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Abstract
Background—The 5-hydroxytryptamine 2A receptor, encoded by HTR2A, is a major post-
synaptic target for serotonin in the human brain and a therapeutic drug target. Despite hundreds of
genetic associations investigating HTR2A polymorphisms in neuropsychiatric disorders and
therapies, the role of genetic HTR2A variability in health and disease remains uncertain.

Methods—To discover and characterize regulatory HTR2A variants, we sequenced whole
transcriptomes from ten human brain regions with massively-parallel RNA sequencing and
measured allelic expression of multiple HTR2A mRNA transcript variants. Following discovery
of functional variants, we further characterized their impact on genetic expression in vitro.

Results—Three polymorphisms modulate the use of novel alternative exons and untranslated
regions (UTRs), changing expression of RNA and protein. The frequent promoter variant rs6311,
widely implicated in human neuropsychiatric disorders, decreases usage of an upstream
transcription start site encoding a longer 5′UTR with greater translation efficiency. rs76665058,
located in an extended 3′UTR and unique to individuals of African descent, modulates allelic
HTR2A mRNA expression. The third SNP, unannotated and present in only a single subject,
directs alternative splicing of exon 2. Targeted analysis of HTR2A in the Sequenced Treatment
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Alternatives to Relieve Depression (STAR*D) study reveals associations between functional
variants and depression severity or citalopram response.

Conclusions—Regulatory polymorphisms modulate HTR2A mRNA expression in an isoform-
specific manner, directing the usage of novel untranslated regions and alternative exons. These
results provide a foundation for delineating the role of HTR2A and serotonin signaling in CNS
disorders.
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Introduction
The 5-hydroxytryptamine 2A receptor (5-HT2A), encoded by HTR2A, is a widely-
distributed post-synaptic target for serotonin (5-HT) in the human brain. The Genetic
Association Database (1) reports 346 unique association studies between single nucleotide
polymorphisms (SNPs) in HTR2A and human phenotypes. One hundred eighty-three (53%)
of these studies find positive genotype-phenotype associations. Most are related to cognition
or risk for neuropsychiatric disorders, supporting the presence of functional genetic variants
in HTR2A, although many other studies fail to find associations (2). HTR2A variants also
modulate drug response (2), as 5-HT2A is a target for atypical antipsychotics and
antidepressants. Despite positive clinical associations and billions of dollars spent annually
on drugs modulating 5-HT2A signaling (3), the role of genetic variants remain unclear.

Two widely studied SNPs in HTR2A, rs6311 (-1438G>A) and rs6313 (102C>T), are in high
linkage disequilibrium (LD), do not change the encoded protein, and are used
interchangeably in genetic association studies. rs6311, located in the HTR2A gene promoter,
is suspected to yield positive clinical associations via changes in mRNA expression. Some
studies find significant correlations between rs6311 or rs6313 genotype and mRNA or
protein expression (4–6), although other in vivo or ex vivo studies contradict these findings
(7–13), perhaps owing to environmental factors that alter HTR2A expression (14–18).
Specifically, negative results from allelic HTR2A mRNA measurements argue against the
presence of cis-acting SNPs modulating HTR2A mRNA expression (7,9). A commonly
studied non-synonymous SNP (rs6314, His452Tyr) unrelated in to mRNA expression is
proposed to affect drug-related signaling (19,20) and human memory (2,21). Taken together,
a clinical role for any of these variants remains equivocal.

Most disorders implicating HTR2A are complex genetic disorders; yet, known genetic
variants account for only a small portion of the estimated disease risk or treatment outcome,
leaving “missing heritability” (22). Full characterization of genetic variants with functional
consequences in key risk genes is a critical step towards resolving missing heritability.
Testing the hypothesis that HTR2A harbors regulatory genetic variants, we surveyed
HTR2A mRNA expression in human brain, revealing novel alternative exons and
untranslated regions (UTRs), which are modulated by common and rare functional SNPs
that significantly associate with depression risk and SSRI treatment in the STAR*D Study
(23,24).

Materials and Methods
cDNA library construction

Demographics for post-mortem human tissues are listed in Supplemental Table S1. Samples
with RNA Integrity Number (RIN) <5 (Agilent 2100 BioAnalyzer analysis, Agilent
Technologies, Inc., Santa Clara, CA) were excluded from study. In total, 75 dorsolateral
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prefrontal cortex (BA46) samples from different individuals (cocaine abusers and controls)
and nine additional brain regions (frontopolar cortex (BA10), Wernicke’s Area (BA22),
ventral anterior cingulate cortex (BA24), insular cortex, amygdala, hippocampus, putamen,
cerebellum, and pontine raphe nuclei) originating from the same individual were used in this
study. Sample MB085 was excluded from group expression analyses, as it harbors a rare
variant significantly affecting mRNA expression, described below. Genomic DNA (gDNA)
and total RNA was isolated, as previously described (25). cDNA for transcriptome
sequencing was reverse transcribed from 10ng of total RNA using the Ovation RNA-Seq
System (NuGEN Technologies, Inc., San Carlos, CA). For all other ex vivo brain-related
experiments, 500ng of total RNA was primed for reverse transcription with gene-specific
primers (Table S2) plus oligo-dT using SuperScript III (Life Technologies, Grand Island,
NY).

Massively parallel sequencing
Ten PFC BA46 Ovation RNA-Seq libraries were sequenced by SOLiD 4 Next-Generation
Sequencing (Life Technologies), while libraries for the nine additional brain regions were
sequenced on the 5500 SOLiD System (Life Technologies). Sequenced reads were mapped
to NCBI Build 37/hg19 of the human genome using LifeScope Genomic Analysis Solutions
software (Life Technologies), producing RPKM (Reads Per Kilobase of exon model per
Million mapped reads) values for normalized mRNA expression. Mapped reads were
visualized with the Broad Institute Integrative Genomics Viewer (27).

Quantitative PCR (qPCR) and allelic mRNA expression
Gene expression was measured in triplicate in all 74 BA46 PFC gene-specific cDNA
libraries via qPCR using primers listed in Table S2, as previously described (25). Step-wise
linear regression was performed for CT values, normalized to β-actin (ACTB), against
HTR2A genotypes (Figure 1). Allelic expression imbalance (AEI) was measured, in
duplicate for gDNA and triplicate for cDNA, in samples heterozygous for marker SNPs
using SNaPshot (28). Significant AEI was defined as allelic differences greater than 2
standard deviations of the average within-sample error for the assay.

In vitro characterization of rs6311 and 5′UTRs
Five chimeric 5′UTR-luciferase constructs were used for in vitro characterizations (no UTR,
short: sUTR, intermediate: mUTR, and long with either rs6311 alleles: lUTR-rs6311/G and
lUTR-rs6311/A; supplemental methods). To measure allelic expression, lUTR-rs6311/G and
lUTR-rs6311/A were co-transfected in triplicate (800ng/well of 12-well cell culture plates)
using Lipofectamine 2000 (Life Technologies), along with no transfection controls.
Antibiotic-treated media was added after 6 hours, to prevent infection. RNA and plasmid
DNA was isolated with TRIzol (Life Technologies) by chloroform extraction and
precipitation with isopropanol after 48 hours. mRNA AEI ratios were normalized to
transfected plasmid DNA allele ratios.

To measure translation efficiency, each of the five 5′UTR luciferase constructs were
transfected in duplicate (750ng/well) using Lipofectamine LTX with Plus Reagent (Life
Technologies), including no-transfection controls. After 48 hours, protein and RNA were
harvested using the Ambion PARIS system (Life Technologies). For each transfection, equal
volumes of purified total cell RNA lysate (10ul) were used for cDNA synthesis and
subsequent quantification of luciferase mRNA expression via qPCR, measured in triplicate.
For luciferase protein expression, 25ul of purified protein lysate and 25ul of Dual-Glo
Luciferase substrate (Promega) were added to a flat-bottom 96-well microplate, and
fluorescent intensity was measured in triplicate by a Fusion fluorescent plate reader
(PerkinElmer, Inc., Waltham, MA). Fluorescent signal intensity was divided by a
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transformed CT value for the corresponding sample, yielding a luciferase protein activity
measurement that is normalized to luciferase mRNA expression, reported as percentage of
the no UTR construct (Table S3).

In vitro immunohistochemistry of HTR2A isoforms
Details are provided in supplemental materials.

CpG methylation at the HTR2A locus in human prefrontal cortex
Details are provided in supplemental materials and (33).

Clinical associations with STAR*D
Details for the STAR*D study are published elsewhere (23,24; Table S4). Covariates and
clinical outcomes tested for genetic associations are listed in the supplemental materials.
Step-wise linear regression or logistic regression was performed for demographic variables
against each outcome variable separately and statistically significant covariates were
included in subsequent analyses. SPSS v19.0 (IBM Corporation, Armonk, NY) was used for
all statistical analyses.

Results
HTR2A mRNA characterization

All 10 BA46 PFC whole transcriptome samples exhibited coverage extending 1kb upstream
of the NCBI HTR2A reference sequence (NM_000621.4; GI:377520130) (Supplemental
Figure S1A). On average, coverage for this upstream region was 23% and 29% of the read
depth observed for exon 1 and total HTR2A exonic depth, respectively. Transcriptome
analysis also indicates that BA10, BA22, BA24, insular cortex, and putamen samples also
express this upstream region. Expression of the upstream region is not correlated with total
HTR2A expression, both measured with qPCR, in the BA46 tissue cohort (n=74, r2=0.01,
p=0.365). However, PCR amplification of cDNA confirms that the upstream region
represents an unspliced extension of the annotated 53UTR, with some mRNAs retaining
intron 1 (E2+(I1R)) (Figures S1B and S1C). Transcripts expressing the upstream 5′UTR
constitute approximately 10% of total HTR2A mRNA in BA46 (Table 1). Differences in
expression between the extended 5′UTR region and total HTR2A mRNA suggests the
presence of an independent TSS with distinct regulatory control. We also detected low
expression immediately downstream of the canonical polyadenylation signal (AATAAA) at
the 3′ terminal end of HTR2A, possibly continuing 417 bases to a non-canonical
polyadenylation signal (ATTAAA). This distal portion constitutes approximately 1% of the
total transcript pool (Table 1) and is significantly correlated with exon 4 expression (n=74,
r2=0.24, p=8.1×10−6).

HTR2A encodes a known alternatively spliced isoform lacking exon 2 (NM_001165947.2;
GI:377520131; E2−). Targeted PCR amplification of exons 1–3 in cDNA confirmed the
presence of E2− in PFC and also uncovered a novel splice isoform generated from a splice
acceptor site 544 nucleotides inside exon 2, yielding a truncated exon 2 (E2tr) (Figure S2A).
These two minor splice variants are also expressed in most other brain regions surveyed,
although to varying degrees relative to the full-length (E2+) isoform (Figure S2B, Table 1).
The genomic sequence adjacent to the E2tr splice acceptor site encodes cis-regulatory
components necessary for splicing, including a branch point and polypyrimidine tract
(Figure S2C). Transcripts identified in this study are displayed in Figure 1, including the
low-abundance nested antisense transcript in intron 3 (34) (expression levels in Table 1).
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Expression quantitative trait locus (eQTL) analysis of HTR2A mRNA
Step-wise linear regression performed with 74 PFCs between fifteen SNPs genotyped in
HTR2A (Figure 1) and transcript expression measured with qPCR revealed a significant
relationship between rs6311 and extended 5′UTR expression (n=74, F=14.08, p=7.1×10−6),
when RNA Integrity Number (RIN) and cocaine condition were considered as significant
covariates. rs6311 also significantly predicted E2tr splice isoform expression (n=74, F=6.64,
p=0.002) when cocaine condition was considered a significant covariate, and rs76665058
significantly predicted E2− splice isoform expression (n=74, F=7.80, p=0.007).

To detect cis-eQTLs with greater sensitivity, we measured AEI in all PFC samples
heterozygous for one or more of nine marker SNPs (59 of 74 samples) present in any mature
mRNA transcript (rs1328685, rs6311, rs6312, rs6313, rs6314, rs3803189, rs7324017,
rs73473857, rs61948307, and rs76665058; Figure 1). None of the SNPs residing in the
major mRNA isoform (rs6313, rs6314, rs3803189, rs7324017, rs73473857, and
rs61948307) displayed AEI significantly deviating from unity (average AEI ratio=1.06-fold
± 0.05).

Consistent with linear regression, significant AEI was observed for two SNPs in the
extended 5′UTR, rs1328685 and rs6311. 10 of 15 samples heterozygous for rs1328685
displayed significant AEI (1.4 to 2.0-fold), while all 32 samples heterozygous for rs6311
showed significant AEI ranging from 1.3 to 2.2-fold allelic differences (Figure 2A). All
samples displaying significant AEI for rs1328685 were also heterozygous for rs6311, and
AEI ratios across the two SNPs were significantly correlated (n=10, r2=0.52, p=0.019). Only
rs6311 fully accounted for the allelic expression phenotype (heterozygous in all AEI
positive and homozygous in all AEI negative samples), with all other SNPs in high LD
failing to fully match the AEI phenotype. Univariate ANOVA for 5′UTR mRNA expression
(using RIN as a covariate) confirmed a significant effect of rs6311 genotype (n=74, F=6.76,
p=0.002; Figure 2B), whereby tissues homozygous for the major rs6311/G expressed 2.5-
fold more extended 5′UTR than homozygous minor rs6311/A tissues. These results show
that the minor rs6311/A allele reduces extended 5′UTR expression.

Allelic mRNA expression for splice variants lacking exon 2, measured in 14 samples
heterozygous for rs6312 using primers specific for each splice variant, revealed a significant
>2-fold AEI ratio in only one sample for E2− and E2tr isoforms (tissue MB085; Figure
S3A). Sequencing from exons 1–3 revealed a C>G SNP 650bp upstream of exon 3
(chr13:47,467,375 in GRCh37/hg19, no assigned rs#) as a candidate for explaining allelic
splicing differences. In silico sequence analysis of this region using SpliceAid (35) shows
that the “G” allele creates binding sites for the serine/arginine rich alternative splicing
proteins SRSF1 (SF2/ASF) and SRSF5 (SRp40), supporting a role in alternative splicing.
We sequenced additional samples but did not identify another carrier of this intronic SNP.
No other AEI was observed for exon 2 splice variants, discounting rs6311 as a cis-acting
contributor to E2tr expression, as suggested by regression analysis.

Allelic mRNA measurements in the extended 3′UTR revealed significant AEI in all four
samples heterozygous for rs76665058, located immediately downstream of the canonical
polyadenylation signal. The minor “G” allele expressed 1.6 to 2.7-fold more mRNA than the
major “A” allele (Figure S3B). rs76665058 is only observed in individuals of African
descent (Minor Allele Frequency (MAF)=0.059 in HapMap Yoruba in Ibadan, Nigeria
(YRI) samples). Sanger sequencing of exon 4 through the entire 3′UTR region revealed no
other suitable candidates accounting for allelic differences, leaving rs76665058 as the
parsimonious cis-eQTL candidate. Linear regression suggests rs76665058 significantly
predicts E2− expression and subsequent univariate ANOVA indicates that minor “G” allele
carriers express 2.9-fold more E2− splice isoform mRNA than “A” allele homozygotes
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(n=74, F=7.72, p=0.007). This genotype effect remains significant after including sample
MB085, as it also carries rs76665058, (n=75, F=13.62, p=0.0004), or when only African-
American samples are considered for analysis (n=13, F=12.29, p=0.006), with post-mortem
interval as a significant covariate.

Extended 5′UTR in vitro analysis
Cis-eQTL analyses demonstrate rs6311 modulates expression of the previously unannotated
extended 5′UTR. To test the effect of rs6311, we co-transfected wild-type and variant
rs6311 UTR luciferase constructs (lUTR-rs6311/G and lUTR-rs6311/A) into SH-SY5Y
neuroblastoma cells and non-neuronal HEK293T cells and measured AEI ratios. Allelic
expression ratios were similar to those observed in PFCs only in SH-SY5Y cells, the WT
rs6311/G construct expressing 1.7-fold more mRNA than rs6311/A (Figure 2C). This result
indicates that rs6311 modulates expression of mRNA transcripts utilizing the upstream TSS
and suggests tissue-selectivity.

We then tested whether rs6311 alters translation, which is sensitive to 5′UTR length and
structure (36), using reporter gene constructs with short (sUTR), medium (mUTR), or long
(lUTR-rs6311/G and A) HTR2A 5′UTRs and a no UTR control. Translation efficiency did
not significantly differ between lUTR-rs6311/G and lUTR-rs6311/A, which were
subsequently combined (lUTR) for statistical power. Translation efficiency was significantly
increased for the lUTR versus the mUTR or sUTR in HEK293T cells (ANOVA F=6.9,
Bonferroni-corrected p=0.017 and 0.022, respectively; Figure 3). In SH-SY5Y cells, both
the lUTR and mUTR were translated more efficiently than the sUTR (ANOVA F=8.02,
Bonferroni-corrected p=0.002 and 0.037, respectively; Figure 3).

CpG methylation of the HTR2A gene locus
Allelic mRNA expression differences can result from increased transcription of rs6311/G or
repression of rs6311/A. To assess the epigenetic status of HTR2A as an indicator of
transcription regulation, we measured methylation of a CpG site in exon 2 of HTR2A
(chr13:47,469,654 of build GRCh37/hg19) in 223 dorsolateral prefrontal cortex samples and
subsequently correlated methylation status with HTR2A genotypes (as part of a larger study;
33). This CpG site was the most proximal informative site to the HTR2A locus available on
the Infinium HumanMethylation27 BeadChip platform. Multiple SNPs, all in high LD with
rs6311, strongly correlated with CpG methylation (Figure 4 and Table S5) with the minor
“A” allele significantly associated with greater methylation (Figure S4; Total p=6.34×10−7:
Caucasian p=8.27×10−4, African-American p=2.87×10−4) in the same brain region
displaying AEI for the 5′UTR, associating higher CpG methylation with repressed extended
5′UTR expression.

Effect of functional SNPs in STAR*D
We tested genotype-phenotype relationships between functional HTR2A SNPs and
depression severity, citalopram response, and drug side effects in the STAR*D study
(23,24). Previously genotyped surrogate markers (23) (rs6313, rs7323441, and rs585719) in
high LD with functional SNPs identified in HTR2A (rs6311, rs6314, and rs76665058,
respectively) were used to test clinical associations in STAR*D. Population-based linkage
disequilibrium statistics (D′ and r2) between functional HTR2A SNPs and surrogate
markers are listed in Table S6. Significant genotype-phenotype associations are listed in
Table 2, along with significant covariates included in the respective models.

Alone, no single marker was associated with depression severity, as measured by baseline
QIDS score prior to SSRI treatment. However, rs6313 and rs7323441 interact to
significantly affect depression severity (n=1190, F=3.26, p=0.011), with homozygotes for
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minor alleles of both SNPs (rs6313/T, rs7323441/A) displaying higher baseline QIDS scores
versus all other genotypes (19.4 vs. 15.1–16.5). By accounting for rs7323441 genotype in
this interaction model, a significant main effect for rs6313 is now evident for depression
severity (n=1190 F=3.02, p=0.049). Homozygous minor rs6313/T samples have
significantly higher baseline QIDS scores versus major allele homozygotes (17.3 vs. 15.6;
Bonferroni-corrected p=0.042). To test whether the significant SNP interaction is unique to
surrogate SNPs marking functional alleles, we examined SNP interactions between rs6313
or rs7323441 and 37 additional markers genotyped in the 100kb surrounding HTR2A. Only
SNPs in high LD with rs6311 significantly interacted with rs7323441, and only rs7323441
significantly interacted with rs6313 to affect depression severity (Table S7), strongly
suggesting that significant interactions observed here are directly related to the functional
alleles.

Logistic regression revealed a significant association between rs6313 and heart palpitations
during citalopram treatment (n=1222, Wald statistic=6.32, p=0.012), with homozygous
rs6313/T minor allele carriers reporting fewer instances during treatment as compared to
major rs6313/C allele homozygotes (19.4% vs. 25.1%). No other treatment response or side
effect phenotype was significantly associated with rs6313 or rs7323441 alone or with an
interaction between these two SNPs.

African-American carriers of the rs585719 SNP “T” allele responded significantly better to
citalopram versus homozygous major allele individuals (ΔQIDS=11.2 vs. 7.7; n=156,
F=5.41, p=0.021). No samples within this cohort were homozygous for the minor “T” allele.
As expected, including non-African-American samples in the analysis diminishes the
association with response (n=1222, F=0.64, p=0.529), as this rs585719 only serves as a
surrogate marker for rs76665058 in African-Americans.

Discussion
We have undertaken an extensive analysis of the transcriptional profile of HTR2A in human
brain, describing multiple mRNA transcripts including new splice variants and extended 53
and 3′UTRs, and revealing the presence of three regulatory variants. Understanding the
biological consequences of these variants facilitated the interpretation of clinical association
studies, in particular, response to citalopram in STAR*D.

Transcription start site usage, protein translation, and rs6311
Multiple TSS’s appear to differentially express HTR2A 5′UTRs in various brain regions.
TSS prediction by Eponine (32) generally supports earlier mapping studies (30,31), but also
identifies a TSS beginning approximately 100 nucleotides upstream of the mapped PFC
transcripts generated by RNA-seq. We propose that the frequent minor rs6311/A allele
located in the promoter region of the annotated short 5′UTR mRNA isoforms, but residing
within the extended 5′UTR discovered here, decreases usage of the upstream TSS. The lack
of AEI at SNPs residing in the major HTR2A transcript, previously reported by others (7,9),
supports the notion of TSS switching, whereby increased usage at one site concomitantly
decreases usage at the other, balancing the allelic expression across the total transcript pool.
Because increased CpG methylation at the HTR2A gene locus correlated with rs6311/A, we
speculate that transcription factors preferentially binding rs6311/A recruit epigenetic
modifier proteins that suppress usage of the upstream TSS in favor of the downstream TSS.
MatInspector (37) predicts preferential binding of the Hand1/E47 heterodimer complex and
the CCAAT-binding transcription factor nuclear factor I/C (NFIC) to rs6311/A, but
additional studies are required to clarify these relationships.
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Among the brain regions, the hippocampus is remarkable considering similar levels of
HTR2A expression as compared to amygdala and putamen, but complete lack of evidence
for extended 5′UTR expression (Figure S1C). Consequently, phenotypes related to brain
regions with low extended 5′UTR expression (hippocampus, cerebellum, raphe nuclei) may
be less affected by rs6311 genotype.

We found more efficient translation of the long compared to short 5′UTRs, resulting in less
protein production from the minor rs6311/A allele associated with decreased long 5′UTR
isoform expression. These results contradict previous in vitro and ex vivo studies suggesting
rs6311/A increases mRNA or protein (4–6), a persistent notion despite the inability to
replicate these findings (7–13). HTR2A expression is susceptible to environmental factors,
including drugs (14–18), confounding correlations with overall expression. Measuring
allelic expression is a robust approach for locating cis-acting functional variants largely
independent of trans-acting factors, uniquely identifying rs6311 as a modulator of TSS
usage, expression of extended 5′UTR mRNAs, and consequently, translation.

Our in vitro analyses of transcriptional and translational differences related to rs6311 were
performed in cell lines phenotypically distinct from pyramidal cortical neurons, where
HTR2A is predominately expressed in the brain. However, these experiments compliment
ex vivo tissue findings, mutually supporting evidence for regulatory functions of rs6311.
Protein measurements will be required to assess the effects of rs6311 on 5-HT2A signaling
in vivo.

Alternative splicing, 3′UTR usage, and rs76665058
An unannotated SNP (absent from NCBI dbSNP Build 135 and the 1000 Genomes project)
in intron 2 was significantly associated with E2− splice variant expression. E2− encodes a
protein isoform differing at the N-terminus and first transmembrane domain. Considering
the propensity of G-protein coupled receptors to homo- and heterodimerize, the ability of
this SNP to alter the ratio between E2+ and E2− mRNA isoforms could translate into
differences in receptor complex function. Preliminary immunohistochemical analysis of
these splice variants suggest that E2− and E2tr show greater cytoplasmic localization than
E2+ following serum starvation (Figure S5). This is consistent with a previous study
demonstrating that membrane expression of 5-HT2A is dependent upon N-linked
glycosylation sites (38) that are absent in the E2− and E2tr splice variants. However, further
studies are needed to clarify the biological role of these splice variants.

rs76665058 significantly changed allelic expression of the extended 3′UTR in African-
Americans. Located 40 nucleotides downstream of a canonical polyadenylation signal,
rs76665058 increases expression of the extended 3′UTR, possibly by decreasing usage of
the proximal polyadenylation site. It was also significantly associated with greater
expression of E2− mRNA. Gene expression, 3′-end processing, and alternative splicing are
co-transcriptionally regulated (39), suggesting a possible mechanism by which a SNP near
the canonical polyadenylation signal could affect E2− splicing. The low mRNA expression
of both the extended 3′UTR and E2− relative to total HTR2A commands caution when
evaluating the consequences of rs76665058 on 5-HT2A functions.

Functional HTR2A polymorphisms in the context of disease
Our SNP-SNP analyses suggest that individuals carrying haplotypes with minor alleles at
rs6311 (A) and rs6314 (T) experience greater depressive symptoms. As rs6311 and rs6314
are in low LD (D3=0.142, r2=0.001 in CEU), haplotypes in heterozygous carriers for both
SNPs are ambiguous, and assessment of any effect of individual haplotypes in these subjects
will require accurate phasing. In African-Americans, a surrogate marker for rs76665058
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(rs585719) was significantly associated with greater reduction in QIDS score following
citalopram treatment. This preliminary finding coupled with the functional characterization
demands direct testing of rs76665058 in larger African-American cohorts, but until the
clinical utility should be interpreted cautiously.

We compiled meta-analyses conducted for rs6311 and its surrogate marker, rs6313, in
HTR2A (Figure 5; also see references 40–53), to obtain perspective on HTR2A function in
other disorders. Results from this meta-analyses support the notion that rs6311 contributes to
a multitude of disorders, with highly variable penetrance for different phenotypes. The
observed associations for rs6311 are consistent with the expected effects resulting from
either reduced or enhanced 5-HT2A activity, as predicted by our studies. Although the
effects of HTR2A SNPs alone are modest, evidence for biological consequences of these
SNPs enable study of interactions with other functionally validated SNPs in the 5-HT
signaling pathway, such as those we previously uncovered in tryptophan hydroxylase 2
(TPH2) (28) and monoamine oxidase A (MAOA) (54), or the widely studied serotonin
transporter promoter variable repeat polymorphism associated with early-life stress and
depression (55).

Knowledge of the complete HTR2A transcript profile enabled the discovery of several
regulatory polymorphisms through allelic cis-eQTL mRNA analysis, strengthening
associations with phenotypes in STAR*D. These insights facilitate the study of complex
genetic disorders involving serotonin signaling.
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Figure 1.
Gene map of the HTR2A region and transcripts identified in the current study. Annotated
SNPs were included in eQTL analyses. Alternative splicing regulates the usage of intron1/
exon2 to create four splice isoforms (E2+, E2+(I1R), E2tr, and E2−). These transcripts can
utilize multiple transcription start sites (arrows on E2+ 5′UTR) or alternative
polyadenylation signals in the 3′UTR.
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Figure 2.
AEI in the extended 5′UTR. A. All samples heterozygous for rs6311 (asterisks) display
significant AEI, as determined by allelic differences >2 S.D. of the within-sample assay
error (dotted lines). Ten of 15 samples heterozygous for rs1328685 show significant AEI.
All samples where AEI is observed for rs1328685, AEI is also observed for rs6311 and the
magnitude of AEI across SNPs is highly correlated (r2=0.52, p=0.019). B. Samples
homozygous for the minor A/A allele of rs6311 express 2.5-fold less of the upstream 5′UTR
relative to homozygous G/G samples. *p=0.002 C. Neuron-like SH-SY5Y cells show 1.7-
fold AEI, similar to the PFC, while AEI is much attenuated in HEK293T cells. All data
represented as mean ± S.D.
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Figure 3.
Translation efficiency for UTR constructs. The long UTR construct (lUTR) translates
significantly more efficiently than either the medium (mUTR) or short UTR (sUTR) in the
HEK293T cells (*lUTR vs. mUTR p=0.022, lUTR vs. sUTR p=0.017). The lUTR and
mUTR translated significantly more efficiently than the sUTR in SH-SY5Y cells (*lUTR vs.
sUTR p=0.002, mUTR vs. sUTR p=0.037). Data represented as mean RLU% ± S.D.
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Figure 4.
Correlation between SNPs and CpG methylation at HTR2A. Markers represent SNPs
genotyped in this region, mapped across the x-axis corresponding to hg19 coordinate. The
size for each marker represents r2 to rs6311 (marker 17; see also, Table S5). Data along the
y-axis represents −log10 transformed p-value for genotype-methylation analysis. A. Multiple
SNPs in HTR2A were highly correlated with CpG methylation at the HTR2A gene locus
and in high LD with rs6311. Only SNPs with p<0.02 are reported. B. and C. rs6311 (marker
17) remained significantly correlated with methylation across ethnicity.
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Figure 5.
Compilation of meta-analyses performed for rs6311 and rs6313 in HTR2A. Higher odds
ratios indicate greater risk for the minor alleles. For drug response (46,47), higher odds ratio
indicates better therapeutic response for the minor alleles. #See references in text. aStudy
estimated genotypic rather than allelic odds ratios. bReanalysis of study 50 with one
additional population included.
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