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The Alu elements are conserved ~ 300-nucleotide-long
repeat sequences that belong to the SINE family of retro-
transposons found abundantly in primate genomes. Pairs
of inverted Alu repeats in RNA can form duplex structures
that lead to hyperediting by the ADAR enzymes, and at
least 333 human genes contain such repeats in their 3'-
UTRs. Here, we show that a pair of inverted Alus placed
within the 3’-UTR of egfp reporter mRNA strongly re-
presses EGFP expression, whereas a single Alu has little
or no effect. Importantly, the observed silencing correlates
with A-to-I RNA editing, nuclear retention of the mRNA
and its association with the protein p54™™. Further, we
show that inverted Alu elements can act in a similar
fashion in their natural chromosomal context to silence
the adjoining gene. For example, the Nicolin 1 gene ex-
presses multiple mRNA isoforms differing in the 3’-UTR.
One isoform that contains the inverted repeat is retained in
the nucleus, whereas another lacking these sequences is
exported to the cytoplasm. Taken together, these results
support a novel role for Alu elements in human gene
regulation.
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Introduction

Alu elements are the most abundant SINEs present in the
human genome, with up to 1.4 million copies and constitut-
ing over 10% of the genome (Lander et al, 2001). The Alu
elements are not randomly distributed throughout the gen-
ome. Rather, they are frequently found in gene-rich regions,
generally within noncoding segments of transcripts, such as
in introns and untranslated regions (Versteeg et al, 2003).
Most human pre-mRNAs contain a surprisingly high number
of Alu elements (reviewed in DeCerbo and Carmichael,
2005). Surprisingly, the functional significance of these ele-
ments remains elusive. Recently, a growing body of evidence
has suggested that Alu elements are involved in different
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biological processes. They are implicated in human genome
evolution, by modifying genes through insertions, gene con-
version and recombination (Hasler and Strub, 2006). The
Alu elements can also disrupt promoter regions, change
methylation status, insert new regulatory features and possi-
bly influence the efficiency of initiation of translation
(Deininger and Batzer, 1999; reviewed in Brosius, 1999).
Alu elements can also interfere with alternative splicing, or
be incorporated into exons and directly influence the open
reading frame in a mature mRNA (Lev-Manor et al, 2003;
reviewed in Eisenberg et al, 2005). More recently, bioinfor-
matic analyses showed that Alu elements within 3’-UTRs can
serve as potential targets of certain microRNAs (Smalheiser
and Torvik, 2006).

Adenosine-to-inosine (A-to-I) RNA editing is recognized as
a cellular mechanism for generating both RNA and protein
isoform diversity (reviewed in Bass, 2002). Editing is cata-
lysed in the nucleus by the ADAR enzymes and can be either
highly site-selective or promiscuous, depending on the RNA
targets. Optimal activity for promiscuous editing is seen with
dsRNAs of at least 100 bp in length, resulting in editing of up
to 50% of the A’s on each strand (Bass and Weintraub, 1987,
1988; Nishikura, 1992; Bass, 2002). Curiously, the majority of
A-to-1 RNA editing events reported for humans are found
within Alu elements (Athanasiadis et al, 2004; Blow et al,
2004; Kim et al, 2004; Levanon et al, 2004). Alu elements
share a 300-nucleotide consensus sequence and have rela-
tively high homology among subfamilies, as these elements
arose relatively recently from the 7SL RNA gene through
head-to-tail fusion and were amplified throughout the gen-
ome by transposition of RNA intermediates (Batzer and
Deininger, 2002; reviewed in Hasler et al, 2007). Thus,
owing to their abundance, many Alu elements are likely to
form intramolecular long RNA duplexes with nearby inverted
Alu sequences, and these structures could then serve as
substrates for A-to-I RNA editing by ADAR. By comparing
human mRNA and expressed sequence tag (EST) sequences
to genomic sequences and searching for the clusters of A-to-G
changes as an indicator, a large number of editing sites have
been found in noncoding introns and untranslated regions of
RNA sequences, with the majority of these editing sites
residing within Alu elements (Kim et al, 2004; Levanon
et al, 2004). More importantly, each edited Alu has a
reverse-oriented partner nearby, which also appears to be
edited. The extent of editing appears to depend on the
distance between two inverted Alu repeats (Athanasiadis
et al, 2004; Blow et al, 2004). In agreement with this predic-
tion, the ability of two inverted repeated (IR) Alu elements to
form an intramolecular dsRNA has been demonstrated by
showing that both the sense and antisense strands of the Alu
elements, but not flanking non-Alu sequences, have been
extensively edited in the second intron of the CNNM3 gene as
well as the sixteenth intron of the NFkB1 gene (Kawahara
and Nishikura, 2006).

What are the consequences of these extensively edited
IRAlu elements within a gene? It has been suggested that one
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major fate of hyperedited RNA in the nucleus is retention
within that compartment by the p54™™ complex (Zhang and
Carmichael, 2001). Editing within introns might not lead to
significant effects on gene expression, as the introns are
removed during mRNA maturation. However, this is not the
case for IRAlu elements located in the 3’-UTR of a gene.
Prasanth et al (2005) found that a novel 8-kb nuclear-retained
CTN-RNA from the mouse cationic amino-acid transported 2
(mCAT2) gene contains an extended 3’-UTR sequence and
this has inverted repeat SINE elements that can form duplex
RNA structures that are highly A-to-I edited. mCAT2 encodes
a protein involved in the uptake of extracellular arginine, the
precursor to nitric oxide. Under normal situations, cells not
only express a cytoplasmic form of mCAT2 mRNA that
encodes a basal level of the arginine transporter, but also
abundant levels of another form of CTN-RNA that contains
the same open reading frame as mCAT2 but which is retained
within the nucleus in association with the p54™™® complex.
Under stress conditions, CTN-RNA appears to be cleaved
within its 3’-UTR near an alternative polyadenylation signal
to remove the SINE-associated retention elements. This RNA
is rapidly exported to the cytoplasm, where it allows for
increased production of the arginine transporter. This study
demonstrated further that editing of the repetitive elements in
CTN-RNA correlates strongly with nuclear retention. This
raised the important question of whether retention is a
common or general fate of RNAs that are highly edited in
their 3’-UTR regions.

After a thorough analysis of the released human mRNA
and EST sequences in the UCSC genome browser, we identi-
fied a set of 333 genes with IRAlu elements in their 3’-UTR
regions (Supplementary Table 1). Importantly, mRNA and
EST sequences corresponding to many of these IRAlu ele-
ments have been reported to be extensively edited. Here we
asked whether a single pair of IRAlu elements in the 3/-UTR
might have an important regulatory function on gene expres-
sion. To address this question, we first made a series of EGFP-
fused IRAlus constructs and transfected them into HEK293
cells to investigate EGFP expression and the fates of the egfp-
IRAlus RNA. We show that a single pair of IRAlu elements
in the 3’-UTR of the egfp mRNA strongly represses EGFP
expression. Further, this reduction is accompanied by
significant nuclear retention of the mRNAs, likely by the
p54™° complex. Finally, we present evidence for nuclear
retention of an endogenous mRNA with IRAlus in its 3’-UTR.

Results

Extensive editing of IRAlu elements in the 3 -UTRs

of Nicolin 1 and Lin28

Two genes, Nicolin 1 (Nicn1) and Lin28, each of which has a
pair of IRAlu elements in the 3/-UTR, were identified after
analysis of a 3’-UTR database of the IRAlu elements (see
Supplementary Table 1). Although originally cloned in 2002,
the function of the NICN1 protein remains to be elucidated
(Backofen et al, 2002). Analysis of the Nicnl genomic se-
quence with RepeatMasker (http://www.repeatmasker.org)
revealed that the 3’-UTR contains a pair of IR AluSp elements
that are positioned within 70bp of one another. Two of the
four currently available cDNA sequences indicate that both
the sense and antisense IRAluSp elements are highly edited.
For instance, one of the sequenced cDNAs, AF538150, shows
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that 12 A’s on the IRAluSps have been edited to I's, whereas
another sequenced mRNA, AK094248, shows that there are
35 A’s changed to I’s, accounting for 20% of the total A’s in
the IRAluSp region (Figure 1A).

Lin28 also exhibits extensive editing of the IRAlu elements
in its 3-UTR. The mRNA for this gene is very abundant in
diverse types of undifferentiated cells (Balzer and Moss,
2007). LIN28 is known to be a regulator of the developmental
timing in Caenorhabditis elegans (Horvitz et al, 1983; Ambros
and Horvitz, 1984), suggesting that mammalian LIN28 has an
important role in gene regulation during embryonic stem (ES)
cell differentiation. Recent studies have shown that LIN28
colocalizes with mRNP complexes, P-bodies and stress gran-
ules in pluripotent cells, suggesting that it might influence the
translation or stability of specific mRNAs during differentia-
tion (Balzer and Moss, 2007) and that this protein appears to
be one of four that together can reprogramme somatic cells to
ES cells (Yu et al, 2007). In a recent work, this protein has
been shown to affect microRNA processing in ES cells
(Viswanathan et al, 2008). The long (3500nt) 3’-UTR of
Lin28 contains a single pair of AluSx and AluSc elements
separated by 50bp. All three mRNA sequences (BC028566,
AF521099 and AK022519) sequenced across the 3’-UTR
AluSx/AluSc region show a moderate level of A-to-I editing
(3-5 A’s are edited to I's). In addition, some of the available
EST sequences show that AluSc, one of the paired IRAlus/
AluSc, is highly edited. For example, clone CN349329 shows
that 17 A’s are edited to I's, which accounts for 23% of A’s in
this AluSc element (Figure 1B).

For both of the above-mentioned sequences or other
sequences in our 3-UTR Alu element database (see
Supplementary Table 1), the extent of editing in the IRAlu
elements is highly variable among different mRNA sequences
or ESTs, with some of the cloned sequences showing no
editing at all in the same Alu locus. Thus, although hyper-
editing occurs in IRAlu elements within 3’-UTRs, the extent of
editing is variable and may be random or regulated in a yet
unappreciated manner in different tissues and cell types.

IRAlus in the 3 -UTR of egfp mRNA suppresses EGFP
expression

To investigate the effects of IRAlus within the 3’-UTRs of
human genes, we utilized a simple EGFP expression system
and the experimental flow outlined in Supplementary Figure
1. We amplified the single antisense AluSp, or the pair of
IRAluSp elements from the 3’-UTR of Nicn1 (Figure 1A, black
arrows indicate the position of primers used), and then
inserted each into the egfp 3’-UTR region of the expression
vector pEGFP-C1 to generate constructs 1 and 2 shown in
Figure 2A. Next, we measured the EGFP expression level
from each plasmid 44 h after transfection into HEK293 cells.
The pair of IRAluSps derived from Nicnl in the 3’-UTR
significantly reduced EGFP fluorescence when compared
with the single AluSp element. This repression effect was
confirmed by western blotting analysis with anti-EGFP anti-
body (Figure 2B, lanes 1 and 2).

What mechanism could account for this silencing phenom-
enon? There are about 30 human microRNAs that exhibit
typical short-seed complementarity with a specific and highly
conserved site within Alu elements (Smalheiser and Torvik,
2006). To test the possibility that microRNA regulation might
contribute to the silencing of EGFP, we performed a microRNA
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Figure 1 Organization and Alu characterization of Nicnl and Lin28. The genomic sequences of Nicnl (A) and Lin28 (B) are drawn to scale.
Exons and UTRs are shown as black bars, with coding regions being thicker. The Alu elements present in these two genes are shown as gray
arrows with the indicated orientations. There is a single pair of IRAlus in each of the 3'-UTRs of Nicnl and Lin28. The small black arrows
indicate the PCR primers, their directions and their relative positions for the cloning sequences on the pEGFP-C1 vector. AK094248 shows one
of the highly edited mRNA sequences of Nicnl in the UCSC genome browser, whereas CN349329 shows one of the highly edited mRNA

sequences of Lin28. The edited residues are denoted in lowercase in bold.

northern blot with both antisense and sense AluSp probes to
total RNAs collected from the pEGFP-AluSp- or pEGFP-
IRAluSps-transfected HEK293 cells. However, we could detect
no AluSp-related small RNAs in these experiments (data not
shown), suggesting that a microRNA-related mechanism is
unlikely to account for the regulation reported here.

We next asked whether A-to-I editing might lead to enhanced
mRNA degradation and consequently lower gene expression.
A recent study suggested an interaction between components
of the ADAR and RNAi pathways by Tudor staphylococcal
nuclease (Tudor-SN), which is a subunit of the RNA-induced
silencing complex and specifically interacts with and promotes
cleavage of model hyperedited dsRNA substrates containing
multiple I- U and U - I pairs (Scadden, 2005). Thus, it is possible
that highly A-to-I edited sites within the IRAluSps might be
recognized by Tudor-SN, in turn reducing the level of EGFP
message. To examine this possibility, we carried out northern
blotting with a Dig-labelled egfp probe and found that the
egfp-AluSp and egfp-IRAluSps RNAs were expressed at
the same level (Figure 2C, lanes 1 and 2), and there was no
apparent preferential degradation of RNA containing the
IRAlus. This experiment also eliminated a difference in the
transfection efficiencies of individual plasmids as the cause of
differential EGFP expression.

As the Alu elements have diverged into more than 200
subfamilies (Price et al, 2004), we asked whether IRAlus
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pairs from different subfamilies also have a similar effect on
gene expression. The 3’-UTR of Lin28 has a pair of IRAlu
elements that belong to the AluSx and AluSc subfamilies, and
these are shown to be extensively edited (Figure 1B). By
using the same cloning strategy, we inserted into the egfp 3'-
UTR of the vector pEGFP-CI1 either the sense AluSc element or
the pair of inverted AluSx/AluSc repeats from 3’-UTR of Lin28
(Figure 1B, black arrows indicate primers used) (Figure 2A,
constructs 3 and 4). Transfection experiments with HEK293
cells once again showed strong repression of EGFP expres-
sion, by both fluorescence microscopy (Figure 2A) and im-
munoblotting (Figure 2B, lanes 3 and 4), when IRAluSx/
AluSc were fused to the 3’-UTR of egfp. Northern blots further
showed that the transcripts of egfp-AluSc and egfp-IRAluSx/
AluScs are abundantly expressed (Figure 2C, lanes 5 and 6).
These results indicate that a pair of inverted Alu repeats in
the 3’-UTR of a gene can induce gene silencing, regardless of
their subfamilies.

IRAlus derived from an intron also repress EGFP
expression when placed in the 3 -UTR of egfp

To exclude the possibility that some unique sequences pre-
sent in the IRAlus pairs or the sequences between the IRAlus
pairs from the 3’-UTRs of Nicnl and Lin28 might be respon-
sible for silencing of EGFP, we tested the effect on gene
expression of IRAlus from an intronic region. The second
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Figure 2 IRAlus in the 3’-UTR of egfp mRNA suppress EGFP expression at a post-transcriptional level. (A) IRAlus in the 3’-UTR of egfp mRNA
suppress EGFP expression. IRAlus and Alu were PCR-amplified from the 3’-UTR of either Nicnl or Lin28 and then inserted separately into the
3/-UTR of egfp mRNA. HEK293 cells were transfected with the indicated plasmids and fluorescence pictures were taken 44 h after transfection.
(B) The expression of EGFP from the same batch of transfected HEK293 cells as described in panel A was investigated by western blotting, by
probing with anti-GFP antibody. Actin was used as the loading control. (C) IRAlus RNAs are retained in the nucleus. Total and nuclear RNAs
were isolated from the same batch of transfected HEK293 cells used in panels A and B and then resolved on a denaturing agarose gel.
Transcripts of egfp-tagged RNAs were probed with a Dig-labelled egfp fragment. Actin RNA was used as the loading control; tRNAY® and U6
snRNA were used as markers for nuclear/cytoplasmic RNA isolation. (D) Preferential retention of IRAlus RNAs within the nucleus compared
with single Alu peers. Total and nuclear IRAlus RNAs, as well as Alu-containing RNAs, were quantified from panel C and normalized to the
relative amount of actin mRNAs. The ratio was obtained by comparison of the normalized value of the nuclear-retained IRAlus RNA to those of

the nuclear-retained Alu RNA.

intron of the Apobec3G gene has one pair of IRAluSp elements
separated by 121 bp (Supplementary Figure 2). Several mRNA
and EST sequences have shown that there are 9-14 A-to-I
edits in the sense AluSq element. By inserting either only the
sense AluSq element or the pair of IRAluSgs from the second
intron of Apobec3G (Supplementary Figure 2A, black arrows
indicate primers used) into the 3’-UTR (Supplementary Figure
2B, constructs 2 and 3), we carried out experiments similar to
those described above. When positioned in the 3’-UTR of
egfp, the IRAluSgs from Apobec3G, but not the single AluSq,
led to striking repression of EGFP expression as measured by
fluorescence microscopy (Supplementary Figure 2B) and
western blotting (Supplementary Figure 2C, lanes 2 and 3).
Yet, the transcripts of egfp-AluSq and egfp-IRAluSqs were
expressed at similar levels (Supplementary Figure 2D,
lanes 2 and 3).

To address the question of whether a single copy of an Alu
element in the 3’-UTR affects gene expression, we compared
egfp and egfp-AluSq transcripts and their ability to translate
into the protein EGFP. A single Alu element in the 3’-UTR of
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egfp exerted no obvious repression, as EGFP protein levels
and transcript levels from the egfp and egpf-AluSq plasmids
are almost equal (Supplementary Figure 2C and D, lanes 1
and 2). To rule out any cell type-specific effects, we also
examined the ability of IRAlu elements in the 3’-UTR to
repress gene expression in HeLa cells and COS7 cells, using
the same experimental strategies. A similar silencing effect on
EGFP expression was observed in both cell lines, and we have
never observed any difference in gene expression between
the parent plasmid pEGFP and derivatives that contained only
single Alu elements, whether from Lin28, Nicnl or Apobec3G
(data not shown).

Silencing mechanism: egfp-IRAlus mRNAs are retained
within the nucleus

After fractionating cytoplasmic and nuclear RNAs from trans-
fected HEK293 cells, we observed that IRAlus-containing
RNAs appear to be preferentially retained in the nucleus in
comparison with those having a single Alu element. As
shown in Figure 2C (lanes 3 and 4), the IRAluSps from
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Nicnl caused a 1.6-fold greater nuclear retention of the EGFP
mRNA when compared with the corresponding egfp-AluSp
after normalization to the amount of nuclear-retained actin
mRNA as control (Figure 2D, Nicnl). These data were con-
sistent with the repression of EGFP expression (0.5-fold) that
we observed in experiments reported above. A similar level of
nuclear retention was observed for the Lin28-derived IRAluSx/
AluSc (Figure 2C, lanes 7 and 8) and the IRAluSgs elements
from the Apobec3G intron 2 when these elements were placed
in the 3/-UTR of egfp (Supplementary Figure 2C, lanes 5 and
6). There was a 1.5-fold increased nuclear retention of egfp-
IRAluSx/AluSc compared with egfp-AluSc (Figure 2D, Lin28)
and a 1.6-fold increased nuclear retention of egfp-IRAluSqs
compared with egfp-AluSq (data not shown). Again these two
sets of data were consistent with the data on EGFP gene
silencing (0.4-fold). On the other hand, there is no significant
difference in nuclear/cytoplasmic distribution of egfp-Alu
mRNA compared with control (Supplementary Figure 3C,
lanes 4 and 5), consistent with our finding that a single Alu
element in the 3’-UTR does not affect EGFP gene expression.

We next performed RNA in situ hybridization experiments
with a Dig-labelled antisense fragment of egfp to directly
visualize the subcellular distribution of transgene RNAs
(Figure 3). The egfp-Alu RNAs and egfp-IRAlus RNAs pro-
duced in transfected HEK293 cells have distinct localization
patterns, consistent with the data presented in Figure 2.
Constructs with a single Alu within the 3’-UTR express
RNAs that are almost completely localized to the cytoplasm,
where they are efficiently translated (Figure 3E-H and M-P).

pEGFP-IRAlus-Apobec3G

pEGFP-Alu-Apobec3G

pEGFP-IRAlus-Nicn1

pEGFP-Alu-Nicn1

On the other hand, mRNAs with inverted Alu repeats in their
3’-UTRs show a more variable pattern, with some cells
showing mRNAs in the cytoplasm (where they are efficiently
translated), but others in which the mRNA is retained in the
nucleus (Figure 3A-D and I-L). Importantly, cytoplasmic
localization correlates strongly with EGFP expression.
Although RNAs from each transgene exhibited heterogeneous
localization patterns within cells (completely localized to the
cytoplasm in some cells, completely localized to the nucleus
in other cells and localized to both the cytoplasm and nucleus
in some cells; see Supplementary Figure 3), the overall
patterns of localization differed dramatically, as revealed by
the statistical analysis shown in Figure 4. The majority (73 %)
of the transfected cells that host the Alu-containing RNAs
exhibited exclusive localization in the cytoplasm, but only
about 24 % of the cells transfected with the egfp-IRAlus vector
showed such a distribution. Strikingly, 39% of the cells
transfected with egfp-IRAlus constructs showed a distinct
and punctate nuclear localization (see Supplementary
Figure 3), whereas only 6% of the cells transfected with
PEGFP-Alu showed this pattern. Finally, in some cells, RNA
was present at almost equal levels in both compartments
(21% for egfp-Alu and 37 % for egfp-IRAlus). In these cells,
the nuclear pattern was not punctate, but more diffuse
throughout this compartment (see Supplementary Figure 3
for an example of this pattern). Taken together, these data
strongly support our conclusion that the mechanism by
which IRAlus-containing RNAs repress gene expression is
by nuclear retention.

Figure 3 Nuclear retention of IRAlus-containing RNAs correlates with silencing of EGFP expression. RNA in situ hybridization (A, E, I, M) was
performed with Dig-labelled antisense egfp probe (red) for each different transfection with plasmids encoding either IRAlus or Alu-RNA, and
representative images are shown. No signals were detected with the Dig-labelled sense strand egfp fragment (data not shown). EGFP was
visualized using anti-GFP antibodies (B, F, J, N). The white arrows in panel A identify cells in which mRNA is in either the cytoplasm or
nucleus. Note that when RNA expression in the cytoplasm is higher, in these cells the expression of GFP is also higher. When the RNA is
retained in the nucleus, GFP expression is reduced. Panels C, G, K and O merge the RNA and GFP signals, and panels D, H, L and P merge the

RNA signal with nuclear DAPI staining. Scale bars 10 pm.
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Figure 4 Subcellular distribution of IRAlus RNA. HEK293 cells
were transfected with the plasmids described in Figures 2 and 3
and RNA in situ hybridization was performed with a Dig-labelled
antisense egfp probe as in Figure 3. (A) A total of 200 transfected
cells were recorded randomly by confocal microscopy following
each different transfection, and the percentage of each distinct
localization pattern of IRAlus-RNA or Alu-RNA was recorded. The
average percentage of each pattern was calculated by the mean of
IRAlus or Alu-RNA that comes from different genomic locus (Nicnl,
Lin28 and Apobec3G). Signals that were exclusively nuclear are
labelled ‘Nucleus’. Cells with RNA distributed both in the nucleus
and cytoplasm are labelled ‘Nuc.+ Cyto’. Cells with exclusively
cytoplasmic signals are labelled ‘Cytoplasm’. The criteria used for
assignment are illustrated in Supplementary Figure 3. The results
are graphed as the sum of results from the various plasmids. (B)
Overall results and statistical analysis of distribution patterns are
tabulated. s.d., standard deviation.

It was next considered important to rule out possible
effects of IRAlus on translation. The data in Figure 3 clearly
show that when IRAlus-containing egfp transcripts are in the
cytoplasm, they appear to be efficiently translated (see, for
example, white arrows in panel A). To confirm this, we
compared sucrose gradient polysome profiles of cytoplasmic
egfp-IRAlus transcripts and egfp transcripts. The cytoplasmic
levels of egfp-IRAlus transcripts were lower than those
of egfp-Alu transcripts, consistent with our fractionation
and in situ hybridization results, whereas the polysome
profiles were indistinguishable (Supplementary Figure 4).

RNA editing and association with p54™® correlate with
nuclear retention of IRAlus-containing RNAs

To determine whether IRAlus-containing RNAs are edited and
whether such editing correlates with nuclear retention, we
first used RT-PCR to amplify the region spanning the down-
stream Alu element from RNA isolated from cells transfected
with construct pEGFP-IRAlus-Nicnl. As expected, DNA se-
quencing confirmed frequent and promiscuous editing. Out
of the 35 clones examined, 29 showed A-to-G transitions
indicative of ADAR editing, with levels of editing ranging
from 2 to 40% of the adenosine residues converted to
inosines (Supplementary Figure 5). As we examined only
one of the two Alus, it is quite likely that this is a gross
underestimate of the true extent of editing in these tran-
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scripts. Next, we carried out similar sequencing studies, but
on RNAs isolated from either cytoplasmic or nuclear fractions
(Supplementary Figure 6). The results confirmed that IRAlus-
containing RNAs isolated from the nuclei are more highly
edited than those isolated from the cytoplasm.

As described above, approximately 40% of the transfected
cells show a distinct subnuclear localization pattern of the
IRAlus-containing RNAs. We therefore asked whether this
localization pattern matched that of any nuclear proteins. In a
number of repeated experiments, we were unable to demon-
strate significant colocalization of the nuclear-retained RNAs
with a variety of other nuclear factors (PSPla, SC35
(Supplementary Figure 7); Drosha, data not shown).
However, as the IRAlus that we have studied have been
shown to be highly A-to-I edited in cells, we hypothesized
that such edited transcripts may associate with p54™™®, p54"™
is found both in paraspeckles and elsewhere throughout the
nucleoplasm, and has many roles in the regulation of RNA
metabolism (Karhumaa et al, 2000; Straub et al, 2000; Zhang
and Carmichael, 2001; Fox et al, 2002; Peng et al, 2002;
Ishitani et al, 2003; Kameoka et al, 2004; Bladen et al,
2005; Kaneko et al, 2007). Importantly, it is the first RNA-
binding protein described that exhibits a strong affinity for
inosine-containing RNAs (Zhang and Carmichael, 2001). It is
thus possible that edited IRAlu elements in the 3’-UTR of egfp
associate with p54™P, which in turn leads to nuclear reten-
tion. To test this, we investigated the colocalization of the
transfected IRAlus-containing RNAs and epitope T7-tagged
p54™™ in HEK293 cells. For the majority of the p-C1 vector-
transfected cells, egfp mRNA alone is distributed only in the
cytoplasm (Figure 5A) and shows no colocalization with T7-
p54™P (Figure 5B-D). The localization pattern of the single
AluSp (from Nicn1) present at the 3'-UTR of the egfp was very
similar to this control pattern. A total of 71% of the trans-
fected HEK293 cells showed a clear cytoplasmic localization
of egfp-AluSp, and again did not colocalize with T7-p54™™
(Figure SE). Although a small fraction of transfected cells
(8%) showed nuclear localization, in these cells the nuclear
pattern was indistinct, lacking obvious punctate staining
(data not shown). In sharp contrast, the transfected
HEK293 cells that expressed nuclear-retained egfp-IRAluSps
RNAs showed almost complete colocalization of the hybridi-
zation signal with T7-p54™® (Figure 5I-L). Additional colo-
calization was performed using serial sections and confocal
microscopy, and again demonstrated that the egfp-IRAluSps
RNA and T7-p54™® colocalized with each other throughout
the fixed cells (data not shown). The same colocalization
pattern of T7-p54™® was also observed with other IRAlus-
containing RNA constructs. For instance, 41% of the cells
transfected with the plasmid pEGFP-AluSx/AluSc-Lin28
showed the punctate nuclear localization pattern of egfp-
AluSx/AluSc RNAs, and these also colocalized with T7-
p54™™ (Supplementary Figure 8). Finally, we studied the
RNA colocalization patterns for T7-p54™™® and the
Apobec3G intron-derived IRAluSgs element fused to the 3'-
UTR of egfp. Again, 36% of the transfected cells showed a
distinct nuclear localization pattern, and in these cells the
RNA colocalized with T7-p54™® (Figure 5Q-T), whereas the
majority (78%) of the egfp-AluSq RNAs showed only a
unique cytoplasmic localization without nuclear localization
signals (Figure 5SM-P). These colocalization studies further
reinforce that even IRAlus from intronic loci can lead to
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pEGFP-Alu-Apobec3G

pEGFP-IRAlus-Apobec3G

Figure 5 IRAlus-RNA is retained in the nucleus and colocalizes with T7-p54™P. RNA in situ hybridization was performed with Dig-labelled
antisense egfp probe (red) for each different transfection with plasmids encoding either IRAlus or Alu-RNA, and representative images are
shown (A, E, I, M, Q). No signals were detected with the Dig-labelled sense strand egfp fragment (data not shown). Co-transfected T7-p54™
was visualized with anti-T7 antibody (green; B, F, J, N, R). Panels C, G, K, O and S merge the RNA and T7»p54nrb signals, and panels D, H, L, P
and T merge the RNA and protein signals with nuclear DAPI staining. Scale bars, 10 pm.

silencing by sequestering RNAs within the nucleus likely
in association with p54™®.

p54™® s associated with endogenous IRAlus RNAs,
including Nicn1 RNA

As the IRAlus RNAs colocalize with T7-p54™? in the nucleus,
we next asked whether IRAlus RNA is associated with endo-
genous p54™. As shown in Figure 6A, even though the
endogenous p54nrb staining pattern appears less punctate
than that of the transfected T7-p54™®, it is still nucleoplasmic
and excluded from the nucleolus (Figure 6A). Remarkably, the
transfected nuclear-retained egfp-IRAluSqs-Apobec3G RNA is
also excluded from nucleoli by RNA in situ analysis, and
shows a nuclear pattern similar to that of endogenous p54™®.
Importantly, a direct association of p54™° and RNA was
demonstrated by immunoprecipitation (IP) using p54™® anti-
body. For this experiment, we made a construct with two
copies of the MS2 coat protein binding site positioned down-
stream of egfp-IRAluSqs-Apobec3G in the pEGFP-C1 construct
(Supplementary Figure 9A). After transfection into HEK293
cells, p54™™-associated RNP complexes were immunoprecipi-
tated with the p54™™ antibodies (Supplementary Figure 9B).
Total RNA was isolated from the immunoprecipitates and a
specific reverse primer located within the MS2 sequence was
used to discriminate transcripts from the transfected construct
from those from the endogenous loci of IRAluSgs
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(Supplementary Figure 9A). Full-length IRAluSqs-MS2 RNAs
were detected in the immunoprecipitated complexes but not in
the mock IP, when reverse transcription was performed under
stringent conditions (Supplementary Figure 9C, lane 4).

To investigate whether the IRAlus in other transfected
plasmids could also bind to p54™®, we did similar IPs of
p54™® containing RNP complexes from HEK293 cells transi-
ently expressing egfp-AluSc-Lin28 or egfp-IRAluSx/AluSc-
Lin28 (Figure 6B and C). RT-PCR was carried out using
egfp-specific primers (Figure 6D). In these studies, anti-
p54™ did not immunoprecipitate egfp-AluSc-Lin28 mRNA
(Figure 6B, lane 3). A control IP experiment using anti-
hnRNPC1/C2 antibodies did not immunoprecipitate egfp-
IRAluSx/AluSc-Lin28 mRNA, excluding nonspecific binding
of egfp-IRAluSx/AluSc-Lin28 mRNAs (Figure 6B, lane 11). As
shown in Figure 6B (lane 7), p54™® interacts strongly with
the egfp-IRAluSx/AluSc-Lin28 mRNA, demonstrating the as-
sociation of p54™® with IRAlus within the nucleus.

To study whether endogenous Nicnl mRNA is also asso-
ciated with p54™®, RT-PCR was carried out with primers that
are located upstream of the IRAluSp elements in the 3’-UTR of
the Nicnl gene (Figure 6D). Endogenous Nicnl mRNA was
consistently specifically bound to p54™™® in both pEGFP-
AluSc-Lin28- and pEGFP-IRAluSx/AluSc-Lin28-transfected
cells (Figure 6B, lanes 3 and 7). Association of Nicnl
mRNA and p54™™ was also detected in HeLa cells (data not
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Figure 6 IRAlus RNA and endogenous Nicnl associate with p54™P. (A) Colocalization of IRAlus RNA and endogenous p54™°. HEK293 cells
were transfected with plasmids encoding Alu RNA (upper panel) and IRAlus RNA (lower panel), and RNA in situ hybridization was carried out
with Dig-labelled antisense egfp probe (red). Endogenous p54"™™® was visualized with anti-p54™™ antibody (green). Nuclei were stained with
DAPI. Scale bars, 10pm. (B) IP from pEGFP-Alu-Lin28- or pEGFP-IRAlus-Lin28-transfected HEK293 cells using anti-p54™® antibody or
anti-hnRNPC1/C2 antibody (mock IP). RT-PCR of egfp from the IP using hexamer primers showed amplification only in the pEGFP-IRAlus-
Lin28-transfected cells by anti-p54™® IP, but not by IP with anti-hnRNPC1/C2 antibody or by IP in the pEGFP-Alu-Lin28-transfected cells by
anti-p54™® IP (upper panel). Endogenous Nicnl RNA was associated with p54™™ in both transfections, but did not associate with hnRNP C1/C2
(lower panel). (C) Western blotting using anti-p54™® antibody was used with extracts from the sample in panel B to confirm the specificity of
IP. (D) Schematic representation of the fragments (red bars) in the pEGFP-C1 vector and the endogenous Nicnl that were analysed by PCR

amplification in panel B.

shown). Control IP with the hnRNP C1/C2 antibodies failed
to immunoprecipitate NicnI mRNA (Figure 6B, lane 11).
Direct evidence that editing correlates with nuclear reten-
tion was obtained in additional experiments. As discussed
above (Supplementary Figure 6), RNAs containing IRAlus
isolated from nuclei are edited to a significantly greater extent
than those isolated from the cytoplasm. This confirms that
nuclear retention correlates with editing. To obtain direct
evidence that edited Alus are generally recognized by
p54™™®, we immunoprecipitated RNP complexes containing
p54™™® or control protein hnRNP C1/C2 (Supplementary
Figure 10) and characterized the associated Alu-containing
RNAs (Supplementary Figure 11). When the RNAs isolated
from immunoprecipitates were examined for specific tran-
scripts known to contain or lack IRAlus, those with IRAlus
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were found to be associated with p54™® whereas those
lacking them were not (Supplementary Figure 11A). When
more general levels of Alu editing were examined in these
RNA pools by using degenerate primers, we found that p54™™
is often associated with hyperedited Alus, whereas hnRNP C
is not. Thus, 11% of the examined clones immunoprecipi-
tated with anti-p54™° antibody contained highly edited
sequences (>10% A-to-I conversions), whereas only a
few of those examined in the nuclear RNA fraction or
immunoprecipitated with anti-hnRNP C1/C2 antibody
contained highly edited sequences (Supplementary Figure
11B). Taken together, these findings indicate that endogenous
RNAs containing IRAlus, as well as Nicnl mRNA in particu-
lar, might utilize the p54™™ mechanism to regulate their
expression through editing and nuclear retention.
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Figure 7 Characterization of Nicnl. Northern blot analysis of NicnI
RNA in nuclear and cytoplasmic fractions from HEK293 cells
revealed that a 1.2kb band was enriched in the cytoplasmic
fraction. Two probes from the 3/-UTR of Nicnl were used for the
northern blot. Probe 1 (red bar) is located upstream of the IRAlus
whereas probe 2 (green bar) is located downstream of IRAlus.
tRNA"® and U6 were used as makers for the nuclear and cytoplas-
mic RNA fractionation. In the bottom panel, total (T), cytoplasmic
(C) and nuclear (N) RNAs were analysed by northern blotting.
Lanes 1-3 are the same samples as lanes 4-6, except that a less
amount of the samples was loaded onto the gel. Following hybri-
dization with probe 1, the membrane representing lanes 4-6 was
stripped and re-probed with probe 2 (lanes 7-9).

Finally, we asked whether NICN1 expression is also regu-
lated in a manner similar to that of the murine mCAT2 gene,
with a nuclear-retained transcript and a shortened cytoplas-
mic message. The results presented in Figure 7 support this
prediction. We performed northern blot analyses with two
Nicnl probes within the 3’-UTR, one lying upstream (probe 1)
and the other downstream (probe 2) of the IRAluSps
(Figure 7, top). Probe 1 revealed three Nicnl transcripts,
one corresponding to the reported full-length mRNA (clone
AK094248), a slightly shorter transcript (consistent with
several cDNAs containing deletions in the region of the
IRAlus) and a third even smaller transcript of approximately
1200 nt, consistent with the polyadenylated cDNA AJ299740.
Importantly, the full-length mRNA partitions mostly to the
nucleus (Figure 7, bottom panel), whereas the shorter tran-
script is almost exclusively cytoplasmic. The short transcript
is not seen with probe 2, confirming that it lacks IRAlus. This
picture is in conformity with our hypothesis that the edited
Alu sequences help to sequester the Nicnl mRNA in the
nucleus.

Discussion

A significant proportion of human pre-mRNAs are A-to-I
edited owing to the formation of duplex structures from
inverted repeats of the conserved Alu sequences
(Athanasiadis et al, 2004; Blow et al, 2004; Kim et al, 2004;
Levanon et al, 2004). In most cases, editing is confined to
IRAlus that are located within introns and UTR regions and
not within coding regions. Our bioinformatic analysis of the
available human cDNA and EST databases (Supplementary
Table 1) has identified 333 genes that contain IRAlu elements
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in their 3/-UTRs, and many of these Alu sequences
have already been shown to be highly susceptible to editing.
To address the functional significance of Alu repeats in 3'-
UTRs, here we show that the presence of a single pair of
inverted Alu elements in the 3’-UTR of the egfp gene con-
sistently reduces EGFP expression, and that much of this
repression can be accounted for by A-to-I editing and the
retention of the IRAlus-containing mRNAs within the nucleus
by the p54™® complex. This silencing effect is observed with
several Alu subfamily members tested and is independent of
the flanking regions that naturally surround the Alu ele-
ments. Importantly, we show that the endogenous Nicnl
mRNA, which carries IRAluSps elements in its 3’-UTR, is
also associated with the p54™® complex (Figure 6B).
Northern blots show that there are multiple isoforms of
Nicnl RNA in the cell, and the larger one, containing
IRAluSps elements, is enriched in the nucleus (Figure 7).
Thus, IRAlus present in 3’-UTRs may act in general to retain
mRNAs in the nucleus.

Several lines of evidence support the notion that nuclear
retention is mediated by p54™P. Fluorescence studies show
that p54™™ colocalizes with our IRAlus-containing reporter
RNAs (Figures 3 and 5). Using antibodies directed against a
number of other nuclear factors, we have been unable to find
evidence for the colocalization of the nuclear-retained repor-
ter RNAs with any protein other than p54™™. IP experiments
further demonstrate that p54™® associates with IRAlus-con-
taining RNAs, but not with transcripts containing a single Alu
element (Figure 6B). Also, hyperedited RNAs are preferen-
tially retained in the nucleus (Supplementary Figure 6) and
p54™™® P enriches for RNAs with hyperedited Alu elements
(Supplementary Figure 11).

What is the significance of Alu-mediated regulation? As
seen from the human cDNA and EST databases (Athanasiadis
et al, 2004; Blow et al, 2004; Kim et al, 2004; Levanon et al,
2004) as well as our own data, A-to-I editing within IRAlus
elements is both promiscuous and variable, ranging from few
to many A-to-I changes in individual messages. mRNA iso-
forms that lack or contain only low levels of inosines appear
to be exported to the cytoplasm, whereas more highly edited
RNA isoforms are selectively retained in the nucleus.
Thus, editing might serve to modulate gene expression of
IRAlus-containing mRNAs by titrating the amount of mRNA
that is allowed to reach the cytoplasm. We do not yet know
whether different cells or tissues differ in their relative
editing efficiencies of IRAlus, but it is well known that
ADARI1 and ADAR2 are expressed in a tissue-specific and
developmentally controlled manner in mammals. For in-
stance, the expression of both ADAR1 and ADAR2 is higher
in the brain, and editing levels in this organ appear to be
higher as well (Bass, 2002; Blow et al, 2004). We predict that
genes with IRAlus in their 3’-UTRs may exhibit enhanced
nuclear retention in the brain. Also, ADAR activity is en-
hanced strongly by inflammation, interferon treatment and
immune stimulation (Liu et al, 1997; George and Samuel,
1999; Rabinovici et al, 2001; Yang et al, 2003; George et al,
2005). This provides another mechanism of regulation
through enhanced nuclear retention of hyperedited mRNAs
involving Alu repeats.

An alternative possibility is that cells or tissues might
respond to different external or growth-related signals or
stimuli by influencing the level of editing. Editing within
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IRAlus in 3'-UTRs of genes could provide an additional layer
of gene regulation by sequestering otherwise mature mRNAs
within the nucleus, and these might be available for export by
a rapid response pathway. The mechanism would mirror that
of the mouse CTN-RNA, which is retained in the nucleus until
cell stress occurs and is then cleaved to remove its 3’-UTR
nuclear retention signal (inverted repeats of a murine SINE),
which contains numerous A-to-I editing sites. The truncated
message is then transported efficiently to the cytoplasm
for translation (Prasanth et al, 2005). That such desequestra-
tion might be a general mechanism is hinted by the different
nuclear/cytoplasmic localizations of Nicnl mRNA isoforms.
Although the function of NICN1 remains to be elucidated, it
will be of interest to determine whether the structure or
cytoplasmic accumulation of NicnI mRNA responds to alco-
hol intake of other cellular stress, as this gene has been
reported to be upregulated in alcoholics (Mulligan et al,
2000).

Alternative 3’-end formation may also participate in the
regulation of genes with IRAlus in their 3’-UTRs. It has
become increasingly evident in the past several years that
many mammalian genes contain multiple polyadenylation
signals (Lee et al, 2007). A common interpretation for the
significance of alternative 3’-end processing is that it changes
cis-acting elements in the 3’-UTR that can regulate the
stability or translation of the mRNA. Our data suggest yet
another function: if these signals flank sequences that pro-
mote A-to-I editing, then the choice of polyadenylation signal
would strongly influence the ability of the mRNA to be
exported to the cytoplasm. Another possible mechanism of
gene regulation of this type is the inclusion by splicing of
alternative 3’-UTRs. Two interesting examples of this are
caspase 8 and caspase 10, which lie adjacent to one another
on chromosome 2 (see Supplementary Table 1). These genes
utilize two different 3'UTRs; the upstream 3’-UTR contains
IRAlus, whereas the downstream 3’-UTR does not. One might
hypothesize that the inclusion of these alternative 3’-UTRs
would affect the level of expression of the encoded proteins,
perhaps regulated in response to cellular stress.

Yet another potential application of the nuclear retention of
the IRAlus-containing mRNA-mediated gene silencing could
be in gene regulation during human ES cell differentiation.
LIN28 is involved in the regulation of developmental timing
in C. elegans, and although the exact mechanism is unknown
in humans, microarray analysis showed that it is primarily
expressed in pluripotent cells (Richards et al, 2004). Also, it
has recently been shown that this protein is among a small
group of factors that can reprogramme somatic cells to ES cell
characteristics (Yu et al, 2007). It is possible that the nuclear
retention mechanism described here may regulate the expres-
sion of LIN28 during embryonic development. However, we
do not yet know whether IRAlus can be edited in these cells
and whether the p54™® pathway is functional or whether any
alternate pathway is used.

We still do not understand whether there is any functional
relationship among genes that have inverted Alus in their
3/-UTRs, although there may be some interesting connections
apparent from gene ontology analysis. For example,
some zinc-finger transcription factors and apoptosis-related
genes appear to be over-represented in our database
(Supplementary Table 1). However, the mechanism we de-
scribe here suggests a provocative new function of the Alu
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elements that perhaps confers an evolutionary advantage.
Finally, we have noticed that genes listed in GenBank with
IRAlus in their 3/-UTRs generally include multiple cDNAs or
ESTs that appear to be missing all or part of the inverted
repeat structure. Rather than resulting from splicing, we
suspect that these sequences reflect cloning artefacts, as the
deletion junctions are always flanked by short repeated
sequences and not consensus splicing signals (JN DeCerbo
and GG Carmichael, unpublished).

Materials and methods

Plasmid construction and cell culture

The Alu and IRAlus elements from Nicnl, Lin28 and Apobec3G
were PCR-amplified using specific 5" and 3’ primers (Supplementary
Table 2) and ligated into the expression vector pEGFP-C1 (BD
Biosciences Clontech) at the Bglll and HindlIll sites. To construct
pEGFP-IRAlus-ms2, two copies of the MS2 coat protein binding site
were introduced into pEGFP-IRAlus-Apobec3G with HindIll and
Sall. Primers are given in Supplementary Table 2. HEK293 cells
were cultured in DMEM supplemented with 10% fetal bovine serum
and transfection was performed by the standard calcium phosphate
procedure.

Protein translation efficiency and RNA nuclear retention
analysis

Nuclear RNA isolation was performed as described (Hwang et al,
2007) with some modifications. Briefly, cells growing in 10cm
dishes were rinsed twice with ice-cold PBS 44 h after transfection,
harvested in 5ml ice-cold PBS by scraping and centrifuged at
1000r.p.m. for 5min. Cell pellets were resuspended by gentle
pipetting in 200 ul lysis buffer A (10mM Tris (pH 8.0), 140 mM
NaCl, 1.5mM MgCl,, 0.5% Igepal, 2mM vanadyl ribonucleoside
complex (VRC; Invitrogen)) and incubated on ice for 5min. During
the incubation, one-tenth of the lysate was collected for immuno-
blots to quantify the total translated EGFP with either Alu or IRAlus
in the 3’-UTR of egfp, one-fifth of the lysate was added to 1 ml Trizol
for total RNA purification and used to quantify the total egfp-Alu or
egfp-IRAlus mRNA by northern blotting, whereas the rest of the
lysate was centrifuged at 1000 g for 3 min at 4°C to pellet the nuclei.
To obtain pure nuclear RNA, the nuclear pellets were subjected to
two additional washes with 160 ul lysis buffer A and were then
resuspended in 100 ul lysis buffer A followed by extraction with
Trizol. For northern blotting, Dig-labelled egfp and Dig-labelled U6
were made by the DIG-High Prime DNA Labeling and Detection
Starter Kit (Roche); Dig-labelled antisense tRNAY® was made using
T7 RNA polymerase with the DIG Northern Starter Kit (Roche), and
the actin probe used in the experiment was provided with the Kkit.
Equal amounts of total or nuclear RNA were loaded onto each well
and northern blotting was carried out according to the manufac-
turer’s manual. The exogenous EGFP translation efficiency of egfp-
IRAlus or egfp-Alu was normalized to each endogenous actin
translation efficiency of actin mRNA, and calculated using the
following formula: translation efficiency of egfp-IRAlus or egfp-
Alu= (EGFP (total protein/total RNA))/(actin (total protein/total
RNA)). The ratio of nuclear-retained egfp-IRAlus or egfp-Alu to total
RNA was also normalized to each nuclear and total actin mRNA and
calculated using the following formula: nuclear-retained egfp-
IRAlus or egfp-Alu= (egfp (nuclear RNA/total RNA))/[actin (nucle-
ar RNA/total RNA)). For the northern blot analysis of endogenous
Nicnl, total, nuclear and cytoplasmic RNAs from HEK293 cells were
loaded on a denaturing gel. After electrophoresis and transfer, the
membrane was first probed with a Dig-labelled probe 1 (Figure 7).
The membrane was then stripped and re-probed with a Dig-labelled
antisense RNA probe 2 (Figure 7). A further stripping was
performed, followed by probing for actin. The hybridization and
stripping were performed according to the manufacturer’s protocol
(DIG Northern Starter Kit, Roche).

Fluorescent in situ hybridization and confocal microscopy

To detect egfp-IRAlus RNA in situ, a Dig-labelled antisense egfp
probe was made using T7 RNA polymerase (DIG Northern Starter
Kit, Roche). For the colocalization studies, 24 h after transfection,
HEK293 cells were replaced on glass bottom culture dishes (P35G-
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1.0-14-C, MatTek Corporation), and 20h later, cells were rinsed
briefly in PBS and fixed in 3.6% formaldehyde and 10% acetic acid
in PBS for 20 min at room temperature and then permeabilized with
0.5% Triton X-100 and 2mM VRC for 5min at room temperature.
After 3 x10min PBS washes, cells were precipitated with 70%
ethanol at 4°C overnight. Hybridization was performed with the
Dig-labelled antisense egfp probe in a moist chamber at 50°C for
16 h. The following detections were carried out with primary sheep
anti-Dig antibody (1:500, Roche) and secondary Alexa555-conju-
gated donkey anti-sheep IgG (1:500, Invitrogen). EGFP was detected
with Alexa488-conjugated anti-GFP antibody (1:400, Invitrogen).
Endogenous p54™ was detected with mouse anti-p54™™ (1:50, BD
Biosciences) and co-transfected T7-p54™® was detected with mouse
anti-T7 (1:500, Novagen), followed by the secondary antibody
Alexa488 anti-mouse IgG (1:500, Invitrogen). Images were taken
with a Zeiss LSM 510 microscope. For statistical analyses of the Alu
RNA or IRAlus RNA pattern, more than 200 transfected cells were
counted randomly under the microscope after each indicated
transfection.

RNA-protein complex IP and RT-PCR

Cells growing in 15 cm dishes were rinsed twice with ice-cold PBS
44 h after transfection, harvested in 10 ml ice-cold PBS by scraping
and then centrifuged at 1000r.p.m. for 5min. Then, the cell pellets
were resuspended in 1ml lysis buffer B (50mM Tris, pH 7.4,
150mM NaCl, 0.05% Igepal, 1 mM PMSF, 1 mM aprotinin, 1 mM
leupeptin and 2mM VRC) and subjected to two rounds of gentle
sonication. After the lysates were centrifuged at 12 000r.p.m. for
15 min, the supernatants were precleared with protein A/G beads
(Santa Cruz) in lysis buffer B with a supplement of 10 ug yeast tRNA
(Sigma). Then, the precleared lysates were used for IP with either
p54™™® or hnRNP C1/C2 (Santa Cruz) antibodies. IP was carried out
for 3 h at 4°C. The beads were washed five times with the same lysis
buffer B, followed by extraction with buffer C (100 mM Tris, pH 6.8,
4% SDS, 12% p-mercaptoethanol and 20% glycerol) at room
temperature for 10 min. One-third of the IP material was used for
immunoblotting and the other two-thirds was used for RNA
extraction with Trizol. For RT-PCR, each RNA sample was treated
with DNase I (Ambion, DNA-free™ kit) and then reverse
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transcription was performed with random hexamers (SuperScript
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