 0% call rate and was not resent for Panel 2
genotyping. Genotype data from 199 patients were gener-
ated for Panel 2 SNPs (Supplementary Figure 1).
Samples with call rates p95% or a X9% discordant rate

within assay quality control duplicate SNPs were excluded
from the analysis, as were monomorphic SNPs, SNPs with
call rates p95%, MAF 42% or Hardy–Weinberg equilibrium
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Po0.001. A total of 488 and 92 SNPs comprised the final
Panel 1 and Panel 2 genotype data sets, respectively.

Statistical analysis
The pre-defined primary analysis tested the association
between genetic variants and clinical response to
LY2140023 as measured by the PANSS total score after 28
days of treatment by using a last-observation-carried-
forward (LOCF) model on the intent-to-treat population.
The association between genetic variants and placebo/
olanzapine treatment response was also tested in an
exploratory analysis. Changes in PANSS total score were
modeled using analysis of covariance. The dependent
variable was change in PANSS total score from baseline;
independent variables were gender, baseline PANSS total
score, age at trial entry, trial (HBBD vs HGLF), assigned study
treatment, genotype and treatment-by-genotype interac-
tion, assuming additive inheritance. Linear contrast was
used to estimate genotype effect on response for each SNP
separately within each treatment group. Multiple compar-
ison adjustments were carried out independently within
each treatment arm for the two panels as the analyses were
conducted separately, with P-values converted into false
discovery rate (FDR).22

Based on 66 patients available in the LY2140023 treat-
ment arm, power was calculated assuming additive inheri-
tance using nQuery Advisor 7.0 (Statistical Solutions,
Farmers Cross, Cork, Ireland). Use of these assumptions
yielded 67% power to detect a 10.4-point change in PANSS
total score at a significance level of Po0.01.
Mixed-effects-repeated-measures model (MMRM) analysis

was conducted within the LY2140023 arm for sensitivity.
The dependent variable, change in PANSS total score from
baseline, was fit to a model with baseline PANSS total score,
gender, genotype, visit and genotype-by-visit interaction
terms. A genotypic model was assumed where the genotype
was treated as a categorical variable in the MMRM analysis.
Linkage disequilibrium and haplotype block analyses

were conducted using Haploview 4.1 (Broad Institute,
Cambridge, MA, USA).23 Association between genotype
and secondary efficacy measures, including PANSS-positive,
PANSS-negative and clinical global impression-severity
scores were tested using an LOCF model similar to the one
used in the primary PANSS total score analysis. SAS 9.1 was
used for all analyses (SAS Institute, Cary, NC, USA).

Antisense nested gene
Bioinformatic analysis of HTR2A SNP-containing intronic
sequence. The genomic sequence ref|NC_000013.9|NC_
000013:c46378176-46295514 was masked using RepeatMasker
(http://repeatmasker.org) then used as a BLAST query
against est_human and nt (http://ftp://ftp.ncbi.nih.gov/
blast/db/). Hits were mapped onto the genomic sequence
using gmap software (http://research-pub.gene.com/gmap/).
Splice form-specific contigs were created using Sequencher
(Gene Codes Corporation, Ann Arbor, MI, USA). The Artemis
software (http://www.sanger.ac.uk/Software/Artemis/) and

BioPerl modules (http://www.bioperl.org) were used to
visualize and annotate the genomic sequence.

Detection and characterization of the antisense transcript.
Reverse transcription polymerase chain reaction (RT–PCR)
for the antisense nested gene was performed using RNA
from human testes and frontal cortex (Catalog #AM7972
and #AM6810, First Choice Total RNA; Ambion, Austin, TX,
USA). Two micrograms of RNA was reverse transcribed
into cDNA using Qiagen’s OneStep RT–PCR kit (Qiagen,
Hilden, Germany) according to the manufacturer’s protocol.
In a denaturation step, reverse transcription primer and
RNA were mixed and incubated at 65 1C for 5min before
adding the remaining reagents. Primers were designed to
sequences within intron 2 of HTR2A corresponding to exons
1 and 3 of the antisense nested gene. Complementary
to the sequence in exon 3 of the antisense nested gene,
the primer 50-CAAGGAAGATGTACTTGAATCTTCTCC-30

was used for the reverse transcription step. A second
primer 50-CAGAAAGAACGCAGCCCTAC-30, targeting exon
1 of the antisense nested gene, was added after the initial
PCR activation step. At an annealing temperature of 55 1C,
PCR was performed for 50 cycles, followed by a second
round of 50 cycles of PCR at a 1:100 dilution of the Qiagen
OneStep RT–PCR reaction using antisense nested gene
exon 1 primer 50-CCAACTTTGGACTTTTCACTTCCAA-30

and exon 3 primer 50-ATCTTCTCCACCCACTGTCC-30.
These primers, located interior to the primer pair, were
used for the first round of PCR products and served to
amplify low-level RNA species. To confirm band identity, PCR
products were run on 2% agarose gels and sequenced under
standard conditions (Agencourt, Beverly, MA, USA). Addi-
tionally, IMAGE cDNA clones representing antisense nested
gene transcripts were obtained (Thermo Scientific Open Bio-
systems, Huntsville, AL, USA) and sequenced for identification
of additional 50exons.

Results

Characteristics of the patient population

Caucasian patients with a baseline and at least one post-
baseline PANSS total score were eligible for inclusion in the
pharmacogenetics study. DNA samples from 193 eligible
patients (HBBD, n¼139 and HGLF, n¼54) met either the first
or second panel genotyping quality control criteria and were
designated as the genetic cohort (Supplementary Figure 1).
Patients from the genetic cohort demonstrated similar

demographics and baseline PANSS total scores compared
with the HBBD clinical trial population (Table 1). Analyses
conducted on Panel 1 (488 SNPs) included 180 patients
(LY2140023, n¼66; olanzapine, n¼ 73 and placebo, n¼41).
Analyses performed on Panel 2 (92 SNPs) included 169
patients (LY2140023, n¼ 63; olanzapine, n¼ 69 and placebo,
n¼37). Pairwise LD analysis was conducted on 157
Caucasian patients whose DNA samples passed genotyping
quality control from both panels.
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Primary efficacy measure
LOCF analysis with additive allelic assumption. Twenty-three
SNPs were associated with change in PANSS total score at 28
days in the LY2140023 treatment group with an unadjusted
Po0.01 (FDR o0.2; Table 2), but showed no association
in the olanzapine or placebo arms. Of these 23 SNPs, three
(rs7330461 and rs7330636 in HTR2A, and rs10954863 in
NRG1) were associated with LY2140023 response with an
unadjusted Po0.001 (FDR¼0.114). The HTR2A SNPs were
separated by 27bp and were in strong LD (D0 ¼0.97). The
minor homozygous genotype group showed the largest
reduction in PANSS total score for each of the three SNPs,

whereas the major homozygous genotype group showed the
smallest reduction. In contrast, the response profile for the
three SNPs showed no association across genotype groups
for either olanzapine or placebo. Figure 1 illustrates change
in PANSS total score as a function of genotype for one of the
two tightly linked SNPs in HTR2A, rs7330461, and the NRG1
SNP, rs10954863.
All 23 SNPs associated with LY2140023 response (Po0.01)

were located within non-coding regions of their respective
genes; 16 SNPs were located within two haplotype blocks in
HTR2A. All 16 were in relatively high LD (D040.75), with
two SNPs, rs6561332 and rs1923885, located within block

Table 1 Baseline characteristics for HBBD clinical trial population and HBBD/HGLF genetic cohort

Trial N Mean PANSS total score Therapy n Age PANSS total Female %

HBBD (clinical trial population) 195 94.8 Placebo 63 41.0 93.8 22.2
LY2140023 98 39.6 95.5 20.4
Olz 34 42.3 94.5 26.5

HBBD+HGLF (genetic cohort) 193 93.2 Placebo 43 40.9 93.0 20.9
LY2140023 71 40.3 94.6 25.4
Olz 79a 41.9 91.9 38.0

Abbreviations: Olz, olanzapine; PANSS, Positive and Negative Syndrome Scale.
a25 from HBBD and 54 from HGLF.

Table 2 SNPs associated with change in PANSS total score (Po0.01) in response to LY2140023 treatment

Gene SNP CHR Position Major Minor MAF LOCF additive
P-value

LOCF
additive FDR

MMRM genotypic
P-value

MMRM genotypic
FDR

HTR2A rs7330461 13 46321566 A Ta 0.31 0.0005 0.114 0.0105 0.535
HTR2A rs7330636 13 46321593 C Ta 0.32 0.0006 0.114 0.0094 0.535
NRG1 rs10954863 8 32576053 A Ga 0.44 0.0007 0.114 0.0111 0.535
HTR2A rs1923885 13 46321087 T Ca 0.34 0.0018 0.187 0.0203 0.535
HTR2A rs6561332 13 46217821 G Ta 0.33 0.0020 0.187 0.0203 0.535
HTR2A rs621494 13 46325792 Ta C 0.33 0.0025 0.187 0.0152 0.535
PKHD1 rs4715227 6 51599843 Ca T 0.44 0.0035 0.187 0.0034 0.418
HTR2A rs1923887 13 46322294 Ca G 0.36 0.0046 0.187 0.0250 0.535
HTR2A rs9316232 13 46324723 Ga A 0.35 0.0046 0.187 0.0250 0.535
DRD3 rs2134655 3 115 340891 G Aa 0.27 0.0052 0.187 0.0837 0.644
HTR2A rs9567739 13 46322945 Ga C 0.35 0.0057 0.187 0.0318 0.535
HTR2A rs622337 13 46325627 Ta C 0.33 0.0069 0.187 0.0379 0.535
DRD3 rs9817063 3 115 329798 Ta C 0.46 0.0072 0.187 0.0030 0.418
HTR2A rs1923888 13 46322384 Ga A 0.33 0.0077 0.187 0.0398 0.535
HTR2A rs2296972 13 46326472 Ga T 0.33 0.0077 0.187 0.0398 0.535
HTR2A rs2770300 13 46325046 Ta C 0.33 0.0078 0.187 0.0398 0.535
HTR2A rs1745837 13 46322813 Ta C 0.34 0.0079 0.187 0.0433 0.535
HTR2A rs655854 13 46326201 Ga A 0.33 0.0079 0.187 0.0398 0.535
HTR2A rs643627 13 46326612 Aa G 0.33 0.0080 0.187 0.0398 0.535
HTR2A rs655888 13 46326182 Aa G 0.32 0.0083 0.187 0.0438 0.535
DRD3 rs3732790 3 115 329973 Ta A 0.41 0.0085 0.187 0.0440 0.535
DRD3 rs963468 3 115 345577 Ga A 0.41 0.0086 0.187 0.0440 0.535
DRD2 rs2242593 11 11278 1475 Aa G 0.17 0.0088 0.187 0.0174 0.535

Abbreviations: CHR, chromosome; DRD2, dopamine receptor D2; DRD3, dopamine receptor D3; FDR, false discovery rate; HTR2A, serotonin 2A receptor; LOCF, last-

observation-carried-forward; MAF, minor allele frequency; MMRM, mixed-effects-repeated-measures model; NRG1, neuregulin 1; PANSS, Positive and Negative

Syndrome Scale; PKHD1, polycystic kidney and hepatic disease 1; SNP, single nucleotide polymorphism.
aLY2140023-responsive allele.
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2 and the remaining 14 residing in block 3 (Figure 2). Of the
remaining SNPs, four were in DRD3, one in PKHD1 and one
in DRD2 (Table 2).
Within the olanzapine arm, one NRG1 SNP, rs34861396,

was associated with change in PANSS total score at 28 days
(unadjusted Po0.01, FDR¼ 0.95). This NRG1 SNP was
958 kb pairs away from rs10954863, the NRG1 SNP asso-
ciated with LY2140023 response. Within the placebo arm,
one HTR2A SNP, rs3125, was associated with change in

PANSS total score at 28 days (unadjusted Po0.01, FDR¼ 1).
This HTR2A SNP was 15kb away from rs7330461, one
of the HTR2A SNPs associated with LY2140023. Neither
of the SNPs associated with olanzapine nor placebo res-
ponse was in strong LD (D0o0.55) with the LY2140023-
associated SNPs.

MMRM analysis with genotypic assumption. The 23
LY2140023-associated SNPs identified in the LOCF analysis

Figure 1 Effect of HTR2A SNP rs7330461 and NRG1 SNP rs10954863 genotypes on change in Positive and Negative Syndrome Scale total score
(last-observation-carried-forward). Number of patients in each genotype group is represented in parentheses. HTR2A, serotonin 2A receptor; LS,

least squares; NRG1, neuregulin 1; PANSS, Positive and Negative Syndrome Scale; SNP, single nucleotide polymorphism.

Figure 2 HTR2A: LD, haplotype blocks, and P-values associated with change in PANSS total score for each SNP genotyped. (Top panel) –log10
transformed P-values of change in PANSS total score by analysis model (LOCF vs MMRM) for each SNP. (Lower panel) Pairwise D0 �100 and the

haplotype blocks. The standard Haploview color scheme is used for LD color display (LOD scoreX2 and D0 ¼1 in bright red; LOD scoreX2 and D0o1 in
shades of pink/red; LOD score o2 and D0 ¼1 in blue; LOD score o2 and D0o1 in white). LD, linkage disequilibrium; LOCF, last-observation-carried-

forward; LOD, logarithm of odds; MMRM, mixed-effects-repeated-measures model; PANSS, Positive and Negative Syndrome Scale; SNP, single

nucleotide polymorphism.
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also showed similar effects in the MMRM sensitivity
analysis. At 28 days, 22 of the 23 SNPs were associated
with change in PANSS total score (unadjusted Po0.05;
Table 2). The change in PANSS total score in MMRM analysis
for the HTR2A SNP, rs7330461, is shown in Supplementary
Figure 2. Consistent with the primary LOCF results, the
minor homozygous genotype group remained the most
responsive, whereas the major homozygous genotype group
was the least responsive.

Secondary efficacy measures

The secondary efficacy results, including changes in PANSS-
positive, PANSS-negative and clinical global impression-
severity scores, were similar to the primary efficacy results
for the 23 LY2140023-associated SNPs (Supplementary Table 2).
The change in secondary efficacy measures as a function of
genotype for the HTR2A SNP, rs7330461, is illustrated in
Supplementary Figure 3.
A total of 21 SNPs in DRD2 reached significance for

change in PANSS-negative score (Po0.01; Supplementary

Table 3). Nineteen of these DRD2 SNPs were also associated
with change in PANSS total score (Po0.05). These 21 DRD2
SNPs were located within two haplotype blocks and were all
in high LD (D0

X0.95) (Supplementary Figure 4). Other
secondary measures examined did not uncover additional
signals warranting further investigation.

Evidence of antisense nested gene within HTR2A intron 2. Given
the large number of associated SNPs located within intron
2 of HTR2A, bioinformatic analyses were conducted to
determine whether any functional elements were contained
within this intronic region. Although no functional ele-
ments were detected on the HTR2A strand of DNA, cDNA
and expressed sequence tag database mining identified
a putative antisense nested gene in this intronic region
colocalizing with the genetic markers associated with
LY2140023 response (Supplementary Figure 5). Expressed
sequence tags corresponding to antisense nested gene exons
were detected in fetal lung, testes and B-cell cDNA libraries.
Subsequently, sequence confirmation of IMAGE clones
representing these expressed sequence tags yielded expec-
ted exons 1, 2 and 3, an alternative exon 2.1, and an
additional upstream exon designated as 0a (Supplementary
Figure 5). Using RT–PCR and DNA sequencing, the existence
of the antisense nested gene transcript in both testes and
frontal cortex total RNA was confirmed (Figure 3). Antisense
directionality was underscored by the consistent use of
consensus donor/acceptor splice sites for each exon–intron
boundary, and was additionally supported by strand-specific
PCR amplification in which the nested transcript was only
observed with antisense directed priming. A transcript
length of 475 nucleotides was confirmed, with a low (42%)
guanine/cytosine content. The longest open reading frame
in the transcript is 20 amino acids, with no recognized
homology to known proteins or RNAs. Two of the 16 HTR2A
SNPs associated with LY2140023 response fall within exon
2 of the antisense transcript, while the remaining SNPs are
located within intronic regions.

Discussion

This pharmacogenetic study is the first to examine the
influence of genetic variants on response to an mGlu2/3
receptor agonist for the treatment of schizophrenia. Three
SNPs (one in NRG1 and two in HTR2A) were associated with
LY2140023 response as measured by change in PANSS total
score from baseline after 28 days with Po0.001 and
FDR¼0.114. An additional 20 SNPs (14 in HTR2A, 4 in
DRD3, 1 in PKHD1 and 1 in DRD2) were found to be
associated with LY2140023 response with Po0.01 and FDR
o0.2. Although 8 candidate genes were examined, 16 of the
23 SNPs associated with response (Po0.01) were within the
HTR2A gene. Based on response and LD patterns, all 16
HTR2A SNPs may be associated with one causal locus and
thus may reflect the same genetic signal. A 30-point PANSS
total reduction was seen in individuals in the most
responsive genotype group for HTR2A SNP, rs7330461. This

Figure 3 Amplification of antisense transcripts containing nested

exons 1, 2 and 3 in human testes and frontal cortex. (a) Strand-specific
RT–PCR demonstrating expression of the transcript from the antisense

strand (lane B) but not the HTR2A strand (lane A) in total testes RNA (left

panel). The product of reaction run in absence of reverse transcriptase is

shown in lane C. Conventional RT–PCR demonstrating expression of
antisense transcript in total frontal cortex RNA (lane D; right panel).

HTR2A, serotonin 2A receptor; RT–PCR, reverse transcription polymer-

ase chain reaction. (b) Sequence obtained from frontal cortex PCR
amplification product confirming antisense spliced sequence. Antisense

exon 1 sequence is shown in green, exon 2 sequence is shown in blue

and exon 3 sequence is shown in cyan text. Priming vector is indicated

by black text. Red boxes indicate the location of two SNPs associated
with LY2140023 response present within antisense exonic regions. PCR,

polymerase chain reaction; SNPs, single nucleotide polymorphisms.
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reduction is three times greater than the reduction in the
least responsive genotype group and numerically greater
than the mean improvement of patients treated with
olanzapine, irrespective of genotype.
In addition to the SNPs identified in the PANSS total

analysis, 20 additional DRD2 SNPs were associated with
change in PANSS-negative score at 28 days within the
LY2140023 arm (Po0.01). The stronger association of these
SNPs with PANSS-negative subscale than PANSS total may
suggest specificity in improvement of this difficult-to-treat
symptom domain for selected genotypes. Interestingly, all of
the associated DRD2 SNPs were in high LD and may be
reflective of the same causal locus.
In addition to the single marker analysis, four gene-based

tests (Fisher’s combination test, Sidak’s combination test,
Simes’ combination test and the FDR method) outlined
in Peng et al.24 were conducted across the analyzed SNPs.
The smallest gene-based P-values across all four tests were
obtained for HTR2A (Supplementary Table 1), suggesting
that of the SNPs analyzed, the most likely to be associated
with LY2140023 treatment response are contained within
this gene. NRG1 had the second smallest P-values in Sidak’s
combination and FDR tests while DRD2 had the second
smallest P-values in Fisher’s combination test, suggesting
that SNPs within these genes are also likely to be associated
with LY2140023 treatment response.
All SNPs associated with LY2140023 response (Table 2) are

located within non-coding regions of their respective genes;
thus, the molecular mechanism underlying differential
treatment response is not immediately apparent. Despite
the lack of known function of the specific SNPs, the
biological relevance of the candidate genes is established.
If the LY2140023-associated SNPs affect expression of their
respective genes, a plausible hypothesis underlying differ-
ential LY2140023 treatment response can be proposed. For
example, NRG1 has been implicated in glutamatergic
signaling and synaptic plasticity via ErbB4 stimulation.16

Genetic variants in NRG1 have been implicated in schizo-
phrenia disease susceptibility, suggesting that altered NRG1
expression may contribute to disease symptomatology.25,26

Although the LY2140023-associated NRG1 SNP, rs10954863,
is not in tight LD with SNPs previously associated with
schizophrenia, it is possible that altered NRG1 expression
could produce differential clinical LY2140023 response by
modulating glutamatergic signaling.
Similar to the atypical antipsychotics olanzapine and

clozapine, mGlu2/3 receptor agonists modulate dopamine
release and turnover in the brain.27,28 Therefore, altered
expression of dopamine receptors could lead to differential
clinical response to mGlu2/3 receptor agonists. Several of
the DRD2 SNPs associated with LY2140023 response have
been shown to influence splicing of the dopamine D2
receptor into the D2L (long) and D2S (short) forms.29 In
addition, these SNPs influence cognitive function and
physiological response in healthy humans.29,30 The degree
of D2 receptor splicing influences dopaminergic modulation
of glutamate transmission;31,32 therefore, the alterations in
D2 receptor splicing associated with DRD2 SNPs may

provide greater opportunity for LY2140023 to alter gluta-
mate activity, leading to enhanced treatment response.
The actions of mGlu2/3 receptor agonists involve suppres-

sion of excitatory limbic serotonin neurotransmission
mediated through HTR2As.33 Moreover, recent data suggest
that mGlu2 and HTR2As form functional complexes in the
brain, which may be involved in altered function in
schizophrenia.34 Thus, altered expression of HTR2A could
underlie differential response to mGlu2/3 receptor agonists.
Based on the large number of LY2140023-associated SNPs
located within HTR2A intron 2, we examined this region of
the gene for potential regulatory elements. Using bioinfor-
matic analyses, we identified an antisense nested gene
located in intron 2 of HTR2A. Its characteristics, including
its small size, low guanine/cytosine content, short open
reading frame and no homology to known proteins or RNAs,
suggest it is likely a non-coding RNA.
Only recently has a widespread expression of non-coding

antisense RNA been recognized.35,36 Various functions of
these transcripts are still being elucidated. Some studies
suggest that antisense transcripts have a role in the direct,
post-transcriptional regulation of RNA levels of the sense
transcript, while others demonstrate an epigenetic role in
chromatin modification.37 Nonetheless, non-coding anti-
sense transcripts often appear to regulate expression levels of
the corresponding sense transcript. Our data provide
evidence for a non-coding antisense RNA expressed from
the same region of HTR2A intron 2 as the 16 LY2140023-
associated SNPs, suggesting the possibility that genetic
variants may exert their effect on response through the
regulation of the antisense nested gene. The association and
known interactions between the serotonergic and glutama-
tergic systems warrant continued exploration. Further
investigation will be needed to explore the link between
the observed SNPs and the antisense nested gene, as well as
the antisense nested gene and HTR2A expression.
This study has several strengths. First, the effect size of

many of the associated SNPs is relatively large, increasing
the potential to use these SNPs as clinically meaningful
genetic biomarkers. Second, SNPs associated with significant
response (Po0.001) have MAFs ranging between 0.3 and
0.45 in the Caucasian genetic cohort, suggesting that a
substantial number of patients may benefit from LY2140023
treatment, assuming the genetic association results are
consistently replicated. Third, SNPs associated with
LY2140023 response did not demonstrate association with
olanzapine or placebo, suggesting a potentially treatment-
specific effect. Fourth, results obtained using different
statistical models were similar. Finally, SNPs associated with
LY2140023 response displayed consistent results across
different efficacy measures, validating the association,
particularly as clinical global impression-severity correlates
highly with PANSS.38

These results should be interpreted with caution until
replication is achieved. As the development of LY2140023
continues, additional DNA samples will be collected to
further investigate the impact of genetic variation on
treatment response. The validity of the findings beyond a
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Caucasian population is uncertain, as known ethnic differ-
ences in genotype and allele frequencies exist for many
LY2140023-associated SNPs. Another potential limitation of
the study was the supplementation of the olanzapine arm
with patients from the HGLF study. Unlike HBBD, which
was conducted in Russian patients with schizophrenia,
HGLF examined patients in the United States diagnosed
with either schizophrenia or schizoaffective disorder. The
additional HGLF patients may have introduced heterogene-
ity into the study population and diluted the genetic effect
in the olanzapine arm. However, this confound should not
influence the associations observed in the LY2140023 arm.
The ability to personalize treatment in psychiatry based

upon genotype has been elusive to date. The potential
benefits coupled with the novel mechanism of action of
LY2140023 clearly call for additional investigation into
individualized treatment options. If the clinical effect of
LY2140023 is confirmed and the genetic association is
successfully replicated, the impact to patients could be
substantial.
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