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ABSTRACT

With over one million copies, Alu elements are the
most abundant repetitive elements in the human
genome. When transcribed, interaction between
two Alus that are in opposite orientation gives rise
to double-stranded RNA (dsRNA). Although the
presence of dsRNA in the cell was previously
thought to only occur during viral infection, it is
now known that cells express many endogenous
small dsRNAs, such as short interfering RNA
(siRNAs) and microRNA (miRNAs), which regulate
gene expression. It is possible that long dsRNA
structures formed from Alu elements influence
gene expression. Here, we report that human
mRNAs containing inverted Alu elements are
present in the mammalian cytoplasm. The
presence of these long intramolecular dsRNA struc-
tures within 30-UTRs decreases translational effi-
ciency, and although the structures undergo
extensive editing in vivo, the effects on translation
are independent of the presence of inosine. As
inverted Alus are predicted to reside in >5% of
human protein-coding genes, these intramolecular
dsRNA structures are important regulators of gene
expression.

INTRODUCTION

It has been known for >40 years that multiple copies of
DNA sequences termed repetitive elements are abundant
in eukaryotic genomes (1). The bulk of human repetitive
elements are derived from transposable elements (2,3).
These elements have commonly been referred to as
‘junk’ or ‘selfish’ DNA, useful only for determining phylo-
genetic relationships between organisms (4,5). However,
since the time of their discovery, the fact that repetitive
sequences are interspersed with coding sequences in the

genome, has lead to speculation that these elements may
play a regulatory function in gene expression (6,7). In fact,
multiple recent studies have identified functional roles of
repetitive elements of the Alu family in regulating gene
expression (8–10).
Alu elements are �300 nt sequences that are expressed

either as autonomous RNAs or embedded within an
mRNA (11). Autonomous Alu RNAs are expressed at
low levels in normal cells, but increase in expression in
response to numerous stress conditions, such as heat
shock and cycloheximide treatment (8,12). During heat
shock Alu RNAs bind to RNA polymerase II, preventing
binding to promoters and thus repressing transcription
(13). In addition, Alu RNAs act as translational activa-
tors, as overexpression stimulates translation of co-
expressed mRNAs both in vitro and in vivo (14,15). In
contrast to the low levels of ‘free’ Alus, embedded Alu
elements are present in a large number of cellular
mRNAs, with enrichment in UTRs (16,17). As UTRs
are molecular ‘hotspots’ for elements that regulate gene
expression, including mRNA stability, localization and
translation, embedded Alus are likely to affect many of
these processes (18–20). In fact, embedded Alus are known
to be important mediators of alternative splicing (21).
Inclusion of alternatively spliced Alu elements in
50-UTRs results in upstream open reading frames
(uORFs) that decrease translational efficiency (22).
Thus, Alu elements are important regulators of gene
expression both as autonomous RNAs and when present
in UTRs.
In addition to their individual function, as Alu elements

are very similar in sequence and randomly orientated
within the human genome, interaction between two Alu
elements that are in opposite orientation gives rise to
double-stranded RNA (dsRNA) (23). Recently, intermo-
lecular base-pairing of Alu elements present in the 30-UTR
of cytoplasmic human mRNAs and oppositely orientated
Alus in long non-coding RNAs have been shown to target
the mRNAs for Staufen-mediated degradation (24). While
these intermolecular duplexes are predicted to affect
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�0.2% of human protein-coding genes, intramolecular
dsRNA structures are far more common in mammalian
cells (23). An abundance of these structures in the human
transcriptome was uncovered by bioinformatic searches
for mRNAs that undergo adenosine to inosine RNA
editing (25–28). Adenosine deaminases that act on RNA
(ADARs) are a family of enzymes that catalyze the hydro-
lytic deamination of adenosine to inosine in dsRNA
(29,30). The presence of neighboring Alu elements in
inverted orientation gives rise to an intramolecular
dsRNA structure that is an ideal ADAR substrate (25).
As editing sites are enriched in 30-UTRs, these inverted
Alu structures, and the inosines within them, are poised
to regulate gene expression (31). However, the presence of
long synthetic and viral dsRNA molecules in the mamma-
lian cytoplasm are well known to activate an immune
response (32,33). Therefore, to avoid detrimental effects
on the cell, it has been proposed that endogenous mRNAs
with these extensive dsRNA structures are sequestered
from the cytoplasm (23,34,35). Consistent with this, exten-
sive editing within inverted repeats of mouse CTN-RNA is
reported to promote retention in nuclear paraspeckles
(36). Furthermore, in human cell lines, reporter mRNAs
with edited, inverted Alu 30-UTRs were detected in
paraspeckles (37). However, our previous studies demon-
strated that endogenous Caenorhabditis elegans and
human mRNAs with edited 30-UTRs are present on cyto-
plasmic ribosomes (38). Thus, it is unclear if nuclear re-
tention is indeed a general mechanism for modulating
expression of genes bearing hyper-edited 30-UTRs and/or
required to prevent improper activation of the immune
response (30,39).
Here, we report that endogenous human mRNAs with

inverted Alus are exported to the cytoplasm to an equiva-
lent level as mRNAs lacking these structures. In addition,
we demonstrate that the presence of these intramolecular
dsRNA structures within 30-UTRs affects translation.
Furthermore, although the structures undergo extensive
editing, effects on translation are independent of the
presence of inosine.

MATERIALS AND METHODS

Cells and viral infection

HeLa and HEK293 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 100 mg/ml penicillin and
100 units/ml streptomycin (MediaTech). For the ADAR1
knockdown, human ADAR1 sequences (Supplementary
Table S5) were cloned into pLKO.1, a kind gift from
Bob Weinberg (Addgene No 8453). The scrambled short
hairpin RNA (shRNA) construct was a kind gift from
Sheila Stewart (Addgene No 17920). shRNA plasmids
were co-transfected with GAG/POL, REV and G -VSV
plasmids (Addgene No 12251, 12253 and 12259, kind gifts
of Didier Trono) into HEK-293T cells using Trans-IT
LT1 (Mirus) to generate lentiviruses. The lentivirus con-
taining media and 8 mg/ml polybrene (Sigma) were
incubated with HeLa cells. After 2 h incubation, 8ml
DMEM media with 10% FBS was added and cells were

incubated for 24 h at 37�C. Fresh media was added and
cells were allowed to grow without selection for 24 h. To
select for infected cells, puromycin (7.5 mg/ml) containing
media was used over the course of several days. After se-
lection, HeLa cells with the stable knockdown ADAR1
(ADAR1kd) or the scrambled shRNA (HeLaSCR) were
maintained in DMEM media with 10% FBS and 5 mg/
ml puromycin.

Luciferase reporters and luciferase assay

PSMB2 (1478 nt), BPNT1 (1362 nt) and MPST (4712 nt)
30-UTRs were amplified from HeLa genomic DNA. The
MPST 30-UTR and its controls were cloned downstream
of Renilla luciferase in the psi-CHECK-1 vector
(Invitrogen). The PSMB2 and BPNT1 30-UTRs were
cloned downstream of Firefly luciferase (from the
pGL4.17 vector) in the pcDNA3 vector (Invitrogen).
For all control Alu plasmids, the reverse complement of
the first or second Alu for each 30-UTR was polymerase
chain reaction (PCR) amplified and inserted in place of the
wild-type Alu sequence. Reporters were transfected using
FuGENE HD transfection reagent, and cells were assayed
using the Dual Luciferase Assay System (Promega).

Western analysis

Cells were resuspended in 4% sodium dodecyl sulfate
(SDS), 100mM Tris–HCl pH 6.8, 20% glycerol,
sonicated. Protein concentrations were determined by
Bradford (Sigma), and equivalent amounts of lysate
were subjected to SDS–PAGE and western blotting with
antibodies to Human ADAR1 (kind gift of Brenda Bass)
and tubulin (Sigma).

RNA isolation, northern analysis, qRT-PCR
and editing assays

RNA was isolated from cell pellets using Trizol
(Invitrogen) or TRIreagent (Sigma). RNA was further
purified by treating with TURBO DNase (Ambion)
followed by RNeasy chromatography (Qiagen). Northern
analyses used standard protocols for 1.5% formaldehyde
agarose gel electrophoresis and nylon membrane blotting.
Northern probes for GAPDH, PSMB2, firefly and Renilla
luciferase were synthesized using in vitro transcription with
radioactive ATP and a PCR template. Probes for tRNAlys

and U3 small nuclear RNA (U3 snRNA) were created by
addition of a 50 radioactive phosphate to DNA oligos
(Supplementary Table S5) using T4 polynucleotide kinase
(New England Biolabs).

To synthesize complementary DNA (cDNA) for
qRT-PCR and editing assays, DNase treated total RNA
were reverse transcribed with SuperScript II reverse tran-
scriptase (Invitrogen) and gene-specific primers
(Supplementary Table S5). Samples were treated with
RNaseH (New England Bioloabs). cDNA levels were
measured in an Eppendorf Realplex instrument using
KAPA SYBR Fast Universal Master Mix. qRT-PCR
primers spanned at least one exon boundary and
produced products of �150 bp. Quality of the qRT-PCR
products was assessed using melting curve analysis and gel
electrophoresis. For editing assays, cDNA, minus reverse
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transcriptase controls and genomic DNA were amplified
by PCR with gene specific primers and sequenced using
Ambion Big Dye reagents (Indiana Molecular Biology
Institute, Indiana University).

RESULTS

mRNAs with edited double-stranded structures are present
in the mammalian cytoplasm

The extensive dsRNA formed from inverted Alu elements,
and their editing state, has been proposed to alter mRNA
export from the nucleus (36,37). However, we previously
reported that two human mRNAs (PSMB2 and
NDUFC2) and multiple C. elegans mRNAs with edited
30-UTRs were present on cytoplasmic ribosomes (38).
Furthermore, we have observed three additional endogen-
ous human mRNAs with inverted Alu-containing
30-UTRs, SNX22, FCF1 and BPNT1, on ribosomes
(Supplementary Figure S1). These data suggest that
nuclear retention is not a general mechanism used to
regulate endogenous hyper-edited mRNAs. However, we
considered the possibility that most edited mRNAs are
retained, and the ribosome-associated mRNAs repre-
sented a small portion that escaped the nucleus. To
address this possibility, HeLa cells were subjected to
subcellular fractionation and the quantity of endogenous
mRNA localized to the nucleus and cytoplasm was
measured by northern blot or quantitative RT-PCR
(qRT-PCR). Nuclear and cytoplasmic fractions were
prepared from the same cells and identical cell equivalents
were analyzed. The vast majority of U3 snRNA and
tRNAlys were in nuclear and cytoplasmic fractions,
respectively, consistent with clean fractionation
(Figure 1A). PSMB2, an mRNA with a double-stranded
30-UTR and the housekeeping mRNA, GAPDH, which
does not contain Alu elements, had similar localization
with �60% of total mRNA present in the cytoplasm
(Figure 1A and B). In addition, two isoforms of endogen-
ous PSMB2, one containing (PSMB2a) and one lacking
(PSMB2b) 30-UTR inverted Alu elements, localize to the
cytoplasm to a similar extent (Figure 1A). Furthermore,

qRT-PCR indicated that the majority of endogenous
SNX22, FCF1 and BPNT1 mRNAs, which contain
inverted Alu 30-UTR structures, were cytoplasmic
(Figure 1C).
The similar nuclear/cytoplasmic distribution of mRNAs

with and without dsRNA structures suggested the
presence of inosine in these regions did not affect
export. However, it was possible that the cytoplasmic
mRNA represents a hypo-edited fraction that escaped
nuclear retention. To test this, cDNA was prepared
from nuclear and cytoplasmic RNA. As reverse transcript-
ase reads inosine as guanosine, editing sites within an
mRNA appear as adenosine to guanosine changes in
cDNA. Representative sequence traces for PSMB2 and
BPNT1 from total nuclear and cytoplasmic cDNA illus-
trate that editing of individual sites occurs to a similar
extent in both fractions (see G peaks within A peaks,
Figure 1D; Supplementary Tables S1 and S2). These
data indicate that endogenous human mRNAs with
inosine-containing inverted Alus are localized to the cyto-
plasm similar to mRNAs lacking these structures and
inosines. Therefore, we conclude that while a small
subset of edited mRNAs may be enriched in mammalian
nuclei, in general, mRNA export is not inhibited by
double-stranded structures or inosines.

Inverted Alu structures affect gene expression
independent of RNA editing

As 30-UTR elements often direct post-transcriptional gene
expression, and inverted Alus are abundant in the 30-
UTRs of human mRNAs, we tested whether these
dsRNA structures regulate gene expression in human
cell lines. As the PSMB2 locus produces isoforms with
identical coding potential, but differing 30-UTRs (Figure
1A), it is difficult to assess effects of the inverted Alus on
endogenous PSMB2 expression. Therefore, the sequence
of the entire PSMB2 30-UTR present in HeLa cells was
determined by rapid amplification of cDNA ends (RACE)
(Supplementary Figure S2) and cloned immediately down-
stream of a firefly luciferase reporter (Figure 2A).
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Figure 1. Cytoplasmic localization of endogenous mammalian mRNAs with inverted Alu 30-UTR structures. (A) Northern blots were performed on
total (T), cytoplasmic (C) and nuclear (N) HeLa RNA and hybridized with probes specific to the indicated RNAs. (B and C) Quantification of
endogenous mRNA levels present in nuclear (light gray) and cytoplasmic (dark gray) fractions as determined by northern blot (B) or qRT-PCR (C)
for three independent fractionations. Error bars represent SEM. (D) Total, cytoplasmic and nuclear mRNA from fractionation experiments shown in
(A) was reversed transcribed, PCR amplified and sequenced. In addition, HeLa genomic DNA was PCR amplified and sequenced to serve as a
negative control. One editing event for the PSMB2 and BPNT1 30-UTRs is shown, but editing was measured across the 30-UTR (Supplementary
Tables S1 and S2).
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When transfected into HeLa cells, the reporter was edited
similar to endogenous PSMB2 (data not shown), suggest-
ing the reporter 30-UTR adopts the native dsRNA struc-
ture. To monitor effects of the PSMB2 30-UTR on gene
expression, we compared it to reporters with 30-UTRs of
the same length but containing the reverse complement
(RC) sequence of either the first or second Alu. The
controls do not form dsRNA as the two Alu elements
are in the same orientation (Figure 2A) and consistent
with this, we did not detect editing (data not shown). A
Renilla luciferase plasmid was co-transfected to normalize
for extract concentrations and transfection efficiency.
HeLa cells transfected with the wild-type PSMB2 30-
UTR reporter had �2.5-fold less firefly luciferase
activity compared to cells transfected with the RC
controls (Figure 2B). These data raised the possibility
that human double-stranded 30-UTRs and/or the
inosines within them inhibit gene expression in cis.
To test whether editing of the 30UTR or the dsRNA

structure per se was required for the effects on gene ex-
pression, we sought to analyze reporters in HEK293 cells,
which were previously reported to exhibit very little
editing (40). Similar to HeLa cells, transfection of the re-
porters into HEK293 cells resulted in �2-fold lower
luciferase activity for the PSMB2 30UTR compared to
the controls (Figure 2C). Surprisingly, the reporter
bearing the PSMB2 30-UTR was edited to a similar
extent in HEK293 and HeLa cells (Figure 2D). This was
not unique to the reporter as we observed extensive editing
within the 30-UTRs of multiple endogenous mRNAs
(PSMB2, BPNT1 and NDUFC2) in HEK293 cells (data
not shown). Thus, in contrast to previous studies that
characterized codon editing, our data indicate that
editing of non-coding regions in HEK293 cells is similar
to other cell lines and suggests that there may be cellular
factors important for regulation of these two types of
ADAR editing. Importantly, the similar gene regulation
by the PSMB2 dsRNA structure in multiple cell lines in-
dicates a conserved function.
To test whether editing was required for the regulatory

function of the PSMB2 30-UTR, a HeLa cell line in which
ADAR1 expression is stably knocked down by RNA
interference was created. The ADAR1 knockdown cells
have <10% of ADAR1 levels of the parental HeLa
cells or the scrambled shRNA control HeLa cell line
(Figure 2E). Compared to both control cells, overall
editing of both endogenous PSMB2 and the firefly
reporter expressing the PSMB2 30-UTR was decreased
in the ADAR1k.d. cells (Figure 2F; Supplementary
Tables 3 and 4). Although editing in the ADAR1k.d.

cells was decreased, the reporter bearing the double-
stranded PSMB2 30-UTR had a similar translational
output as in wild-type cells (Figure 2G). Therefore, the
extent of editing is not critical for repression of gene ex-
pression by intramolecular Alu dsRNA.

Inverted Alu elements affect mRNA
translational efficiency

Our data suggest that intramolecular Alu base-pairing
does not affect nuclear export of endogenous mRNAs,
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Figure 2. Inverted Alus affect gene expression independent of RNA
editing. (A) Schematic of PSMB2 30-UTR reporters. The wild-type
(WT) PSMB2 30-UTR was cloned immediately downstream of firefly
luciferase. Arrows indicate location and orientation of Alu sequences.
Control firefly reporters have individual Alus replaced with their cor-
responding reverse complement (RC) sequence. Thus, the Alus in the
controls are in the same orientation. (B, C and G) Bar height represents
luciferase activity of the indicated firefly PSMB2 30-UTR reporters
relative to a co-transfected Renilla luciferase plasmid, normalized to
WT. Error bars show SEM for at least three independent biological
replicates. (B) In HeLa cells, the mean of ten independent biological
replicates indicates significant differences in luciferase activity between
WT and 1st (P< 0.0001) and 2nd (P< 0.0001) Alu RC controls. (C) In
HEK293 cells, significant differences between WT and 1st (P=0.0009)
and 2nd (P=0.04) Alu RC controls were observed. (D) Reporter
plasmid DNA and reporter cDNA was amplified and sequenced. One
editing event is shown, but editing was observed at multiple sites. (E)
HeLa cells stably transfected with no (�), scrambled (scr.) or an
ADAR1 shRNA were subjected to SDS–PAGE and western blotting
for ADAR1 and Tubulin. (F) Control DNA and cDNAs from en-
dogenous and reporter PSMB2 were amplified from the indicated
cells. Three editing events are shown, but editing was measured
across the 30-UTR (Supplementary Tables S3 and S4). (G) In
ADAR1k.d. cells, significant differences in luciferase activity of WT
PSMB2 30-UTR and 1st (P=0.014) and 2nd (P=0.019) Alu RC
controls were observed.
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but decreases reporter protein expression. As intermolecu-
lar Alu base-pairing was recently shown to target some
mRNAs for degradation (24), we first tested whether the
intramolecular duplex affected luciferase activity by
altering mRNA stability. Northern blots were performed
on RNA isolated from HeLa cells transfected with the
control Renilla luciferase plasmid and firefly PSMB2
reporters (Figure 3A). The firefly luciferase activity of
the reporter bearing the double-stranded PSMB2
30-UTR is nearly 3-fold lower than RC controls in HeLa
cells (Figure 2B), but the mRNA levels are similar
(Figure 3A). In fact, quantitation of Northern blots
from five independent transfections did not reveal a sig-
nificant difference in mRNA levels of the PSMB2 re-
porters (Figure 3B). Consistent with this, we did not
observe differences in mRNA levels of the PSMB2 re-
porters in either HEK293 or ADAR-1 k.d. cells
(Supplementary Figure S3). Furthermore, similar to en-
dogenous mRNAs, all of the reporter mRNAs were effi-
ciently exported to the cytoplasm (Figure 3C). Therefore,
the decrease in protein expression without a concomitant
change in either mRNA stability or localization, indicates
that the PSMB2 intramolecular dsRNA structure de-
creases translation efficiency (Figure 3D).

Effects of dsRNA structures on translation depend upon
location within 30-UTR

As inverted Alu elements are present in the 30-UTRs of a
large number of human protein-coding genes, we sought
to determine whether the effects of the PSMB2 30-UTR on
translational efficiency extend to other inverted Alu
elements. First, reporter constructs similar to those
described above were created for the human genes
MPST (Figure 4A and Supplementary Figure S4) and
BPNT1 (Figure 4C and Supplementary Figure S5).
Upon transfection into HeLa cells, the reporter bearing
the MPST double-stranded 30-UTR resulted in �2-fold
lower luciferase activity compared to its control reporters
(Figure 4B). In contrast, the reporter bearing the BPNT1
double-stranded 30-UTR resulted in similar luciferase
activity as Alu RC controls in both HeLa and HEK293
cells (Figure 4D and Supplementary Figure S6). It is
possible that the BPNT1 30-UTR affects translation, but
these effects are masked by unequal expression of the
wild-type reporter compared to its controls. However,
northern blot analyses of the reporters in both cell lines
suggest that the wild-type BPNT1 reporter is expressed
similar to the Alu RC controls (Figure 4E and
Supplementary Figure S6). In addition, we confirmed
that the lack of regulatory function was not due to an
absence of the dsRNA structure, as a similar editing
pattern was observed for endogenous and reporter
BPNT1 (data not shown).

To understand the regulatory function of the inverted
Alus in the PSMB2 and MPST 30-UTRs compared with
the lack of function of those in the BPNT1 30-UTR, we
took a closer examination of the Alu elements. One
striking difference between the 30-UTRs was the location
of the inverted Alus; the PSMB2 and MPST structures
located significantly downstream of the stop codon (472 nt

and 1842 nt, respectively), whereas the BPNT1 structure is
only 15 nt from the stop. The reporters were created
similar to the endogenous context with the PSMB2,
MPST and BPNT1 30-UTRs located 481, 1855 and 21 nt
downstream of the luciferase stop codon, respectively. To
test whether this difference was critical for the effects on
translation, we prepared reporters lacking the first 415 nt
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Figure 3. Double-stranded 30-UTRs do not affect mRNA export or
stability. (A) Northern blots of total RNA from HeLa cells transfected
with the indicated firefly PSMB2 30-UTR reporters and a control
Renilla luciferase reporter, hybridized with indicated probes. (B)
Quantification of five independent biological replicates of experiment
in (A). Height of the bar represents levels of firefly mRNA relative to
Renilla mRNA, normalized to WT. (C) Northern blots of equal cell
equivalents of cytoplasmic (C) and nuclear (N) RNA from HeLa cells
transfected with the indicated firefly PSMB2 reporters and Renilla
luciferase, hybridized with specific probes. (D) Translational efficiency
of a firefly luciferase reporter with the indicated PSMB2 30-UTR in
HeLa cells. Each bar represents the mean and SEM of five biologically
independent experiments. In each experiment, protein and RNA were
isolated at the same time and levels measured by luciferase assay and
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(P=0.01) Alu RC controls were observed.
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of the PSMB2 30-UTR, which places the first Alu of the
dsRNA or the controls, 65 nt from the stop. This
shortened PSMB2 30-UTR eliminated the effect of the
inverted Alus on luciferase expression (Figure 5A).
Importantly, as we observe similar mRNA levels of the
shortened PSMB2 reporter bearing the inverted Alus
compared with the shortened Alu RC controls
(Figure 5B), the effects on luciferase activity are not due

to an increase in reporter mRNA levels. In addition, the
loss of translational control was not due to altered
base-pairing, as the shortened PSMB2 reporter was
edited similar to wild-type PSMB2 (Figure 5C). Finding
that shortening the PSMB2 30-UTR alters translational
regulation, but not editing, further indicates that editing
is neither sufficient, nor required, for this mechanism of
gene regulation.

Next, we tested whether moving the BPNT1 structure
away from the stop codon would enable the inverted Alus
to regulate translation. To avoid introducing unknown
sequence elements, the endogenous PSMB2 sequence
upstream of the first Alu was placed upstream of the
BPNT1 30-UTR and RC control reporters. The
expanded BPNT1 30-UTR resulted in 3- to 5-fold less
luciferase activity (Figure 5D), but similar mRNA levels
as the controls (Figure 5E). Thus, the ability of inverted
Alus to regulate translation is not dependent upon
sequence, but likely depends on the distance of the
duplex from the stop codon. From these experiments,
we cannot exclude the possibility that both inverted Alus
and the first 415 nt of the PSMB2 30-UTR are required for
translational control. However, as the inverted Alus in the
MPST 30-UTR also decrease luciferase activity and are
located significantly downstream of the stop codon, we
favor the hypothesis that location of the intramolecular
dsRNA structures within the 30-UTR are likely important
for translational control.

DISCUSSION

Our study of the fate of endogenous human mRNAs with
inosine-containing 30-UTRs support three main conclu-
sions that advance our understanding of the in vivo
effects of long dsRNA molecules. First, a surprising
number of mRNAs containing long intramolecular
duplexes are present in the mammalian cytoplasm.
Second, neither editing nor the presence of the dsRNA
structure affected mRNA export or stability. Third,
these 30-UTR intramolecular duplexes, but not the
inosines within them, decrease mRNA translation in
human cell lines.

Mammalian cells tolerate long dsRNA molecules in
endogenous mRNAs

It has been known for >50 years that the presence of
foreign dsRNA in the mammalian cytoplasm induces ex-
pression of interferon and activates the immune response
(33,41). However, it is now known that cells produce a
large amount of endogenous dsRNA. The common view
is that short endogenous dsRNA molecules, such as
siRNAs and miRNAs, are tolerated in the mammalian
cytoplasm, whereas long endogenous dsRNA molecules
undergo editing by ADARs, are retained in the nucleus
to avoid activating an improper immune response (23,42).
However, we observed a similar cytoplasmic localization
of endogenous human mRNAs with and without dsRNA
structures suggesting that the presence of inosine in these
regions does not affect nuclear export. Consistent with
this, the editing levels of both the cytoplasmic and
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nuclear localized mRNAs were similar, indicating that the
extent of editing is not critical for nuclear export. Thus,
nuclear retention is not a general mechanism used to
regulate hyper-edited mRNAs. Furthermore, a large
number of cellular mRNAs expressing these extensive
dsRNA structures are present in the mammalian cyto-
plasm, and overexpression of these structures in reporter
mRNAs did not result any detrimental effects on cell
growth. Consistent with this, a recent study determined
that overexpression of a reporter bearing a long hairpin
30-UTR structure in mice did not cause any developmental
defects or activate the interferon response (43). These data
indicate that long dsRNA structures within human
mRNAs are well tolerated in the mammalian cytoplasm.
The characteristics of these dsRNA structures that allow
the immune system to distinguish these ‘self’ molecules
from foreign dsRNA are unclear. Our data suggest that
length, subcellular localization and ADAR modification
of endogenous dsRNA are not critical for ‘self’ recogni-
tion. It is possible that 50-end modifications, binding of
cellular factors or other modifications are important
(44,45). Future work to elucidate the characteristics of
these endogenous dsRNA structures that allow them to
evade cytoplasmic dsRNA sensors will provide key
insights into regulation of the innate immune response.

Intramolecular dsRNA structures function as translation
control elements across species

Although repetitive elements have long been thought of as
genomic junk, recent studies have suggested that Alu
elements can influence gene expression in a variety of dif-
ferent manners (8,10,12). We observed that two Alu
elements in inverted orientation within the 30-UTR of
human mRNAs give rise to dsRNA. Although the struc-
tures are extensively edited in vivo, the presence of inosine
did not affect mRNA export, stability or translatability.
However, the dsRNA structure itself decreased

translational efficiency. Furthermore, as we detected
translational regulation by inverted Alu structures from
multiple human genes, and we previously observed that
double-stranded 30-UTR structures formed from inverted
repeats decrease translational efficiency of endogenous
C. elegans mRNAs (38), we propose that intramolecular
dsRNA structures can function as translational control
elements across species. However, it is important to note
that we also observed double-stranded 30-UTR structures
that do not alter translation. Furthermore, Alu elements
in 30-UTRs have also been shown to impact gene expres-
sion by regulating mRNA production, localization and
stability (8,10), and inverted Alus may have a similar
diversity.
It is interesting to draw parallels between the long intra-

molecular Alu dsRNA structures and small intermolecular
dsRNA structures that form between miRNAs and
30-UTRs. miRNAs are well known to affect translation,
however, the exact mechanisms that miRNAs use to
regulate translation are controversial (46–48). miRNAs
are best known for regulating translation initiation
(49,50). However, the presence miRNA-repressed
mRNAs on translating ribosomes indicates that other
mechanisms after initiation also occur (51–53). As we
detect endogenous mRNAs with double-stranded
30-UTRs on translating ribosomes (Supplementary
Figure S1), we also predict that these long intramolecular
dsRNA structures regulate translation after initiation.
However, in general, specific mechanisms to regulate
translation post-initiation are not well understood. Two
recent reports have suggested that interactions of RNA
binding proteins with both eukaryotic elongation factor
1A (eEF1A) and small 30-UTR stem-loop structures at-
tenuates translation elongation (54,55). Future work to
identify factors that interact with inverted Alus will be
critical to understanding how these dsRNA structures
regulate translation.
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In addition to mechanism, it is important to determine
whether there are specific cellular conditions that
exploit these structures to regulate gene expression. It is
interesting to note that, in the case of PSMB2, we
have identified two isoforms that have alternative
30-UTRs, one containing and one lacking the inverted
Alus. Alternative 30-UTRs have been suggested to be im-
portant in cancer, presumably because shortened UTRs
lack key regulatory elements (56,57). Interestingly, the
majority of mRNAs with inverted Alu-containing
30-UTRs have been reported to contain alternative
polyadenylation signals (37). It is possible that production
of two different isoforms allow for the fine-tuning of
PSMB2 expression and that in certain cell types or condi-
tions the ratios of the isoforms vary. Identification of con-
ditions in which expression of these isoforms vary will be a
critical step in understanding the biological function of
these intramolecular dsRNA structures and the inosines
within them.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Tables 1–5, Supplementary Figures 1–6
and Supplementary Methods.
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