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Abstract

ADAR2, a member of the adenosine deaminase family of proteins, is the enzyme that edits the Q/
R site in the GIuR-B transcript, an important physiological A-to-I editing event. ADAR?2 pre-
MRNA undergoes a number of known alternative splicing events, affecting its function. Here we
describe a novel alternatively spliced exon, located within intron 7 of the human gene, which we
term “exon 7a”. This alternatively spliced exon is highly conserved in the mammalian ADAR2
gene. It has stop codons in all three frames and is down regulated by NMD. We show that the
level of exon 7a inclusion differs between different human tissues, with the highest levels of
inclusion in skeletal muscle, heart and testis. In the brain, where the level of editing is known to be
high, the level of exon 7a inclusion is low. The new alternative form was also found in
supraspliceosomes, which constitute the nuclear pre-mRNA processing machine. The high
conservation of the novel ADAR?2 alternative exon in mammals indicates a physiological
importance for this exon.
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Introduction

A to | RNA editing is the process in which adenosines (A) are deaminated into inosines (1).
Because inosines base pair with cytosines they are recognized as guanosines by the
translation and splicing machineries, and therefore can lead to changes in the splicing
patterns and coding capacities of the edited RNA (reviewed in refs. 173). The deamination is
performed by the ADAR (adenosine deaminase that acts on RNA) family of proteins, which
appear in several isoforms in both vertebrates and invertebrates. In mammals there are 3
known ADAR proteins—ADAR1-3. The mammalian ADAR2 is homologous to the
drosophila sole ADAR protein. Other vertebrates show sequence homology with the 3
mammalian ADARs. Because ADARs act on double stranded RNA, they contain double
stranded RNA binding motifs (dsSRBMs) in addition to the deaminase domain.

Although the amount of inosines in rat RNAs implies massive editing,® the number of
known transcripts that contain specifically edited adenosines within coding regions is small,
though recent analyses extended the list of specific editing events.%:” On the other hand,
bioinformatics analyses have predicted many editing events in hon-coding regions, mostly in
Alu sequences.8~10 The implications of these editing events are not yet fully understood.

"Correspondence to: Ruth Sperling; sperling@cc.huji.ac.il.
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Yet, A-to-l changes in non-coding regions can have a pleiotropic effect: generate, hinder, or
otherwise affect cis-acting splicing elements, influence RNAI, and may cause RNA
instability or nuclear retention.3: 11, 12

ADAR1 and ADAR2 are expressed in several tissues at different levels, suggesting their
general importance. Nonetheless, most of the editing found in coding regions occurs in
MRNAs expressed in the central nervous system. A vital editing site of ADAR2 is in the
GluR-B subunit of the AMPA receptor.13:14 This editing event changes a glutamine codon
to an arginine one (the Q/R site) and thereby affects the efficiency of the splicing of the
transcript, the assembly of the AMPA receptor, and the calcium permeability of the channel.
151t has also been reported that A-to-I editing is associated with epilepsy, cancer,
amyotrophic lateral sclerosis and depression.5:16

The human ADAR?2 transcript is comprised of 15 known exons and can undergo a number
of alternative splicing events (ref. 17; see also Fig. 1A). A number of splice options occur at
the 3’ end — some changing the C-terminus of the protein and some the 3" UTR. Additional
alternative options are: an alternative Alu exon (exon 5a) can be included; exon 2, which
contains the two dsRBMs of ADARZ2, can be skipped; and there are two alternative exons
upstream of exon 1, which extend the coding region of the alternatively spliced ADAR2
mRNA. 17723 Also, ADAR2 can edit its own transcript and create an alternative 3’ splice site
close to the AUG, whose use causes the insertion of 47 nt and introduces a very early
premature termination codon (PTC).24 Some of the above-mentioned splicing events (such
as the latter one) appear to be conserved; whereas in other cases similar, but not identical,
splicing events have been observed.1” Although not yet well understood, ADAR? alternative
splicing affects its function.

Alternative splicing has been associated with the control of mMRNA levels through the
introduction of PTCs, which direct the alternatively spliced transcripts to the nonsense
mediated mMRNA decay (NMD) RNA surveillance pathway (reviewed in ref. 25). The scope
of this phenomenon has not yet been clearly assessed, because bioinformatics analyses have
predicted many PTC-containing transcripts, whereas microarray data suggest that most of
these events are not part of a control mechanism mediated through NMD.26-28 Nevertheless,
it seems likely that NMD does play a role in certain families of splicing factors, as well as in
other RNA-associated genes.2> For example, all members of the SR proteins family and
hnRNP genes, are expressed as alternatively spliced mRNAs having PTCs in highly
conserved regions.29732 |t has also been shown that abrogation of NMD resulted in elevated
levels of selected PTC-containing mRNAs in these gene families. Some of these genes even
show autoregulation; namely, when over expressed, the relevant protein causes a shift in the
splicing of its pre-mRNA in favor of the PTC-containing mRNA.29:32

Here we report on a newly discovered alternatively spliced isoform of the human ADAR2
gene, in which a 93-nt sequence located within intron 7 is included as exon 7a. This
alternative exon is conserved in mammals and its expression appears to be tissue-specific. It
is found at very low levels in many tissues, amongst them the brain, but is found at higher
levels in muscle, heart and testis. Exon 7a contains at least one PTC in each reading frame,
which makes it a substrate for NMD. Thus, abrogation of NMD up regulated the level of the
alternatively spliced MRNA, and a similar effect was observed when ADAR2 was over
expressed in HeLa cells. This effect is independent of ADAR?2 editing, because over
expression of an ADAR2 inactive mutant also up regulates the level of the alternatively
spliced isoform. Finally, we show that the new alternative splicing event is associated with
supraspliceosomes - the nuclear ribonucleoprotein complexes that have been proposed to
constitute the machine where RNA splicing occurs in living cells.33 Taken together, our
results suggest a role for exon 7a in controlling the expression levels of the ADAR2 gene.

RNA Biol. Author manuscript; available in PMC 2011 March 22.
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Results

A conserved new exon is located within intron 7 of the human ADAR2 transcript

Fig. 1B (lane 1) shows an RT-PCR analysis of ADAR2 RNA expressed in HeLa cells, using
PCR primers that flank intron 7. Gel electrophoresis of the PCR products revealed the
expected product joining exons 7 and 8, and a longer additional band. DNA sequencing
showed that the longer product contained an additional 93-nt long exon, located 924 nt
downstream of the 5’ end of the ~16 kb intron 7 (Fig. 1A). This newly discovered exon is
termed hereafter as exon 7a. Alignment of the human, mouse, rat, rabbit, elephant, dog and
armadillo gene sequences from the UCSC genome browser showed that the sequence of
exon 7a and the flanking intronic sequences, including the 5" and 3’ splice sites, are highly
conserved in mammals (Fig. 1D). Namely, exon 7a sequences of the above species
(excluding the dog) contain extensive homology (80-95%) to the human sequence, whereas
the homology is lower (61-81%) when intronic sequences flanking exon 7a are included
(Fig. 1D). Interestingly, in all mammalian species compared above, the new alternative
ADAR?2 exon contains a substantial number of stop codons in all three reading frames (Fig.
1D). RT-PCR analysis of ADAR2 RNA expressed in rat (PC12) and mouse (NIH3T3) cells,
using PCR primers that flank the new exon, revealed the expression of this alternative exon
(Fig. 1B, lanes 2 and 3, respectively). We confirmed the expression of exon 7a in all three
species by RT-PCR using specific splice-junction primer pairs for each of the three different
species: a sense primer that flanks the exon 7-exon 7a splice junction, and the respective
antisense primer that flanks the exon 7a-exon 8 spice junction (Fig. 1C). The inclusion of
exon 7a in mouse and rat was further confirmed by DNA sequencing. Examination of the
vertebrate Multiz alignment and conservation of 17 species from the UCSC genome browser
revealed that exon 7a has 2 main conserved regions, but it is not conserved in other
vertebrates besides mammals (Fig. 2). A third conserved region is found in the intron of
exon 7a. Its conservation suggests the presence of a control element(s) that might affect the
alternative splicing of exon 7a.

Inhibition of NMD up regulates the alternatively spliced exon 7a-containing ADAR2 mRNA

The alternatively spliced ADAR?2 isoform was predicted to be a substrate for the NMD RNA
surveillance mechanism,3* because exon 7a has stop codons in all three protein reading
frames, and most of them are located more than 55 nt upstream of the exon 7a-exon 8 splice
junction (Fig. 1D). To check this prediction, we analyzed the expression of ADAR2 in HelLa
cells treated with the protein synthesis inhibitor cycloheximide (CHX). Because NMD is
known to be dependent on protein translation,3:36 we expected that the level of the 7a-
containing isoform of ADAR2 mRNA would increase upon treatment with CHX. This
indeed was the case as can be seen in the qualitative PCR analysis using primers from exon
7 and exon 8 (Fig. 3A). Increase in the expression level of exon 7a after treatment with CHX
was also observed in rat and mouse (Fig. 3A, PC12 and NIH3T3). A quantitative analysis of
this effect in HeLa cells was carried out by real-time RT-PCR (Fig. 3C). For this aim we
designed primer pairs that each should specifically amplify only one of the expected splicing
products (Fig. 3B). The sense primer for the constitutive exon 7-exon 8 mRNA flanks the
exon 7-exon 8 splice junction, and the anti-sense primer is from exon 8. The sense primer
for the alternative exon 7-exon 7a-exon 8 mMRNA flanks the exon 7-exon 7a splice junction,
and the respective antisense primer flanks the exon 7a-exon 8 spice junction. The results of
four independent experiments are shown in the bar diagram of Figure 3C. As can be seen,
the increase in the level of the alternative ADAR2 isoform in the CHX treated cells was
about 3-fold relative to that in the untreated cells, indicating that the inclusion of exon 7a
rendered the alternative isoform a substrate for NMD. As a control we show that under the
same conditions of CHX treatment, the mRNA level expressed from a known substrate of
NMD - the B-globin Ter39 construct3’ — is up regulated, while that of the wild type is

RNA Biol. Author manuscript; available in PMC 2011 March 22.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Agranat et al.

Page 4

unaffected (Fig. 3D). We next used RNAI to abrogate NMD by down regulating the
expression of the hUpf1 essential NMD gene.38:39 As can be seen in Figure 3E, quantitative
real-time RT-PCR analysis, using the primer pairs depicted in Figure 3B, revealed a similar
increase in the level of exon 7a after down regulation of hUpf1. These results confirmed that
the exon 7a isoform was subject to NMD. Figure 3F shows that indeed the level of hUpf1
was down regulated by the siRNA treatment.

The expression of exon 7a-containing ADAR2 mRNA differs between tissues

In order to gain further insight into the role of ADAR2 exon 7a we examined how it is
expressed in different tissues. We analyzed RNA from 18 human tissues by RT-PCR, using
the primers in exons 7 and 8 and the results are presented in Figure 4. Whereas the exon 7a-
containing ADAR?2 isoform was expressed in the majority of tissues tested, its level of
expression varied significantly. Particularly high levels of expression were observed in
skeletal muscle, heart and testis (35%, 27% and 27%, respectively). Notably, in brain, where
the function of ADAR2 is crucial, 14 the level of exon 7a ADAR2 was low (3%).

Does the inclusion of exon 7a affect editing activity?

To address this question, we chose the skeletal muscle and heart as representing tissues with
high exon 7a levels, and the brain and spinal cord as representing tissues with low exon 7a
levels. We analyzed by RT-PCR and sequencing the A-to-I editing of the Q/R site of the
GluR-6 gene transcript. This gene transcript is expressed in all four tissues and knockout of
ADAR2 revealed it as the principal RNA-editing enzyme of GIuR-6 in the Q/R, I/V and
especially the Y/C sites.14 We found that in the brain, where the inclusion of exon 7a was
low (3%; Fig. 4), the editing level of the Q/R site in GIuR-6 was very high (83%; Fig. 5). On
the other hand, in skeletal muscle and in the heart, where the inclusion of exon 7a was high
(35 and 27%, respectively; Fig. 4), the editing of the Q/R site in GIuR-6 was low (below
15%; Fig. 5). Similar results were obtained for the editing levels of two additional (I/V and
Y/C) editing sites of GIuR-6. Namely, the editing levels found for the I/V and Y/C sites,
respectively, were: brain 52 and 88%; skeletal muscle 0 and 26%; and heart 0% for both
sites. This correlation was not observed in the spinal cord, where the inclusion of exon 7a
was low (<5%; Fig. 4) while the editing level of GIuR-6 was 19% for the Q/R site and 20
and 26% for the I/V and Y/C sites, respectively. Although there appears to be a negative
correlation between the editing levels of the three editing sites of GIuR-6 and exon 7a
inclusion in heart, skeletal muscle and brain, such correlation is not found for the spinal
cord. Nevertheless, our results suggest that the inclusion of exon 7a might be one of the
factors that affect the level of editing, at least in the case of the GIuR-6 transcript. In this
context, it should be noted that a recent study has shown that regulation of ADAR2 editing
activity is not only dependent on ADAR?2 concentration; rather, it is involved in a network
of interactions that affect its editing activity.0

Over expression of ADAR2 increases the inclusion of exon 7a

Over expression of SR proteins, as well as other splicing factors that have PTC-containing
splice variants, was shown to upregulate the splicing levels of their respective PTC-
containing isoforms.2%:32 Here we asked whether the level of ADAR2 also affects the
inclusion of the PTC-containing exon 7a. To this end we first show that HeLa cells
transfected with human ADAR2 cDNA over express the ADAR?2 protein (Fig. 6A). Next we
compared the expression level of the exon 7a-inlcuded isoform to that in untreated cells by
quantitative real-time RT-PCR (Fig. 6). To avoid the inclusion of transcripts expressed from
the ADAR2 cDNA construct, we determined the total level of the endogenously expressed
ADAR2 mRNAs using a primer pair from the 5" UTR, which is absent from the ADAR2
cDNA construct. The sense primer flanked the exon (—2)- exon (—1) splice junction, and the
anti-sense primer was from exon (—1) (Fig. 6B). This region of the ADAR?2 gene is not
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known to undergo alternative splicing and would therefore appear in all transcripts. The bars
in Figure 6C represent the ratio between the levels of the 7a-included transcript to that of the
total endogenous ADAR? transcripts, normalized to the control. As can be seen (Fig. 6C),
over expression of ADAR?2 increased the inclusion of exon 7a by about 1.8-fold, indicating
that increased levels of the ADAR2 protein up regulated the alternative splicing event that
led to the inclusion of exon 7a in ADAR2 mRNA. We also tested the effect of an ADAR2
mutant (ADAR2 E397A), which is inactive in editing.*! Quantitative real-time RT-PCR
analysis revealed that over expression of this inactive mutant also up regulated the
expression of exon 7a (Fig. 6E), indicating that the effect of ADAR2 over expression on
exon 7a inclusion is not dependent on editing. Over expression of the ADAR2 E397A
mutant is presented in Figure 6D.

The alternatively spliced isoform of ADAR2 exon 7a is found in supraspliceosomes

Supraspliceosomes are ribonucleoprotein complexes whose major components are the five
spliceosomal U small nuclear ribonucleoproteins (SnRNPs), as well as regulatory splicing
factors such as the SR protein family, RBM4 and hnRNP G.33:42:43 Supraspliceosomes have
been shown to have splicing activity,4 thus alternative splicing is expected to take place in
them. Accordingly, it was recently shown that hnRNP G affects the alterantive splicing of
the Tau gene in supraspliceosomes.*3 We therefore looked for the presence of the alternative
spliced form of ADAR2 containg exon 7a in supraspliceosomes. For this aim, HeLa cells
nuclear supernatants enriched for supraspliceosomes was fractionated in a glycerol gradient
as previously described.#>46 RNA was then extracted from each of the fractions and RT-
PCR was performed using primers from the flanking exons of exon 7a. As shown in Figure
7 there is a major peak of the two PCR products at the 200S region of the gradient, where
supraspliceosomes sediment, and a minor peak at the 70S region, where native spliceosomes
sediment.#* Thus the alternatively spliced form of ADAR2 containing exon 7a is found in
supraspliceosomes.

Discussion

In the present study we describe a previously unreported alternative exon located within
intron 7 of the human ADAR2 RNA transcript. This 93-nt exon, named exon 7a, is highly
conserved in mammals (Fig. 1D), indicating that it might have a physiological regulatory
role in the ADAR2 gene expression. Bioinformatics analyses have predicted a frequent
occurrence of alternative splicing events that lead to PTC-containing mRNAS, in conserved
as well as nonconserved gene regions.26:2747 |t has thus been suggested that such alternative
splicing events could be part of a control pathway on mRNA levels through the degradation
of the PTC-containing molecules by the NMD RNA surveillance pathway.2 It seems likely
that the NMD RNA surveillance pathway is involved also in the regulation of ADAR2,
because exon 7a harbors stop codons in all 3 protein reading frames (Fig. 1D), thus making
it an appropriate NMD-substrate. Indeed, inhibition of NMD by the addition of the
translation inhibitor CHX, or by down regulation of the essential NMD factor hUpf1, up
regulated the alternative exon 7a-containing isoform (Fig. 3). Our findings add ADAR2 to
the list of splicing factors and RNA related genes in which the introduction of PTCs through
a splicing isoform seems to be regulatory.29=32 As ADAR2 proteins lacking only a small
fragment of the carboxyl terminus have little deaminase activity,1® it is likely that if a small
fraction of MRNAS with exon 7a escapes NMD, the protein will not have a catalytic activity.

One of the factors that may affect tissue-dependent variations in the expression levels of
PTC-containing mRNAs, as observed here for the exon 7a-included ADAR?2, is the
efficiency of NMD in the respective tissue. This issue has been addressed lately by Zetoune
et al.*8 who reported differences of up to 2-fold in the efficiency of NMD on a mutated
Menl gene, although in all tested tissues the Men1 RNA level was reduced to 40% or less of
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the control. Interestingly, the same authors*8 have shown that in the brain, where the level of
the inclusion of exon 7a in our case was very low, the efficiency of NMD was high. This
could perhaps partially account for the low level of exon 7a-containing ADAR2 mRNA in
the brain, since abrogation of NMD by CHX in human medulloblastoma TE-671 cells did
not show a significant elevation in the level of exon 7a inclusion compared to the elevation
viewed in HelLa cells (data not shown). Because the editing by ADAR?2 in the brain appears
to be extremely important, it is plausible that the alternative splicing event leading to the
inclusion of exon 7a is somehow suppressed or not activated and NMD plays a role of a fail-
safe mechanism.

Consistent with this idea are reports showing that in heart and testis,*8 where the inclusion
levels of exon 7a were relatively high (27%), NMD was highly efficient. Also, in human
skeletal muscle, Upfl and Upf2, components of the NMD pathway, are abundant and NMD
is functioning.® It should be noted that the relative differences of exon 7a inclusion between
the different tissues were larger than 5-fold (Fig. 4), while the reported differences in NMD
were about 2-fold.*8 It seems therefore likely, that the differences in NMD efficiencies may
not be the major source for the tissue dependent differences in exon 7a inclusion. It is
possible that combinatorial interplay of tissue specific alternative splicing regulatory factor/
s, ADAR2 over expression and NMD, is affecting the levels of inclusion of ADAR2 exon
7a, to account for the different requirements of ADAR2 editing in the different tissues.

Previous studies have demonstrated that ADAR2 can auto-regulate its activity by editing its
own transcript, thereby creating a new 3’ splice site whose usage for splicing led to a PTC in
the spliced mRNA.24 Our report adds another example of the auto-regulation of the ADAR2
enzyme through alternative splicing, by showing that when ADAR2 is over expressed the
inclusion of the PTC-containing exon 7a is enhanced. This effect is not dependent of the
editing activity of ADAR2, because we showed that over expression of an inactive ADAR2
41 also increased the expression of exon 7a. It is likely that the effect of ADAR2 over
expression on exon 7a inclusion is correlated to its RNA binding capacity. This observation
is consistent with the findings by Heale et al.,1°0 that ADAR2 can affect RNA processing
independent of its enzymatic activity, presumably by acting as RNA-binding proteins. In
line with these observations is our finding that the alternative splicing of exon 7a is
associated with supraspliceosomes, which have been proposed to constitute the machine
where RNA splicing occurs in living cells.33:44 These large multi-component
ribonucleoprotein complexes have been shown to harbor different alternative splicing
regulatory proteins,*3:51 as well as ADAR2 protein and activity.>2 It is therefore plausible
that ADAR?2 affects its own splicing through interactions with other splicing factors within
the supraspliceosome.

What might be the significance of the fact that the inclusion of exon 7a is tissue-specific?
The ADAR2 enzyme is responsible for editing the Q/R site in the GluR-B of the AMPA
receptor in the brain.13 It has also been reported that ADAR2 knockout mice died very early,
but could be rescued when the A moiety at the edited site of the GIuR-B gene had been
mutated to a G.14 It seems therefore that the presence of a functional ADAR?2 in the brain is
essential. Consistent with this finding, we show here that the inclusion of exon 7a in
ADAR?2 expressed in the brain could hardly be detected, which might be significant in light
of the abovementioned observations. It is also noteworthy that in skeletal muscle, heart and
testis, the level of inclusion of exon 7a is relatively high (35, 27 and 27%, respectively). We
therefore tested the editing levels of the GIuR-6 ion channel, which is expressed in the brain,
heart and skeletal muscle and, like GIuR-B, contains a Q/R editing site. Our results show
(Fig. 5) that in the brain, where there is hardly any inclusion of exon 7a, almost all Q/R sites
in GluR-6 appeared to be edited, whereas in the skeletal muscle and heart tissues, where the
inclusion of exon 7a was relatively high, the editing level of the Q/R site in GIuR-6 was very

RNA Biol. Author manuscript; available in PMC 2011 March 22.
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low. However, in spinal cord, where the inclusion of exon 7a is low, the editing level of the
Q/R site of GIuR-6 is low (20%). It seems therefore likely that the inclusion of exon 7a may
be one of the factors affecting the editing activity of ADAR2.

In conclusion, defects in A-to-1 RNA editing have been shown to be associated with
neuronal and muscular abnormalities. Thus, elucidating the control of A-to-I editing could
be important for the understanding of these abnormalities. Although RNA editing exhibits
tissue specificity and changes in development, very little is known about the regulation of
these processes. Yet the large number of alternatively spliced isoforms of the ADAR
enzymes indicates that alternative splicing may play a role in this regulation. In this study
we describe a new tissue-specific alternative exon of ADAR2. The tissue specific expression
of this alternative exon is likely the result of combinatorial interplay of tissue specific
regulatory splicing factors, ADAR2 level and NMD. The high conservation in mammals of
this exon and its characteristics described above indicate its potential physiological
importance.

Materials and Methods

Reverse transcription RT-PCR

Total RNA from cell lines was prepared and treated with RNase-free DNase | as previously
described.?3 RNA from human tissues was from Clontech. cDNA primer by using was
synthesized from 0.5-5 pg of RNA with dT15 Moloney murine leukemia virus reverse
transcriptase (Promega). PCRs (25 pl) contained 10 pmol of each of the indicated primer
pairs (see below) and 1X taq master mix, purple (A biotech). The amplified products were
run on either a 2% agarose gel or a 10% polyacrylamide/7M urea denaturing gel.

Quantitative real-time RT-PCR

Sets of specific primers were designed, enabling the amplification of a single specific
product at a time. Total RNA and cDNA were prepared as described above. cDNA was
mixed with 10 ul of 2x AbSolute blue Syber Rox MIX (ABgene), the appropriate forward
and reverse primers were added to 150 nM in a final volume of 20 ul. Amplification was
carried out using an ABI PRISM 7700 sequence detector (Applied Biosystem). The cycling
conditions comprised 2 min at 50°C, 10 min of polymerase activation at 95°C, 40 cycles at
95°C for 20 s, 60°C for 30 s, and 74°C for 30 s. The amplification cycles were followed by a
melting curve cycle. Each assay included (in duplicate) a no-template-control. Data of the
amplified products was exported as a tab-delimited text file to a Microsoft Excel spread
sheet for further analysis. The efficiencies of the reactions were determined by a linear
regression method as described®* using the LinReg program. A midpoint threshold was then
established as suggested,>® for each of the amplicons arising from a given cDNA. The
expression levels (Q) were then determined according to the equation Q=E~Ct, where E is
the reaction efficiency and C; is the cycle threshold. The amplification efficiency of the
reference genes was determined using the standard curve method. Results from at least three
independent experiments were averaged, and the standard deviations are indicated.

RNA extraction from fractionated nuclear supernatants of HeLa cells

Nuclear supernatants enriched in supraspliceosomes were prepared from HeLa cells
(CILBIOTECH) as described.#> 46 Briefly, nuclear supernatant was prepared from clean
cell nuclei by microsonication of the nuclei and precipitation of the chromatin in the
presence of tRNA. The nuclear supernatant was fractionated on a 10-45% (vol/vol) glycerol
gradient. Centrifugations were carried out at 4°C in an SW41 rotor run at 41 krpm for 90
min (or an equivalent w2t). For RNA extraction, fractions of the glycerol gradients (520 pl)
were mixed with 150 pl of extraction buffer [50 mM Tris—HCI (pH 7.5), 300 mM NacCl, 1

RNA Biol. Author manuscript; available in PMC 2011 March 22.
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mM EDTA] and 50 ul of 10% (w/v) SDS, and the RNA was recovered by extraction with
phenol and precipitation in ethanol.

Transfections

Transient transfections of human ADAR2 WT cDNA construct, and a construct expressing a
cDNA of an inactive mutant ADAR2 E397A,*! (kindly provided by M. O’Connell), were
performed with jetPEI (Polyplus-transfections) according to the manufacture’s instructions,
transfecting 1 ug of DNA and 2 ul of jetPEI to HeLa cells in 6 cm plates. Twenty-four hours
later, the medium was replaced by a fresh one, and RNA and proteins were extracted 48 h
after transfection. Plasmids of B-globin, either wt or Ter39 (kindly provided by L. Maquat),
were transiently transfected (2 ug per plate) into 6 cm plates of HeLa cells and cotransfected
with GFP-EAL (1 pg per plate) using the calcium phosphate method.%8 Twenty four h
posttransfection, the medium was replaced and the cells were treated with CHX, (50 pg/ml)
for 2 hours, and RNA was then extracted.

Small interfering RNA-mediated down regulation of hUpfl

siRNAtargetedtohUpf157 and siGENOME Non-Targeting siRNA (Dharmacon) were
transfected into HeLa cells with DharmaFECT 1 (Dharmacon) according to the
manufacturer’s instructions with some modifications. Cells grown in 6-cm plates were
transfected with 150 nM siRNA by using 0.28% DharmaFECT 1. After 72 h, total proteins
and RNA were extracted.

Western blots

Western blot analyses were performed as previously described,>2 using ADAR2 monoclonal
antibodies (kindly provided by K. Nishikura), hUpf1 antibodies (kindly provided by J.
Lykke-Andersen) and Y12 anti-Sm monoclonal antibodies.

GluR-6 editing levels

Primers

GluR-6 editing levels were analyzed by direct sequencing. RT-PCR analysis of the region
surrounding the Q/R site of the GIuR-6 mRNA was performed (primer sequences were
derived from ref. 58). The PCR products were extracted with the HiYield Gel/PCR DNA
fragment extraction kit (RBC bioscience). The extracted DNA was sequenced, and the
editing level was derived from the ratio between the peak areas of the A and G nucleotides
occurring at identical positions in the DNA sequence chromatograms.14

To amplify both transcripts, including and excluding exon 7a, we used primers from exons 7
(sense) and 8 (antisense).

ADAR2 ex7 s-5 GGA ACG TGG TGG GCA TCC AGG G 3’ (sense)
ADAR2 ex8 as - 5" CCA GCG ACA GTA CAA CGC GTG CT 3’ (antisense)
For quantitative real-time PCR we used the following primers:

For the transcript excluding exon 7a ADAR2 ex7-8 s - 5" CAAGCC TTT GCT CAG TGG
CAT CAG C 3 (sense) and ADAR? ex8 as (above). For the transcript including exon 7a:

ADAR2 ex7-7as -5 CAC CCT CAACAAGCC TTT GCT CAG TGA ATT T 3’ (sense)
and

ADAR?2 ex7a-8 as - 5 CGT GCT TCT GCA TTG CTG ATG CCT TAA C 3’ (antisense)

RNA Biol. Author manuscript; available in PMC 2011 March 22.
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For endogenous ADAR2 (in ADAR?2 over expression experiments)

ADAR2 ex-2-1s5-5' CGG CTG CGG CTG AGA GTG G 3’ (sense) and

ADAR2 ex-1as -5 TTC GGT GCG AGC GGA CTG AGA G 3’ (antisense)
Other primers used:

For GAPDH

GAPDH s -5 TGC ACC ACC AAC TGC TTA GC 3’ (sense) and

GAPDH as - 5 GGC ATG GAC TGT GGT CAT GAG 3' (antisense)

For B globin (either WT or Ter38)

globins -5 AGG AGA AGT CTG CCG TTA C 3’ (sense) and

globin as - 5" CCT GAA GTT CTC AGG ATC C 3' (antisense)

For GIuR-6

GluR6 sense - 5" ACT TGG AAT AAG TAT TTT GTA CCG C 3’ (sense) and
GIuR6 antisense - 5" CAA ATG CCT CCC ACT ATC CTG 3’ (antisense).58

For the transcript including exon 7a in mouse

rADAR2 ex7-7as -5 AAC AAG CCC CTG CTC AGC GAG TGT 3’ (sense) and
MADAR?2 ex7a-8 as - 5’ TGC CTC TGC ATT GCT GAT GCC TTA GC 3’ (antisense)
For the transcript including exon 7a in rat

rADAR?2 ex7-7as - 5' (above) and

rADAR2 ex7a-8 as - 5' CGT GCC TCT GCA TTG CTG ATA CCT TAA C 3’ (antisense)
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A new alternative exon in ADAR?2 is conserved in mammals. (A) A diagram of the ADAR2
gene spanning exon 7 through exon 8 with the alternative exon 7a in the intron in-between

[the lengths (in nucleotides) of exon 7a and flanking introns are marked]. (B) RT-PCR

analysis of RNA from human HeLa, rat PC12 and mouse NIH3T3 cells using primers from
exons 7 (sense) and 8 (antisense). The upper and lower bands represent inclusion or skipping
of exon 7a, respectively, as indicated on the left. (C) RT-PCR analysis of RNAs as in B,
using primer pairs from the splice junction of exon 7-exon 7a (sense) and exon 7a-exon 8

(antisense), specific for each species. The bands represent inclusion of exon 7a. (D)

Sequence alignment of a part of intron 7 of the human ADAR2 with other mammals (the
sequences were taken from the UCSC genome browser, the alignment from ClustalW). The
boundaries of exon 7a are marked by a blue vertical line. The stop codons in the exon are
marked with different colors for the 3 frames. Percentages of homology to the human exon

7a of the listed sequences are: mouse, 93; rat, 95; rabbit, 91; dog, 64; armadillo, 80;

elephant, 88. Percentages of homology to the entire human sequence shown are: mouse, 81;
rat, 75; rabbit, 75; dog, 65; armadillo, 61; elephant, 72.
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Figure 2.

The conservation of ADAR2 between 17 species (human, chimp, macaque, mouse, rat,
rabbit, dog, cow, armadillo, elephant, tenrec, opossum, chicken, frog, zebrafish, tetraodon
and fugu). The upper panel shows the entire ADAR2 gene, and the lower panel shows exon
7a and its neighborhood (taken from the UCSC genome browser).
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Figure 3.

The level of ADAR2 exon 7a is down regulated by NMD. (A) RT-PCR of RNA expressed
in HelLa, PC12 and NIH3T3 cells, untreated (—) or treated (+) with CHX. The primers are
from exons 7 (sense) and 8 (antisense). Diagrams, on the left, show the two different
products. (B) A diagram showing the two primer pairs used for the real-time RT-PCR
analyses on RNA extracted from HelLa cells either untreated (control), or treated with CHX
(CHX) (C), or treated with siRNA against hUpfl (E). (C) A graph showing the real-time
RT-PCR results on HelLa cells either untreated (control) or treated with CHX (CHX). The
ratio between the levels of the product from the upper primer pair (containing exon 7a) and
the product from lower primer pair (lacking exon 7a) was taken from 4 different
experiments. The bars represent the average of this ratio normalized to that of the control
samples (error bars represent standard deviation). Similar results were obtain when GAPDH
was used for normalization. (D) HelLa cells were transfected with either B-globin wt (left
panel) or B-globin Ter 39 (right panel) and with GFP as a reference for transfection
efficiency. Twenty-four hours later, CHX was either added or not to the medium of the
different cells. RNA was then extracted and RT-PCRs with primers for f-globin and GFP
were performed. (E) Quantitative real-time RT-PCR analysis of the effect of RNAI of hUpfl
on the inclusion of exon 7a, using the primer pairs depicted in (B). (F) Western blot analyses
of total proteins extracted from the above treated cells were performed with antibodies
against hUpfl (upper panel) and anti-Sm antibodies as a loading control (lower panel).
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Figure 4.

Expression of exon 7a is tissue specific. RT-PCR analysis of RNA expressed from different
human tissues using primers from exons 7 (sense) and 8 (antisense). The amplified products
were analyzed on polyacrylamide urea denaturing gels. Diagrams, on the left, show the two
different products. The percentage of exon 7a inclusion is presented. RT-PCR for GAPDH is
presented as loading controls.
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Figure 5.

The editing levels of the Q/R site in GIuR-6 in muscle, heart and brain. (A) A schematic
diagram of GIuR-6. The horizontal lines represent the cell membrane. TM is “trans-
membrane”. The Q/R site position (in TMII) is indicated. (B) RT-PCR with primers flanking
the Q/R editing site in the GIuR-6 gene was performed on RNA from brain, heart and
skeletal muscle. The products were extracted and sequenced. The results shown are for the
codon including the Q/R site (marked in pink) and its two neighboring codons. The triplets
are underlined by blue lines. The percentage of editing is indicated below.
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Figure 6.

Over expression of ADAR2 increases exon 7a inclusion. HeLa cells were transfected with
the human ADAR2 cDNA construct (A and C), or with the inactive ADAR2 mutant E397A
construct*! (D and E), or mock transfected (control) for 48 h. RNA and proteins were
extracted. The RNA was analyzed by quantitative real-time RT-PCR and the proteins by
Western blots. (A, D) Western blots with antibodies against ADAR2 (upper panel) and Sm
as a loading control (lower panel). (B) A diagram showing the primer pairs used for the real-
time RT-PCR analyses. (C) A graph showing the real-time RT-PCR results for over
expression of ADAR?2. The ratio between the levels of the product from the primer pair
amplifying exon 7a and the primer pair amplifying the endogenous ADAR?2 was taken from
3 different experiments. The bars represent the average of this ratio normalized to that of the
control samples (error bars represent standard deviation). (E) Real-time RT-PCR analysis of
ADAR2 E397A over expression.
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The new ADAR? alternatively spliced exon is found in supraspliceosomes. HeLa nuclear
supernatant enriched in supraspliceosomes was fractionated on a glycerol gradient and RNA

was extracted. RT-PCR with primers from exons 7 (sense) and 8 (antisense) was then

performed. The upper panel shows 30 cycles of PCR, and the lower panel shows 35 cycles
of PCR. Diagrams on the left show the 2 different products. Supraspliceosomes sediment at

200S and native spliceosomes at 60—70S.
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