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ABSTRACT

Accumulating evidence suggests that altered RNA editing of the serotonin 2C receptor (HTR2C) is involved in the pathophysiol-
ogy of mental disorders and the action of antidepressants. Estimating RNA editing of HTR2C in various samples is a first step to
understanding its pathophysiological roles. Here, we developed a high-throughput quantification method of RNA editing
efficiency by pyrosequencing. By optimizing the dispensation order, the RNA editing efficiency of all five RNA editing sites
including consecutively ordered sites in HTR2C was obtained. More importantly, our method made it possible to determine the
content of partial HTR2C isoforms, which enabled us to monitor possible functional changes of HTR2C. This method was
validated in both oligonucleotide and RT-PCR product templates, and showed good correlation with conventional cloning-
sequencing analysis. Our method could be a valuable tool in the rapid assessment of RNA editing status, including assessment of
natural variations, alterations in disease tissues, and responses to drugs.
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INTRODUCTION

Pre-mRNA of serotonin 2C receptor (HTR2C) undergoes aden-
osine-to-inosine (A-to-I) RNA editing, by which specific aden-
osines are converted into inosines by adenosine deaminases that
act on RNA (ADARs) (Reenan 2001; Bass 2002; Maas et al.
2003). Since inosine is read as guanosine by translation machin-
ery, A-to-I RNA editing leads to amino acid substitutions. To
date, five adenosine residues (termed sites A to E) in the second
intracellular loop of HTR2C have been found to be edited
(Burns et al. 1997), and amino acid substitution occurs at
three sites (I157 to V or M; N159 to S, D, or G; and 1161 to
V). This results in the generation of up to 24 different HTR2C
isoforms. Importantly, different HTR2C isoforms exhibit con-
siderably different G-protein coupling efficiencies, and the com-
bination of isoforms is regulated in a brain region—specific
manner (Burns et al. 1997; Fitzgerald et al. 1999; Herrick-
Davis et al. 1999; Niswender et al. 1999; Wang et al. 2000).
Genetic, pharmacological, animal model, and postmortem
studies suggest the involvement of HTR2C in neuropsychiatric
disorders. Functional polymorphism of Cys23Ser polymor-
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phism of the serotonin 2C receptor (HTR2C) (Okada et al.
2004) is associated with depression and bipolar disorder (Oruc
et al. 1997; Gutierrez et al. 2001; Lerer et al. 2001), tardive
dyskinesia in schizophrenia (Segman et al. 2000), psychotic
symptoms in late-onset Alzheimer’s disease (Holmes et al.
1998), and migraine with aura (Kusumi et al. 2004). HTR2C-
deficient mice exhibited abnormal control of feeding behavior
and enhanced seizure susceptibility (Tecott et al. 1995). In
addition, down-regulation of HTR2C was found in postmor-
tem brains of patients with bipolar disorder and schizophrenia
(Castensson et al. 2003; Iwamoto et al. 2004).

RNA editing of HTR2C is also thought to be involved in
the pathophysiology of mental disorders and the action of
antidepressants (Seeburg 2002). In animal models, it has
been shown that differential HTR2C RNA editing among
inbred strains of mice may underlie differences in stress
reactivity (Englander et al. 2005). Fluoxetine, a selective
serotonin reuptake inhibitor (SSRI), alters RNA editing of
HTR2C (Gurevich et al. 2002; Englander et al. 2005),
whereas some drugs such as cocaine or reserpine do not
appear to affect RNA editing (Iwamoto and Kato 2002). In
cellular models, increased RNA editing of HTR2C has been
reported in human glioblastoma cells treated with inter-
feron-a (IFN-a) (Yang et al. 2004). In postmortem brains,
altered RNA editing of HTR2C has been reported in
patients with schizophrenia, depression, and those who
committed suicide (Niswender et al. 2001; Sodhi et al.
2001; Gurevich et al. 2002; Iwamoto and Kato 2003), al-
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though the data remain inconsistent (Niswender et al. 2001;
Sodhi et al. 2001; Gurevich et al. 2002; Dracheva et al. 2003;
Iwamoto and Kato 2003).

Estimating the RNA editing status of HTR2C in various
samples is a first step to understanding its role in complex
neuropsychiatric disorders and the mechanism of action of
psychiatric drugs. However, determining RNA editing effi-
ciency of HTR2C is laborious work. Typically, after the RT-
PCR amplification of the edited region, products are sub-
jected to cloning and sequence analysis, or radioisotope
(RI)-based primer extension analysis. To reduce the time
and effort involved, we previously devised a non-RI method
for estimating RNA editing efficiency by primer extension
combined with denaturing high-performance liquid chro-
matography using the RT-PCR product as template (Iwa-
moto and Kato 2002). Although this method is rapid and
accurate, a disadvantage is that it is limited to estimating
the RNA editing efficiency of sites A and D, which are
located at either end of the RNA editing region of
HTR2C. Information for the other three sites, which are
located downstream of site A and upstream of site D, is
unavailable by this method.

Pyrosequencing is a well-established genetic analysis
method based on the principle of sequencing by synthesis
using four enzymes (Ronaghi et al. 1998; Agah et al. 2004).
In this technique, after each dNTP is dispensed, DNA
polymerase incorporates it into the sequencing primer
that was pre-annealed to the single-stranded template
DNA, and pyrophosphate (PPi) is released. ATP sulfuryl-
ase converts adenosine-5-phosphosulfate (APS) to ATP
with PPi. Luciferase then produces light by using ATP.
The light is detected by a charge coupled device camera,
and presented as a peak in a pyrogram. Each peak height is
proportional to the number of dNTPs incorporated,
allowing quantitative measurements. After the apyrase
degrades unincorporated dNTPs and excess ATP, the
next dNTP is added. Here, we developed a method to
estimate the efficiencies of all five RNA editing sites and
partial isoform contents of HTR2C by using pyrosequenc-
ing technology.

RESULTS

Quantification of sites A, B, and D of HTR2C

Among the five edited sites, sites A, B, and D were located
either at both ends (sites A and D) or in a nonconsecutive
order (site B) (Fig. 1). Therefore, estimation of RNA edit-
ing efficiencies of these sites is expected to be done by
standard allele quantification protocols provided by man-
ufacturers. Indeed, the ratios of adenine to guanine (for-
ward orientation, Fig. 2A) and thymine to cytosine
(reverse orientation, Fig. 2B) in these three sites were
accurately estimated regardless of the combination of oli-
gonucleotide templates.

Editing Site

Genomic DNA A B EC D
5'— GCA=——-ATA =—— CGT—ﬁT—CCT— ATT——GAC—3'
\ " I
1"

ATA (le) AT (Asm)  ATT (1)
ITA (Val)  IAT (Asp)  ITT (Val)
ATI (Met) AT (Ser)
Tl Gal) 11T (Gly)

FIGURE 1. Amino acid changes associated with RNA editing of the
HTR2C.

Quantification of sites E and C of HTR2C

Because of the nature of the primer extension reaction, the
dispensation order (the order in which they should be dis-
pensed in a pyrosequencing run) is important for determining
the ratios of consecutive polymorphic bases. In HTR2C, sites E
and C are consecutively ordered (Fig. 1). For example, since
dATPaS would be incorporated into two consecutive ade-
nines of “- -AA-" and the first adenine of “- -AG-" isoforms,
the resultant intensity of emitted light (given in a peak height)
by injection of dATPasS is a sum of the two isoforms. There-
fore, we cannot estimate the RNA editing efficiencies by the
typical dispensation order determined by software. To over-
come this, we manually determined the dispensation order so
as to determine the content of one partial isoform at first (Fig.
3A). After that, the contents of the other three partial isoforms
were sequentially determined. Finally, RNA editing efficiency
of sites E and C was assessed by the sum of the relative content
of isoforms. To evaluate this method, we calculated the con-
tent of each isoform in both orientations with oligonucleotide
templates. When equal amounts of four oligonucleotides,
each of which corresponds to one partial isoform, were
mixed and used as templates, almost identical pyrograms
were obtained, as predicted (Fig. 3B). In addition, we effi-
ciently estimated the isoform contents and editing efficiencies
by our methods (data not shown).

We found that accuracy of this method is highly depen-
dent on the composition of oligonucleotides in the forward
orientation (Fig. 4A). In particular, when a TTTTT oligo-
nucleotide was used for a mixture of oligonucleotide tem-
plates, considerable deviations from theoretical values were
observed. Failure of estimation of isoform content resulted
in the underestimation of total %G in site E and the over-
estimation of total %G in site C (Fig. 2A). Although some
degree of deviation was also observed in the reverse orien-
tation, the estimation of isoform contents (Fig. 4B) and %C
in sites E and C (Fig. 2B) showed good accordance with the
theoretical values. Therefore, we applied our methods in the
reverse orientation to estimate RNA editing frequencies.

Quantification of RNA editing efficiencies
in rat samples

Before starting quantification of rat HTR2C RNA editing effi-
ciencies, we re-estimated partial isoform contents and %C with
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FIGURE 2. Estimation of RNA editing efficiencies using oligonucleotide templates. The results of pyrosequencing in the forward orientation (A) and the
reverse orientation (B). In each experiment, two oligonucleotides were mixed and used as templates. Combinations of two oligonucleotides are shown for
each site (see graphs for symbol keys). The percentage of C or G in the mixed templates is plotted on the X-axis. The observed values by pyrosequencing
analysis are plotted on the Y-axis. Experiments were done in triplicate, and data are given as the mean * SD. The observed values in sites A, B, and D were
derived from the AQ mode in the software. Those in sites E and C were determined from the sum of partial isoform contents (see Fig. 4).

oligonucleotide templates (Fig. 5). In this case, four oligonucleo-
tides were mixed so as to resemble the natural RNA editing
pattern, which included RNA editing efficiency of five sites and
composition of partial isoforms. We found that our estimation
method yielded consistent results with theoretical values (Fig. 5).

When we used RT-PCR products as templates, pyro-
grams generally showed unstable base lines and lower
peak heights compared to those using oligonucleotide tem-
plates (Fig. 6A). However, analyses were normally flagged as
“successful” by the software in sites A, B, and D (Fig. 6A).
We also performed manual calculation at these three sites,
which yielded almost identical estimation values as those
that were automatically determined by the software (data
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not shown). These suggest that the unstable base lines and
lower peak heights found in RT-PCR product templates
were likely to be at negligible levels and they did not con-
siderably affect our calculation method. The results derived
from the pyrosequencing method were in good accordance
with those derived from cloning-sequencing methods in
both partial isoform contents (R = 0.984) and RNA editing
efficiencies of the five sites (R = 0.952) (Fig. 6B).

DISCUSSION

Compared with conventional methods, pyrosequencing
provides a rapid and accurate non-RI method for quantifi-
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FIGURE 3. Strategy for the estimation of RNA editing efficiencies of sites E and C. (A) Four possible isoforms regarding sites E and C (partial
isoforms) are shown at the left. The dispensation order and theoretical peak height in each dispensation are shown at the right. Theoretical peak
height was determined by assuming that equal amounts of four partial isoforms were present in templates. In the forward strand, the 11th dNTP
dispensed is dTTP (11T). The peak height of 11T consists of content from all four partial isoforms. On the other hand, the peak heights of 13T and 15A
exclusively correspond to the content of a single isoform of “- -AA-" and “- -GA-,” respectively. The content of an “- -AG-" isoform was determined
by the equation as follows: [--AG-] = 12A — 2 * 13T. The content of “- -GG-” was determined by the following equation: [- -GG-] = 16T — 15A —
[- -AG-]. In the reverse strand, the peak heights of 10A and each of 14T, 15A, and 16C exclusively correspond to the content of single isoform of
“-TT--” and “-CT- -,” respectively. To ensure robustness, the content of “~CT- -” was determined by averaging peak heights of 14T, 15A, and 16C. The
content of “-TC--” and “-CC- -” was determined using the following equations: [-TC--] = 9T — 2 X 10A, and [-CC--] = {(12A + 13C) — 2 *
[-TC- -]}/2, respectively. In both strands, negative values are set as 0. Finally, each isoform content was normalized so that the total content of the
four isoforms was equal to 1. (B) Representative pyrograms. Four oligonucleotides (forward: CCCCC, CCTCC, CTCCC, and TTTTT; reverse:
GGGGG, GGAGG, GGGAG, and AAAAA) (see Table 1) were mixed in equal proportions and used as templates. Arrows indicate the peaks
corresponding to the dispensation of ANTP shown in Figure 1A (from 11T to 16T in forward, and from 8A to 16C in reverse). Note that the peak
height of A yielded higher (110%) emission light than did natural ANTPs because of the use of dATPaS. We divided the value of the peak height of

A by 1.1 before manual calculation.

cation of polymorphic sites (Fakhrai-Rad et al. 2002; Rona-
ghi 2003; Elahi and Ronaghi 2004; Shendure et al. 2004). To
date, this technology has been used for the purpose of
quantifying entities such as allele frequency in pooled
DNA samples, and DNA methylation of CpG sites in bisul-
fite-modified DNA. Here we provide a method for quanti-
fying the RNA editing efficiencies of five editing sites in
HTR2C in one reaction by pyrosequencing. Contrary to the
above applications, this involves the quantification of two
consecutive polymorphic sites, and therefore a different
strategy for quantification needed to be developed. We
were able to estimate RNA editing efficiencies of these
consecutive sites via sequential determination of the partial
isoform contents.

However, we could not optimize estimation of sites E
and C in the forward orientation. Considering the relatively
consistent results between observed and theoretical values
in the forward orientation using the CCCCC type of oligo-
nucleotide, and the consistent results in the reverse orienta-

tion, we assumed that the peak heights of consecutive A
sites were not correctly estimated by our method. The
reason for this is not clear. Our attempts at determining
the correction coefficient failed to ensure the robustness in
estimation using oligonucleotide templates (data not shown).
Therefore, in the present study, we applied our method only
in the reverse orientation and validated our method in both
oligonucleotide and RT-PCR product templates. Other strat-
egies, such as multiplex pyrosequencing approach, might
improve the accuracy of the estimation since adjacent peaks
would be used to confirm the quantity of the peak to be
analyzed (Langaee and Ronaghi 2005).

It should also be noted that since pyrosequencing is
based on primer extension, our method has some of the
same technical limitations as other primer extension-based
methods. First, it is difficult to estimate the instances when
the polymorphic sites are completely or nearly completely
composed of one base. In such cases, pyrosequencing anal-
ysis often yields the deviated results. This is probably due to

www.rnajournal.org 1599



Iwamoto et al.

>

[+
=
S 8

Content (%)
2]
o

=4

40
20
20 40 40 60 8 100 O 20 40 60 80 100
CCCCC% (i GCCCCIT'I'I'TT) o (CTCCOTTTTT) TTTTT% (CCTCCTTTT)
100
* —-AA-% geo
n GA%  E o
A —-AG-% £
20
0 20 40 60 80 100 0 20 40 60 8 100
B CCCCCY% (CCTCC/CCCCC) CCCCC% (CTCCC/CCCLE)
100
g 80
5 60
5
O 40
20
0 20 80
SEE0% (GGGGG/AAAAA) AN (GGAGG/AAAAA) RN (GGGAG/AAAAA)
100
o TT-% g®
m -TC--% EGO
A CT-% & 4
<& -CC-% ©
20
0 40 100
B6Ga0% (GRAGGIOGEEE) GGGGG% GGGAGIGGGGG)

FIGURE 4. Estimation of partial isoform contents using oligonucleotide templates. The results of pyrosequencing in the forward orientation (A)
and the reverse orientation (B). In each experiment, two oligonucleotides were mixed and used as templates. Combinations of two oligonucleo-
tides are shown, and the proportion of one oligonucleotide in the mixed templates is plotted on the X-axis. The proportion of each isoform
determined by pyrosequencing analysis is plotted on the Y-axis. Experiments were done in triplicate, and data are given as the mean = SD.

the nonspecific incorporation of ANTP, and sensitivity to
background noise variations. Second, although our method
estimates partial isoform content, the editing pattern of five
sites was not obtained, impeding the assessment of overall
functional changes of HTR2C. Therefore, several conven-
tional approaches such as cloning-sequencing analysis and
digestion by restriction enzymes of RT-PCR product would
still help to better understand the RNA editing.

Despite the above limitations, pyrosequencing is a super-
ior alternative method to other primer extension-based
methods, and our method provides additional information
on partial isoform content. Two consecutive sites in
HTR2C, E and C, correspond to the first and second codons
of AAC, respectively, which encodes the 159th asparagine
residue (N159). RNA editing of these sites always resulted
in the amino acid change of N159 to S (AGC), D (GAC), or
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G (GGC). Therefore, information about these partial iso-
form contents would be useful for monitoring the possible
functional changes of HTR2C at the amino acid level. In
addition, using a strategy similar to that used in this study,
partial isoforms involving sites A and B can also be exam-
ined, which reveals RNA editing status at the amino acid
level. Given the high sequence identity around the edited
region of mammalian HTR2C, our method can be applied
to other mammalian species such as human and mouse
without changing the reading sequence and dispensation
order (but a minor modification of primer pairs would be
needed for RT-PCR) (Iwamoto and Kato 2003). Therefore,
our method described here would help the rapid assessment
of RNA editing efficiencies of HTR2C in various aspects,
such as assessment of natural variations, alterations in dis-
ease tissues, and responses to drugs.
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FIGURE 5. Estimation of partial isoform contents and %C using the
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MATERIALS AND METHODS

RT-PCR

For the purpose of validating the pyrosequencing analysis, total
RNA extracted from the prefrontal cortices of rats (male Sprague-
Dawley, 5-6 wk old, N = 3) was used. They were prepared in our
previous study and already determined RNA editing status by
cloning and sequencing analysis (Iwamoto et al. 2005). Briefly,
a portion of RT-PCR product was TA-cloned into the pCR2.1
vector (Invitrogen), and the reaction mixture was used for trans-
formation of Escherichia coli. The cDNA clones derived from single
bacterial colonies were sequenced with an ABI3700 DNA sequenc-
er (Applied Biosystems). ¢cDNA synthesis
and RT-PCR were performed in each animal
sample, and at least 50 colonies were sequenced A
per sample.

For pyrosequencing analysis in the present
study, RT-PCR amplification of the edited

10 min at room temperature. The reaction mixture was placed
onto a MultiScreen-HV, Clear Plate (Millipore). After applying the
vacuum, the beads were treated with a denaturation solution (0.2 N
NaOH) for 1 min, and washed twice with washing buffer (10 mM
Tris-Acetate at pH 7.6). The beads were then suspended with 50 pL
of annealing buffer (20 mM Tris-Acetate, 2 mM Mg-Acetate at pH
7.6) containing 10 pmol of sequencing primer. When oligonucleo-
tides were used as templates, a total of 2 pmol of oligonucleotides
was mixed in 50 pL of annealing buffer containing 10 pmol of
sequencing primer. The template-sequencing primer mixture was
transferred onto a PSQ 96 Plate (Biotage), heated to 90°C for 2 min,
and cooled to room temperature. Sequencing reactions were per-
formed with a PSQ 96 SNP Reagent Kit (Biotage) using a PSQ96MA
(Biotage) according to the manufacturer’s instructions. Experiments
were done in triplicate. The primer pairs, the order of nucleotide
dispensation, and the analyzed sequences are shown in Table 1.

Data analysis

RNA editing efficiencies of sites A, B, and D were estimated using
the Allele Frequency Quantification (AQ) mode in the SNP soft-
ware (Biotage). RNA editing efficiencies of sites E and C were
manually calculated using the peak height information by the
method described in Figure 3. In the pyrosequencing reaction,
deoxyadenosine alfa-thio triphosphate (dATPaS), which is effi-
ciently used by DNA polymerase, was used. To compensate for the
higher emission of dATPaS, we divided the value of the peak
height of A by 1.1 before manual calculation.
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TABLE 1. Oligonucleotides, reading sequences, and dispensation orders used in this study

Sequences

1st RT-PCR primers
2nd RT-PCR primers (reverse orientation)

Pyrosequencing in forward orientation®
CCccc
CCTCC
CTCCC
CTTCC
TTTTT
Sequencing primer
Reading sequence
Dispensation order
Pyrosequencing in reverse orientation®
GGGGG
GGAGG
GGGAG
GGAAG
AAAAA
Sequencing primer
Reading sequence
Dispensation order

5'-TGGATTTCACTAGATGTGCT-3'
5'-GTCCCTCAGTCCAATCACAG-3’
Bio-5'-TGGATTTCACTAGATGTGCT-3'
5'-TTGATATTGCCCAAACGATG-3'

5'-ACAGGACCACGCACTGCTACATACCGGTCCAGCG-3’
5'-ACAGGACTACGCACTGCTACATACCGGTCCAGCG-3'
5'-ACAGGATCACGCACTGCTACATACCGGTCCAGCG-3’
5'-ACAGGATTACGCACTGCTACATACCGGTCCAGCG-3'
5'-ATAGGATTACGTATTGCTACATACCGGTCCAGCG-3'
5'-CGCTGGACCGGTATGTAGCA-3’
5'-A/GTA/GCGTA/GA/GTCCTA/GTTG-3’
CAGCTAGTCGTATGATGTCTAGCT

5'-GTGCGTGGTCCTGTTGAGCATAGCCGGTTCAATTC-3'
5'-GTGCGTAGTCCTGTTGAGCATAGCCGGTTCAATTC-3'
5'-GTGCGTGATCCTGTTGAGCATAGCCGGTTCAATTC-3’
5'-GTGCGTAATCCTGTTGAGCATAGCCGGTTCAATTC-3'
5'-ATACGTAATCCTATTGAGCATAGCCGGTTCAATTC-3'
5'-GAATTGAACCGGCTATGCTC-3'
5'-AAT/CAGGAT/CT/CACGT/CAT/CTG-3’
GATCTAGATACACTACTGTCGACTG

“Bases that correspond to RNA editing sites are underlined.
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