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Abstract

Objectives—mRNA for serotonin 2C receptor (5-HT2CR) undergoes editing which results in

numerous isoforms. More highly edited isoforms exhibit decreased function. We recently found

greater 5-HT2CR editing in suicide victims with prior bipolar disorder (BPD) or schizophrenia

(SZ) compared with non-suicide patients and normal controls (NC). This study compares suicides

and non-suicides with major depressive disorder (MDDSuic and MDDNoSuic) and non-suicide NC.

Methods—mRNA editing was assessed in prefrontal cortex of 24 MDDSuic, 21 MDDNoSuic, and

56 NC using next generation sequencing. mRNA expression of 5-HT2CR and editing enzymes

(ADAR1-2) was assessed by real-time PCR.

Results—Editing was lower in MDDNoSuic than in MDDSuic, which did not differ from NC. No

differences in the 5-HT2CR or ADAR1 expression were detected. ADAR2 expression was higher

in NC than in MDD subjects, but did not differ between MDDNoSuic and MDDSuic.

Conclusions—Our findings suggest the presence of two factors associated with 5-HT2CR

editing. One factor, which probably stems from decreased ADAR2 expression, is linked to MDD

and is associated with less editing. The other, seen also in our previous study of suicide in BP and

SZ, is linked to suicide alone and is associated with more editing and, therefore, less receptor

function.

© 2013 Informa Healthcare

Correspondence: Stella Dracheva, Psychiatry Research (4F-02), Bronx VA Medical Center, 130 West Kingsbridge Road, Bronx, NY
10468, USA. Tel: + 1 718 584 9000, ext. 6085. Fax: + 1 718 365 9622. Stella.Dracheva@mssm.edu.

Statement of interest: None to declare.

Supplementary material available online at http://www.informahealthcare.com/doi/abs/10.3109/15622975.2011.630406

NIH Public Access
Author Manuscript
World J Biol Psychiatry. Author manuscript; available in PMC 2014 August 04.

Published in final edited form as:
World J Biol Psychiatry. 2013 December ; 14(8): 590–601. doi:10.3109/15622975.2011.630406.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://www.informahealthcare.com/doi/abs/10.3109/15622975.2011.630406


Keywords

RNA editing; ADAR; serotonin receptor; major depressive disorder; suicide

Introduction

The lives of at least 5%, and perhaps 15% or more, of people with major depressive disorder

(MDD), bipolar disorder (BPD), schizophrenia (SZ) and borderline personality disorder end

in suicide (Hawton and Van Heeringen 2009). Conversely, over 90% of suicide victims meet

DSM criteria for at least one psychiatric illness, most commonly MDD (Cavanagh et al.

2003). Diagnosis and treatment of depression are pivotal to preventing suicide. However, the

response to antidepressant medications is typically slow and frequently inadequate.

Furthermore, although antidepressant treatments decrease risk for suicide, the mechanism is

unclear. Neuronal effects, such as enhanced expression of BDNF (Chen et al. 2001) and

increased hippocampal neurogenesis (Boldrini et al. 2009), are believed to mediate

antidepressant activity, but these effects have been observed largely in treated individuals

who committed suicide.

The serotonin 2C receptor (5-HT2CR) warrants consideration as a target for novel

antidepressant and anxiolytic treatments that may help to prevent suicidal behavior. It

contributes to the control of mood, sleep, appetite, motor activity, endocrine secretion and

sexual function (Serretti et al. 2004). Animal and in vitro studies suggest a therapeutic

potential of 5-HT2CR ligands for treatment of mood and anxiety disorders (Serretti et al.

2004; Millan 2005). Direct activation of 5-HT2CR increases anxiety-like behaviors in

humans and animals (Gatch 2003), and its indirect activation by specific serotonin reuptake

inhibitors (SSRIs) may contribute to the transient anxiogenic effects of these compounds

(Bagdy et al. 2001). Many antidepressants, including several SSRIs and tricyclic

antidepressants, also act directly on the 5-HT2CR (Palvimaki et al. 1996; Chanrion et al.

2008); the clinical implications of this are unclear. Chronic administration of SSRIs can

desensitize 5-HT2CR, and both desensitization and blockade of 5-HT2CRs can increase

dopaminergic and noradrenergic activity in the brain (Di Giovanni et al. 1999; Bristow et al.

2000). Thus, inhibition of 5-HT2CR may be key to the antidepressant effect of SSRIs

(Esposito 2006), or it may limit their suppression of suicide, or both.

Recent studies implicate increased editing of 5-HT2CR mRNA in suicide (Niswender et al.

2001; Gurevich et al. 2002; Iwamoto and Kato 2003; Akbarian 2008; Dracheva et al. 2008).

RNA editing is a post-transcriptional process that can be broadly defined as any site-specific

alteration in an RNA sequence (Gott and Emeson 2000). The most prevalent type of human

RNA editing converts adenosine residues into inosine in double-stranded (ds) RNAs (A-to-I

editing) through catalysis by specific editing enzymes, adenosine deaminases acting on

RNA (ADAR1 and ADAR2) (Bass 2002; Valente and Nishikura 2005). A-to-I editing most

frequently targets repetitive RNA sequences located within introns and 5′ or 3′ untranslated

regions (UTRs); however, the biological significance of noncoding RNA editing remains

largely undetermined (Nishikura 2010). Only a limited number of protein-coding pre-mRNA

transcripts are known to undergo editing, which results in recoding and subsequent
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alterations of function. Most of these transcripts encode proteins that are involved in

neurotransmission (Gott and Emeson 2000). The 5-HT2CR mRNA can be edited at five

closely-spaced adenosine residues [A, B, E (also known as C'), C, and D sites] that can alter

codons for three amino acids in the putative second intracellular loop of the receptor, a

region involved in coupling to G-proteins (Burns et al. 1997; Werry et al. 2008).

Combinatorial editing at these five positions can generate up to 32 mRNA variants encoding

24 different receptor isoforms. The unedited Ile156-Asn158-Ile160 (INI) isoform possesses

considerable constitutive and agonist-stimulated activity. In contrast, when the 5-HT2CR is

edited, its coupling to G-proteins and its affinity for serotonin are drastically reduced. The

extent of editing correlates with 5-HT2CR functional activity: more highly edited isoforms

exhibit the least function (Fitzgerald et al. 1999; Herrick-Davis et al. 1999; Niswender et al.

1999; Wang et al. 2000b; Quirk et al. 2001; Berg et al. 2001; Marion et al. 2004).

We recently found greater 5-HT2CR editing in the dorsolateral prefrontal cortex (DLPFC) of

suicide victims who had suffered from BPD or SZ than in subjects with the same diagnoses

who died by other means (Dracheva et al. 2008). This suggested that enhanced levels of 5-

HT2CR editing are associated specifically with suicide. Most commonly, however, suicide

occurs in the context of depression. We undertook the present study to compare suicides and

non-suicides with MDD. Similar to our previous study, we detected more editing of 5-

HT2CR in suicide than in non-suicide MDD subjects. Thus, in three major psychiatric

diseases that comprise some 75% of suicides, higher levels of editing are consistently

associated with suicide. In non-psychiatric comparison subjects, editing levels were similar

to those in suicides with MDD and non-suicides with SZ or BPD. Thus, regardless of the

contributions of underlying disease, suicide is probably associated with lower function of 5-

HT2CR in the DLPFC.

Methods

Specimens

Specimens from the DLPFC (BA9) were from the Stanley Medical Research Institute

(SMRI; depression/suicide cohort and Array Collection; total RNA preparations) and the

Maryland Brain Collection (MBC; tissue samples). These were derived from subjects with

MDD who died by suicide (MDDSuic) or by other means (MDDNoSuic) and from non-

suicide, psychiatrically normal comparison subjects (NC) (Table I; Supplementary Table 1

available online). Details of the procedures that were employed in these Brain Banks for

tissue collection, neuropathologic examination (to rule out degenerative and neurologic

disease), and retrospective clinical diagnoses based on DSM-IV criteria have been described

elsewhere (Torrey et al. 2000; Pandey et al. 2007). NC comprised subjects without a history

of serious mental illness, except that substance abuse or dependence were not exclusionary.

Eight to nine subjects in each diagnostic group had a history of moderate to heavy use,

abuse, or dependence on alcohol, illicit drugs, or both (Table I). Antidepressant and

antipsychotic medications had been prescribed, respectively, to 17 and seven of 20

MDDNoSuic, 15 and four of 17 MDDSuic, and one and none of 55 NC. The medication

histories of the remaining subjects are unknown; among these, toxicology detected

antidepressants in one NC, one MDDNoSuic and two MDDSuic cases, but no additional cases
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with antipsychotics. Dates of medication are unknown, but postmortem toxicological

examinations detected prescribed antidepressant drugs in 11 of 14 tested subjects. On the

other hand, antipsychotic drugs were detected in only two of five subjects tested to whom

they were prescribed, and in one of these, the detected drug was not the same as the one

reportedly prescribed.

RNA and cDNA

Total RNA was extracted from the MBC tissue samples using Ambion ToTally RNA Kit

(Applied Biosystems). Only high quality RNA samples that yielded RNA integrity numbers

(RINs) ≥ 6.0 by Agilent Bioanalyzer were used in the study The average RIN for the MBC

cohort was 7.7 ± 0.1 (Mean ± SEM). Although we did not have individual RIN values for

the SMRI cases, poor RNA quality (based on assessment with Bioanalyzer) is one of the

exclusion criteria for the SMRI specimens. cDNA was synthesized using High Capacity

cDNA Reverse Transcription (RT) kit (Applied Biosystems) and equal quantities of RNA

from each subject (1 μg of RNA per 10 μl of RT reaction).

Analysis of 5-HT2CR editing

cDNA from each of the 101 subjects was used as a template to amplify by PCR the region

that contains all five editing sites (region of editing) as described previously (Dracheva et al.

2008), except that Next Generation Sequencing (NGS) was employed. See Supplementary

material available online for details.

Analysis of 5-HT2CR and ADARs mRNA expression

mRNA expression of the 5-HT2CR, ADAR1, and ADAR2 splicing variants was measured

by quantitative real-time PCR (qPCR) mostly as described (Dracheva et al. 2009). See

Supplementary methods, Supplementary Table 3, and Supplementary Figure 1, all available

online, for details.

Statistical analysis

All statistical analyses were performed using SAS Version 9.2.

Editing

For each subject, the frequencies of all 32 5-HT2CR mRNA editing variants were calculated

as a proportion of the number of NGS reads for this variant to the total number of NGS

reads obtained for this subject. The efficiency of editing at each editing site (A, B, E, C, or

D) was computed as the sum of frequencies of all variants that were edited at this site. The

frequency of editing at the E or C site was computed as the sum of frequencies of all

variants that were edited at either site or both.

Frequencies for each of the six most common editing variants (ABCD, ABD, NONE, A, AD,

ACD) and frequency of editing at the E or C sites were then compared among the three study

groups using a separate Analysis of Covariance (ANCOVA) model for each variant. Five

possible covariates were considered: age, sex, PMI, race and cohort (Table I). Mallows' Cp

was used to select the best model involving a subset of these covariates (Lance 2005).
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5-HT2CR editing sites are closely spaced, and it has been determined that in rodent brain

editing at one site infl uenced the observed frequency of editing at other sites (Du et al.

2006; Enstero et al. 2009). Similarly, our analysis in the human DLPFC showed that editing

at each of the five sites is interdependent on editing at each of the other sites (see Results).

Therefore, when analyzing the editing efficiencies, a single analysis was done using a

repeated measures model that incorporated efficiencies over all sites (A, B, E, C, or D). In

this analysis, there was one outcome measure — efficiency — with five levels

corresponding to the five editing sites. The analysis was performed using a random-intercept

model with unstructured covariance and denominator degrees of freedom computed with

formulas detailed by Kenward and Roger (1997).

Among all possible covariates, PMI and cohort were selected and retained as covariates in

all statistical modeling of editing parameters. To control for multiple comparisons of the

three study groups made within each ANCOVA and the repeated measures model, a Tukey–

Kramer adjustment was made.

Gene expression

The differences in the relative expression of the 5-HT2CR and ADARs splicing variants

among the study groups were analyzed by ANCOVA with five possible covariates (see

above) considered for inclusion. Mallow's Cp model selection criteria revealed age and

cohort, and age and PMI as significant covariates for 5-HT2CR and ADARs analyses,

respectively. Those covariates were included in the corresponding ANCOVA models.

Comparison between the traditional and NGS methods

NGS analysis of the specimens from 34 NC subjects (SMRI Array Collection) was

compared with our earlier results using traditional editing analysis (∼ 45 clones per subject)

with the same subjects and brain region (Dracheva et al. 2008). For each of the detected

mRNA variants, the mean and standard deviation of its frequencies by the two measures

were compared by paired t-test and Wilcoxon signed rank test for paired data, respectively.

Results

Comparison between NGS and the traditional method of editing analysis

Although the traditional cloning and sequencing method is assumed to provide unambiguous

results (Burns et al. 1997; Sodhi et al. 2005), this method relies on sampling of a limited

population of cloned transcripts (usually 20–100), and is thus prone to random effects that

may obscure differences between experimental groups. NGS technology has recently been

used for 5-HT2CR editing measurements in the rodent brain (Morabito et al. 2010; Abbas et

al. 2010). In order to explore the potential of the NGS method for assessing 5-HT2CR

editing in human postmortem brain, we compared the NGS analysis of specimens from 34

NC subjects from the SMRI Array Collection with our earlier results using the traditional

approach with the same subjects and brain region (Dracheva et al. 2008).

The results of both methods are shown in Figure 1. The NGS approach detected all 32

mRNA variants, compared with only 29 by the traditional method. While no differences
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between the means of editing frequencies obtained by both methods were detected, the

standard deviations were significantly smaller for NGS (P< 0.0001). The average coefficient

of variation (CV) of the frequencies in the NGS analysis was approximately one-third that of

the traditional method (Mean CVs were 0.56 and 1.60 for NGS and the traditional method,

respectively).

Overall analysis of RNA editing

Since the NGS method clearly demonstrated an advantage over the traditional approach, we

used NGS to assess the 5-HT2CR editing in the DLPFC. On average, 561,291 ± 55,851

(Mean ± SE) reads were obtained for each subject, thus providing reliable (with 99%

probability) detection of even the rarest editing variants, with abundance of < 0.001%

(Morabito et al. 2010). The mean values of frequencies of the mRNA variants and

efficiencies of editing at each of the five editing sites within each of the study groups (NC,

MDDSuic, MDDNoSuic) are shown in Table II and in Supplementary Table 2, respectively In

addition, because previous studies suggested that editing at the E or C sites by themselves or

in combination with other sites is sufficient to markedly reduce 5-HT2CR function

(Niswender et al. 1999; Wang et al. 2000b; Tohda et al. 2010), we computed and analyzed

frequencies of editing at the E or C sites. As in our earlier studies of human DLPFC

(Dracheva et al. 2008), only six of the variants, which contained editing combinations

ABCD, ABD, NONE, A, AD, and ACD, were observed at ∼5% or greater frequency in all

three study groups (Table II). Taken together these six variants constituted the majority of

the 5-HT2CR transcripts (∼60%).

Interdependence of editing at different sites

Because of the previous findings in rodents (Du et al. 2006; Enstero et al. 2009), and

because all five 5-HT2CR editing sites are situated in close proximity to each other, we

asked if editing at one site could influence the frequency of editing at each of the other four

sites in the human DLPFC. For each subject, we calculated the percent of editing at each site

in the context of +/− editing at each of the other four sites as described (Du et al. 2006). For

example, A+ D+ is the percent of the A sites edited in the context of the D site edited, i.e. the

ratio of A+ D+ to (A+ D+ + A− D+), where (+) denotes an editing event (from A to I residue)

and (–) denotes an absence of an editing event (a genomic A residue). Similarly, A+ D− is

the ratio of A+ D− to (A+ D− + A− D−). When the entire cohort (N = 101) was analyzed, a

strong interdependence of editing at different pairs of sites was observed (Supplementary

Table 4). The data indicated that editing at any site is dependent on editing at any other site

(all t values ≥ 10.76, all P values ≤ 2.16 × 10−18, paired Student t-test). For example, editing

at the A site is 87.90% when site D is edited, and is significantly lower (62.09%) when site

D is not edited. Similarly, editing at the D site is 70.39% when site A is edited and only

34.83% when site A is not edited (Figure 2). Negative correlations between editing at

different sites were also observed (negative Δs is Supplementary Table 4). For example,

editing at the B site is 38.3% when site E is edited; however, it reaches 54.79% when site E

is not edited. Similarly, editing at the E site is 13.78% when site B is edited and is

significantly higher (23.79%) when site B is not edited. The most striking finding was a

strong interdependence between the A and D sites, because it has been established that these

two sites are edited by different enzymes (ADAR1 vs. ADAR2). A similar relationship was
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also observed in rodent brain (Enstero et al. 2009). Comparable results were obtained when

interdependence of editing at different pairs of sites was analyzed separately for subjects

from three different study groups (NC, N = 56; MDDNoSuic, N = 21; MDDSuic, N = 24; all t

values ≥ 3.62, all p values < 0.0015).

Comparison of editing among study groups

ANCOVA demonstrated that 5-HT2CR editing differed significantly among the groups

(Table III). Specifically, the sum of frequencies of all transcripts edited at the E or C sites,

and the frequency of the most abundant mRNA variant, ABCD (Figure 3), which

collectively represent a population of the low-functioning receptor isoforms (Niswender et

al. 1999; Wang et al. 2000b; Tohda et al. 2010), were lower in MDDNoSuic compared with

NC and MDDSuic. Similarly, editing efficiency at sites A, B, E, C, and D (analyzed as

repeated measures) was lower in MDDNoSuic compared with two other groups. In contrast,

the frequencies of the nonedited (NONE) variant and the AD variant that encode high-

functioning receptor isoforms (Niswender et al. 1999; Wang et al. 2000b; Tohda et al. 2010)

were higher in MDDNoSuic than in NC or MDDSuic (Figure 3). There were no significant

differences between NC and MDDSuic. Frequencies of other transcripts did not differ among

the groups.

The variety of antidepressants (including serotoninselective and mixed serotonin and

catecholamine re-uptake inhibitors) was too great, and the number of medication-naïve

MDD subjects too small, for meaningful subgroup analysis (Supplementary Table 1).

However, by history and by toxicology, antidepressant use was not different between the

MDDSuic and the MDDNoSuic. Alcohol and illicit drug use was more prominent in both

MDD groups compared to NC, but did not differ between the two MDD groups. The history

of smoking did not differ among the three study groups.

5-HT2C R mRNA expression

Two TaqMan assays were employed to detect each of the two 5-HT2CR mRNA splice

variants that are expressed in the DLPFC — 5-HT2CRsp1 and 5-HT2CRsp2 — that result

from splicing at the alternative (sp1) and regular (sp2) splice sites, respectively (see

Supplementary methods). The alternative splice variant, 5-HT2CRsp1, does not contain the

region of editing (Canton et al. 1996; Flomen et al. 2004). We found no significant

differences among the three study groups (all P values ≥ 0.130).

ADAR mRNA expression

ADAR1 and ADAR2 are alternatively spliced, generating multiple mRNA variants (see

Supplementary methods and Supplementary Figure 1). Because of the large distances

between different ADARs' transcription initiation and splicing sites, it is unachievable to

generate qPCR assays for each individual transcript. Thus, we attempted to obtain a

complete analysis of the ADARs' transcription by using a number of pre-designed (Applied

Biosystems) and custom TaqMan assays (Supplementary Table 3). We found no significant

differences between MDDNoSuic and MDDSuic groups for any of the ADAR1 or ADAR2

expression assays (Supplementary Table 5). Therefore, these two groups were combined for

comparisons between MDD and NC. The results are summarized in Table IV. Although
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significant differences between MDD and NC were detected with an assay that measures the

combined expression of variants 1, 2, 4, and 5 of ADAR1, we found no differences between

groups by other ADAR1 assays (combined 1, 4, and 5, combined 2 and 3, variant 4,

combined 1, 2, 3, 4, and 5). MDD and NC differed significantly by ADAR2 assays that

measure combined 1 and 4 and combined 2 and 3 variants (Table IV). In both assays, higher

ADAR2 expression was detected in NC than in MDD.

Discussion

In this study, we compared 5-HT2CR RNA editing in the DLPFC of subjects with MDD

who died by suicide, subjects with MDD who died by other means, and non-suicide NC

subjects. We used NGS technology on the Illumina platform to provide quantitative

estimates of variant transcript frequencies and efficiencies of editing at the five editing sites.

The NGS technology has recently been used for 5-HT2CR editing measurements in the

rodent brain (Abbas et al. 2010; Morabito et al. 2010), but it has never been tested in human

postmortem tissue. We initially compared the NGS approach to the most commonly used

low-throughput traditional approach (sequencing of 45 independent clones) in 34 human

postmortem specimens from the DLPFC. The NGS approach showed substantially increased

precision and sensitivity of the measurements, thus facilitating an accurate comparison of

editing data among different study groups. In addition, significantly smaller coefficients of

variation in editing frequencies were obtained in the NGS analysis compared with the

traditional method, thus indicating that 5-HT2CR editing is regulated more tightly than was

previously realized.

We then used NGS to assess 5-HT2CR editing in the entire study cohort (101 specimens).

Using these measurements, we first examined whether editing at one site could influence

editing at each of the other four sites. Studies with mouse knockout models showed that

ADAR1 and ADAR2 have distinct actions on 5-HT2CR pre-mRNA, which are likely due to

the recognition of specific secondary structures of the RNA that are formed between the

exon sequence around the editing sites and a downstream intronic complementary sequence

(Higuchi et al. 2000; Wang et al. 2000a; Hartner et al. 2004). As a result, the A site is

predominantly edited by ADAR1, while the site D is mostly edited by ADAR2. The other

sites have a potential to be edited by both enzymes. It was also suggested that ADAR1 and

ADAR2 exhibit cross talk with each other and, therefore, the relative expression of the

different ADAR enzymes may ultimately influence the pattern of editing (reviewed in

Werry et al. (2008)). The mechanism underlying this cross talk is unclear, but may involve

perturbation of the dsRNA structure in the process of editing. Our study demonstrated a

strong interdependence of editing at different pairs of sites. In most cases there was a

positive interconnection between the two sites, suggesting that editing at one site facilitates

editing at another site. However, negative relationships were also observed (between B and

E and between D and E sites), implying that in this case editing at one site impedes editing

at another site. Although the A and D sites are edited by different enzymes, a very strong

interdependence was observed between editing at these two sites, supporting the evidence of

an association between ADAR1 and ADAR2 activities. Interdependence of editing among

the sites was previously observed in rodent brain (Du et al. 2006; Enstero et al. 2009);

however, the relationships identified in those studies were considerably different than those
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detected in humans, probably because of differences between humans and rodents in the

nucleotide sequence of 5-HT2CR pre-mRNA in the region of editing (Werry et al. 2008).

We then investigated whether variations in 5-HT2CR editing in the DLPFC are associated

with a history of depression or suicide by comparing editing among three groups,

MDDNoSuic, MDDSuic and NC. We found less editing in MDDNoSuic than in MDDSuic,

while the latter did not differ from NC. Compared with MDDSuic and NC, MDDNoSuic

showed lower editing efficiency across all sites, lower frequencies of the mRNA variants

that encode low-functioning (hypoactive) protein isoforms (ABCD and transcripts edited at

the E or C sites) and higher frequencies of the variants that encode high-functioning

isoforms (NONE and AD). Because a relatively large proportion of 5-HT2CR is edited to

hypoactive forms regardless of diagnosis, the additive effect of these alterations, although

they involve only a few percent of all 5-HT2CR, should be significantly higher activities,

both agonist-stimulated and constitutive, in the DLPFC of non-suicide depressed subjects

than in subjects from two other groups.

Our earlier study of BPD and SZ produced similar results, i.e., more editing in suicides than

in non-suicides with the same diagnoses (Dracheva et al. 2008). However, in that earlier

study, editing levels were “normal” (i.e., comparable to those in NC) in the non-suicides

with BPD or SZ, and greater than “normal” in the suicides. Both studies show that,

compared with non-suicides with the same diagnosis, suicides express higher levels of

mRNA variants that encode hypoactive 5-HT2CR protein isoforms, and lower levels of

variants that encode high-activity isoforms. This leads us to two alternative hypotheses: (1)

the baseline state of editing in these disorders is the non-suicidal state; it is below “normal”

in MDDNoSuic and “normal” in BPDNoSuic and SZNoSuic. Higher levels of editing occur in

certain individuals or at certain times and are associated with increased risk of suicide. (2)

The baseline state of editing is the suicidal state; it is “nor mal” in MDDSuic and above

“normal” in BPDSuic and SZSuic. Lower levels of editing are present in certain individuals or

at certain times, and protect against suicide.

Our findings of differences in ADAR expression between NC and MDD seemingly favor the

first hypothesis. Although the analysis of ADAR1 rendered mixed results that do not allow

any definite conclusions, our data strongly suggest decreased expression of ADAR2 in

MDD (both suicides and non-suicides) compared to NC. No differences in ADAR1 or

ADAR2 expression were detected among diagnoses or between suicides and non-suicides in

our earlier study of BPD and SZ. Thus, we can speculate that below “normal” editing that

we observed in MDDNoSuic results from underexpression of ADAR2 in MDD. Because of a

strong association between ADAR1 and ADAR2 discussed above, decreased expression of

ADAR2 should influence not only editing at the D site, but at all five editing sites.

The serotonin system displays multiple abnormalities in MDD and is the primary target of

the most common treatments (Smith et al. 1997; Mann et al. 2000; Moreno et al. 2002;

Mann 2003, 2009; Ernst et al. 2009). Conversely, abnormalities of the serotonin system are

less prominent in SZ and BPD, and serotonin receptors, including 5-HT2CR, are secondary

targets of common treatments, particularly atypical antipsychotics (Di et al. 2002). Thus,

suppression of editing (and by inference, augmentation of function) of 5-HT2CR in
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MDDNoSuic may represent a compensatory adaptation (via decrease in ADAR2 expression)

for impaired serotonergic input to their DLPFC (or a response to treatment that

accomplishes the same thing).

The biological mechanism that contributes to higher 5-HT2CR editing (and therefore,

hypoactive receptors) in suicide subjects with a history of psychiatric illness compared with

non-suicide psychiatric patients is not clear. Increased expression of ADAR1 has been

recently demonstrated in MDD subjects who died of suicide compared with NC and non-

suicide MDD subjects (Simmons et al. 2010). However, we did not reproduce this finding in

our study. In addition to the level of ADARs' mRNA expression, differences may also arise

from changes in the levels of ADAR proteins and/or their enzymatic activities, or from other

factors involved in regulating the editing process. We have begun to explore this by testing

expression of several other putative regulators of editing (specifically the expression of the

noncoding small nucleolus RNA HBII-52, and mRNA for helicase A (RHA)) (Yang et al.

2004; Vitali et al. 2005). We detected no differences among the diagnoses or between

suicides and non-suicides (Lyddon and Dracheva, unpublished observations). RNA editing

is a complex process, which undoubtedly involves many components that have not yet been

uncovered.

Although not always consistent, previous pharmacological studies in rodents as well as

studies in rodent models of depression indicated that 5-HT2CR editing may constitute a

dynamic adaptive mechanism that facilitates maintenance of optimal receptor function

(reviewed in Werry et al. (2008)). The editing processes (e.g., activity of editing enzymes)

may be properly fine-tuned in some subjects, e.g., NC or non-suicide MDD, with changes in

environment and/or circuit activity adequately counteracted by plastic adaptation of 5-

HT2CR function via editing, or inadequately regulated in other subjects, in whom failure to

adapt 5-HT2CR function increases the risk for suicide. It remains to be determined whether

increased 5-HT2CR editing is a stable trait or a temporal state.

Our study is limited by a number of concerns inherent in most postmortem human brain

research. One problem is that some of the subjects in each group were abusing drugs or

alcohol, although, since our samples were fairly well-balanced in this regard, we would

expect the main effect on the data, if any, would be to add variance and thus to make it less

likely to find a difference between diagnostic groups. For heuristic purposes, we re-

examined the data after excluding cases with historical or toxicological evidence of abuse or

dependence. Although the smaller sample size reduced statistical power and significance,

the pattern and magnitude of the differences among groups was essentially unchanged

(Supplementary Figure 2).

Our study's most significant shortcoming is that essentially all of the MDD subjects were

receiving antidepressant medications, so we cannot tell whether medication, rather than an

innate response to depression, accounts for the suppression of editing in the non-suicide

MDD cases. It will be extremely difficult to address this issue in an autopsy study, because

when medication-naïve subjects in whom a diagnosis of MDD can be established come to

autopsy, it is almost always because of suicide. Multiple lines of evidence, however, argue

against the possibility that editing is suppressed by antidepressant medications: (1) similar to
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results obtained in earlier studies (reviewed in Werry et al. (2008)), a recent report in mice

that employed NGS (and therefore, achieved high precision in assessing 5-HT2CR editing

levels) showed that chronic treatments with antidepressant drugs resulted in alterations that

were in opposite direction of those observed in non-suicide MDD subjects (Abbas et al.

2010). Specifically, in that study editing at the A and B sites was increased in the striatum

and hippocampus following fluoxetine and only in the hippocampus following amitriptyline

treatments. Neither drug influenced editing in the neocortex; in addition, no editing

alterations were observed in any brain region following olanzapine or clozapine treatment.

(2) Antidepressant use was not different between the MDDSuic and the MDDNoSuic subjects

in our study. However, a significant difference in editing was detected between the groups.

Of course, in a post mortem study (a necessity for studying suicide), we cannot determine

whether low levels of editing were present before treatment, or whether they are correlated

with an anti-suicidal effect of treatment. (3) In our previous 5-HT2CR editing study of SZ

and BPD patients with and without suicide, history of antidepressant treatment among

suicide victims had no discernable impact on editing, suggesting that editing is unaffected

by antidepressant treatment, or at least by antidepressant treatment that fails to prevent

suicide. Also, no differences were observed between non-psychiatric controls and SZ or

BPD who did not commit suicide, although more than half of the non-suicide bipolar

patients received antidepressant medications and all non-suicide schizophrenia patients

received antipsychotic medications (Dracheva et al. 2008). Based on this collective

evidence, we believe that the editing differences between MDDSuic and MDDNoSuic subjects

that we find are either unrelated to medications or, in some cases, may be related to the

efficacy of the medications in preventing suicide.

To summarize, our findings suggest the presence of two factors that are associated with 5-

HT2CR editing in the DLPFC. One factor is linked to depression and is negatively associated

with 5-HT2CR editing efficiency (and by inference, positively associated with the receptor

function). This factor appears to stem from decreased expression of at least one editing

enzyme, ADAR2. The other factor, seen also in our study of suicide in BP and SZ

(Dracheva et al. 2008), is linked to suicide and is associated with more editing and less

receptor function. The biological underpinning of this suicide-associated factor remains to

be determined. Because suicide is a rare and unpredictable event, collections of autopsy

specimens build slowly. By combining material from three excellent collections, we have

achieved the largest postmortem editing study reported to date. However, compared with

biological studies of live individuals, the sample size is relatively small, and the findings

require confirmation in independent cohorts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Comparison of the 5-HT2CR mRNA editing analyses performed by the traditional and NGS

methods. Shown are Means ± SDs of frequencies in the postmortem DLPFC samples from

34 NC (SMRI Array Collection). 45.7 ± 0.3 clones vs. 733,133.0 ± 42,419.0 reads were

analyzed by the traditional and NGS methods, respectively.
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Figure 2.
Interdependence of editing between A and D sites. (+) denotes an editing event and (−)

denotes an absence of an editing event. Subscripts refer to the editing status of the context

site, i.e. A+ D+ is the ratio of A+ D+ to (A+ D+ + A− D+), where edited D site is the context

site. Shown is an analysis for the entire cohort (N = 101). The results demonstrate that

editing at the A site is dependent on the status of editing at the D site and vice versa.

*Difference between editing frequencies at a site when the status of editing at another site is

(+) or (−) (P values < 10−86, by paired Student t-test).
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Figure 3.
Distribution of frequencies of the low-functioning ABCD and high-functioning AD 5-HT2CR

mRNA variants among the study groups. Upper panel, the frequency of ABCD was lower in

MDDNoSuic compared with NC or MDDSuic, but did not differ between NC and MDDSuic.

Lower panel, the frequency of AD was higher in MDDNoSuic compared with NC or

MDDSuic, but did not differ between NC and MDDSuic.
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Table II

Frequencies for the observed 5-HT2CR mRNA variants. Shown are Means ± SEM. The frequencies of the

variants that were significantly different among the groups are highlighted.

mRNA variant NC (N = 56) MDDNoSuic (N = 21) MDDSuic (N = 24)

ABCD 21.24 ± 0.31 19.85 ± 0.77 22.26 ± 0.66

ABD 13.04 ± 0.22 13.08 ± 0.38 12.80 ± 0.45

None 8.18 ± 0.23 8.80 ± 0.61 7.29 ± 0.25

A 5.82 ± 0.19 6.27 ± 0.27 6.40 ± 0.82

AD 5.67 ± 0.15 6.28 ± 0.34 5.27 ± 0.23

ACD 5.15 ± 0.15 5.26 ± 0.16 5.02 ± 0.21

ABC 4.30 ± 0.13 4.41 ± 0.20 4.61 ± 0.20

ABECD 3.89 ± 0.22 3.37 ± 0.40 3.48 ± 0.34

AECD 3.88 ± 0.10 3.78 ± 0.18 3.99 ± 0.20

AEC 3.84 ± 0.12 3.76 ± 0.15 4.05 ± 0.19

AC 3.48 ± 0.08 3.51 ± 0.14 3.39 ± 0.16

C 3.19 ± 0.11 3.10 ± 0.16 3.24 ± 0.40

D 3.00 ± 0.13 3.61 ± 0.28 2.97 ± 0.18

AB 2.81 ± 0.09 2.71 ± 0.13 2.80 ± 0.14

CD 2.20 ± 0.10 2.03 ± 0.14 2.01 ± 0.10

ABED 1.73 ± 0.06 1.45 ± 0.09 1.69 ± 0.10

BD 1.38 ± 0.06 1.48 ± 0.10 1.42 ± 0.08

B 1.27 ± 0.06 1.42 ± 0.14 1.18 ± 0.07

ABEC 1.21 ± 0.06 1.14 ± 0.10 1.13 ± 0.08

AED 0.87 ± 0.06 0.85 ± 0.06 0.81 ± 0.05

E 0.78 ± 0.05 0.81 ± 0.07 0.78 ± 0.08

AE 0.74 ± 0.05 0.81 ± 0.09 0.76 ± 0.05

ABE 0.60 ± 0.04 0.56 ± 0.06 0.60 ± 0.04

EC 0.55 ± 0.04 0.56 ± 0.05 0.91 ± 0.04

ED 0.40 ± 0.05 0.25 ± 0.03 0.33 ± 0.04

BCD 0.26 ± 0.02 0.30 ± 0.04 0.24 ± 0.02

ECD 0.23 ± 0.02 0.22 ± 0.03 0.27 ± 0.03

BC 0.20 ± 0.02 0.25 ± 0.03 0.21 ± 0.03

BE 0.04 ± 0.01 0.04 ± 0.01 0.03 ± 0.01

BED 0.04 ± 0.01 0.04 ± 0.01 0.04 ± 0.01

BEC 0.01 ± 0.00 0.01 ± 0.01 0.01 ± 0.00

BECD 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

★E or C 58.82 ± 0.52 56.35 ± 1.09 59.87 ± 0.48

★
Computed as a sum of frequencies of all variants that were edited at either E or C site or both.
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