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kit (Promega, Madison, WI) were incubated with 50 pl of the stock Sepharose G at 4°C
for 2 h in the preseﬁce of 2 pg of either E-20 or C-15 (Santa Cruz Biotechnology, Santa
Cruz, CA). Antibody-beads complex was collected by centrifugation and eluted with
PBS containing 1% SDS at 65°C for 10 min. Presence of recombinant ADAR2a and
FLAG-ADAR?2a proteins in the eluate were verified with western biotting.

Because E-20 more effectively bound to recombinant ADAR2a and
Flag-ADAR2a proteins thaﬂ C-15 (Fig. la), we used only E-20 for the
immunoprecipitation of nuclear eluate. One ml of the nuclear ehiate obtained from 0.75

g of human cerebellum was incubated at 4°C for 2 h in the presence of 2 pg of E-20 or
control goat anti-human IgG (H + L) (Jackson ImmunoResearch, West Grove, PA) after

pre-clearing once with 50 ul of the untreated Sepharose G suspension in PBS, and then
for another h with additional 50 ul of stc;ck Sepharose G beads. The nuclear
eluate-antibody-bead complex was collected by centrifugation and eluted with 50 ul of
PBS containing 1% SDS at 65°C for 10 min and then tﬁe eluate was treated with
proteinase-K at 37 °C for 60 min. Total RNA was extracted using TRIzol reagent

(Invitrogen, Carlsbad, CA).

2.3. RNAi of ADARI and ADAR?2

HeLa cells were cultured in MEMoa (Wako, Osaka, Japan), and then in
Opti-MEM 1 Reduced-Serum Medium (GIBCO, Langley, OK) Qithout fetal bovine
serum (FBS) or antibiotics, containing 30 nM of one of the small interference RNA
(siRNA) listed in Supple. Table S1 (Qiagen HP GenomeWide siRNAs; Qiagen, Valencia,

CA) and Lipofectamine RNAIMAX (1:600; Invitrogén) (Forward Transfection). The

Page 5 of 21



The Receiving editor; Dr. Nobuyuki Nukina

following siRNAs were used: siR1a and siR1b were used to target human ADARI, and
siR2a and siR2b to target human ADAR?2. Cells cultured in Opti-MEM containing 30
nM ALLStars Negative Control siRNA (siR n/c; Qiagen) were used as the negative control.
After 5 h of incubation, the medium was switched back to the original MEMa.. Total
RNA was extracted 96 h after the administration of siRNAs using an RNA spin Mini
RNA Isolation kit (Qiagen), and reverse transcription (RT)-polymerase chain reactions

(PCRs) were carried out (Supple. Table S1, S2).

2.4. Analyses for extents of A-to-I editing sites

Editing efficiencies at the A-to-I editing sites in GluR2, kvl.1 and CYFIP2

mRNAs were calculated by quantitative analyses of the digests of PCR products with -

restriction enzymes (Kawahara et al., 2003; Kawahara et al., 2004; Bhalla et al., 2004).
The PCR products for GluR2 and kvl.1 were cleaved by Bbvl (New England Biolabs,

Ipswich, MA) and Mfel (New England Biolabs), respectively, and those for CYFIP2
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Editing efficiencies at the A-t0-1(G) editing sites in FLNA and BLCAP mRNAs were
evaluated by sequencing the PCR products with a 3100 Genetic Analyzer sequencér
(Applied Biosystems, Faster City, CA). Expression level of CYFIP2 mRNA was
measured using a LightCycler System (Roche Diagnostics, Mannheim, Germany). The
internal standards, primers, and probes for quantitative PCR for ADARI, ADAR2 and
CYFIP2 were designed as previously described (Kawahara et al., 2003) (Supple. Table

SI).

2.6. Statistics
Differences between groups were evaluated using Student’s #-tests. Differences

were considered statistically significant at P<0.05.

3. Results and discussion

mRNAs co-precipitated with ADAR2 in human brain

To identify mRNAs with ADAR2-mediated editing sites, we analyzed the
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ADAR2-immunoprecipitates of human cerebellum. First we confirmed that
recombinant ADAR2 and Flag-ADAR2 proteiﬁs could be successfully
immunoprgcipitated with the E-20, and to 'a lesser extent with the C-15 antibodies
against human ADAR2 peptides (Fig. la). As a second control of the method,
immunoprecipitation using the E-20 antibodies was performed on nuclear extract of
human cerebellum, and GluR2 and kvl.l mRNAs, which were already known to have
ADAR2-mediated editing sites, were selectively amplified from the RNA fraction of the
complexes with RT-PCR (Fig. 1b; upper, middle). Thus, the natural substrates for

ADAR2 should also be immunoprecipitable from human brain.

We found that CYFIP2 and FLNA mRNAs, but not BLCAP or IGFBP7

mRNAs, were specifically recovered from the ADAR2-precipitate (Fig. 1lc, d),

suggesting that CYFIP2 and FLNA mRNAs should have ADAR2-mediated editing sites.

mRNAs récovered from the immunoprecipitates had U(G) instead of A at the predicted
A-to-I editing position (K/E site) in genomic DNA (Levanon, E.Y. et al., 2005), whereas
84% of the mRNA in the human cerebellar tissue was edited at this site (Fig. 2¢, d). On
the other hand, the previously reported A-to-I editing position (Q/R site) of FLNA
mRNA (Levanon, E.Y. et al., 2005) was edited to only 51% in the immunoprecipitate,
and not to a detectable level in human cerebellum (Fig. 2e, f). In addition, the I/V site of
kvl.l mRNA was edited to a greater extent (36%) in the immunoprecipitate than in the
cerebellar tissue (20%) (Fig. 2a, b), although the Q/R site of GluR2 mRNA was fully
edited in both the immunoprecipitate (data not shown) and the human cerebellum

(Kawahara et al, 2003). These results suggest that ADAR2 seems to bind
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predominantly to these mRNAs with ADAR2-mediated editing positions, more

efficiently when these sites were edited than when unedited (Fig. 2 a, ¢, e vs. b, d, ).

To determine whether ADAR2 specifically edits the putative editing sites of
CYFIP2 and FLNA mRNAs but not BLCAP or IGFBP7 mRNAs, we investigated
changes in the extent of RNA editing at these sites after knockdown of ADAR1 and
ADAR? using siRNAs (Supple. Table S1) in HeLa cells. However, because the Q/R site
in FLNA mRNA was not edited at all in HeLa cells (data not shown), and because the
base sequence around the K/R site of IGFBP7-derived cDNA was GC-rich and was not
suitable for sequencing analysis, we could determine the effects of siRNAs only at the
KJE site of CYFIP2 and at the Y/C site of BLCAP mRNAs. Applications of siRla and
siR1b, to target ADARI, and siR2a and siR2b, to target ADAR2, specifically and
significantly decreased the copy numbers of ADARL! and ADAR2 mRNAs, respectively
(Fig. 3a, b). In addition, extent of GluR2 Q/R site-editing was markedly decreased to
nearly 0% after ADAR2 knockdown, but not significantly decreased after ADARI
knockdown (data not shown), indicating that the knockdown of ADAR2 by this method
sufficiently suppressed ADAR2 activity but not ADARI activity. Although the effects of
ADARI1 knockdown could not be tested on natural substrates, previous studies have
demonstrated that ADAR1 activity was significantly decreased with a similar method

(Wong & Lazinski, 2002). The editing efficiencies at the CYFIP2 K/E site in HeLa cells
were significantly reduced after applications of siR2a and siR2b (both 0.0£0.0%), and

also, but to a lesser extent, after siRla and siR1b, as compared to those after the

application of siR n/c or normal culture medium alone (Fig. 3¢). The results suggested
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that ADAR2 played a major role in RNA editing at this site, and ADAR1 may also have
taken a part (Fig. 3b, ¢). On the other hand, sequence analysis of BLCAP
mRNA-derived cDNA indicated that editing extent of the Y/C site of BLCAP mRNA
was significantly lower after the application of ADARI siRNAs than after ADAR2
siRNAs or contol siRNA (siR n/c and normal_ culture medium alone) (Fig. 3d). These
results suggest that the Y/C site of BLCAP mRNA was edited predominantly with
ADARI (Fig. 3d). Together with the results of immunoprecipitation (Fig. 1b-d), it
seems likely that only mRNAs that have ADAR2-mediated editing positions form a

complex with ADAR2.

ADAR?2 specifically catalyzes GlﬁRZ Q/R site-editing in mammalian and
human brains, and the reduction of its editing activity may play a causative role in death
of motor neurons in sporadic ALS patients (Kwak & Kawahara, 2005). Therefore
knowledge about the regulatory mechanism of ADAR2 activity may promote our
understanding of ALS pathogenesis. However, GluR2 Q/R site-editing is always
complete in neurons, and is somewhat reduced only when the expression of ADAR2
mRNA is reduced to a certain threshold level in huinan white matter (Kawahara et al.,

2003), hence editing extents at this site may remain 100% when the reduction of

10

Page 10 of 21



The Receiving editor; Dr. Nobuyuki Nukina

ADAR2 activity was mild. On the other hand, CYFIP2 mRNA is ubiquitously
expressed'with the K/E site edited to variable extents among human tissues, especially

abundant in the nervous system and lymphocytes (Mayne et al., 2004; Affymetrix

11
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Extent of editing at the CYFIP2 mRNA K/E site, a novel ADAR2-mediated
A-to-I editing site, might become a potential marker for ADAR2 activity and hence a

potential tool for ALS research.
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4, Figure legends

Fig 1. Immunoprecipitated ADAR2 protein complex specifically contains
substrates with selective editing sites.
(a) Western blot analysis of eluates immunoprecipitated with anti-human ADAR2

polyclonal antibodies, E-20 (lanes 2, 6) or C-15 (lanes 3, 7), containing recombinant

15
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(é, ¢, €) In the cerebellar tissue, extent of RNA editing was 20% at the kvl.1 I/V site
(a), 84% at the CYFIP2 KIE site (c), and 0% at the FLNA Q/R site (G in ¢; arrowhead).

(b, d, f) In the ADARZ-immunoprecipitates, on the other hand, extent of RNA editing
was 36% at the kvl.1 IV site (b), 100% at the CYFIP2 KJE site (d) and 51% at the

is the mean of two samples.

Fig3. Knockdown of ADAR1 and ADAR2

was significantly decreased following knockdown treatment with siR1a and siR1b (1, 2)
but not with siR2a or siR2b (3, 4).
was significantly decreased following knockdown treatment with siR2a and siR2b (3, 4,

compared to with siR1a or siR1b (1, 2).

markedly decreased after ADAR2 knockdown (siR2a and siR2b; both 0.010.0%), and to

a lesser extent after ADARI knockdown (siRla; 1.120.2%, siR1b; 0.4£0.5%), than

16
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control siRNA (siR n/c; 2.12£0.2%, normal medium alonme; 1.9%0.5%). Each bar

represents the value after administration of siRNA (mean+SD; n=3). Bar 1, siR1a; Bar 2,

siR1b; Bar 3, siR2a; Bar 4, siR2b; Bar 5, siR negative control (n/c); Bar 6, no siR.
(Student’s t-test, *P <0.05 and **P<0.01 vs siR n/c and $1P<0.01 between bars as

shown).

at the Y/C site of BLCAP mRNA (arrows) after ADAR1 knockdown (siR1a; 2%, siR1b;
0%) than after ADAR2 knockdown (siR2a; 18%, siR2b; 16%) or control siRNA (siR
n/c; 17%, normal medium alone; 13%). Each value is calculated as the mean of two

samples.’
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