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In many cells, mRNAs containing inverted repeated Alu elements (IRAlus) in their 3′ untranslated regions (UTRs)
are inefficiently exported to the cytoplasm. Such nuclear retention correlates with paraspeckle-associated protein
complexes containing p54nrb. However, nuclear retention of mRNAs containing IRAlus is variable, and how
regulation of retention and export is achieved is poorly understood. Herewe show onemechanism of such regulation
via the arginine methyltransferase CARM1 (coactivator-associated arginine methyltransferase 1). We demonstrate
that disruption of CARM1 enhances the nuclear retention of mRNAs containing IRAlus. CARM1 regulates this
nuclear retention pathway at two levels: CARM1 methylates the coiled-coil domain of p54nrb, resulting in reduced
binding of p54nrb to mRNAs containing IRAlus, and also acts as a transcription regulator to suppress NEAT1

transcription, leading to reduced paraspeckle formation. These actions of CARM1 work together synergistically
to regulate the export of transcripts containing IRAlus from paraspeckles under certain cellular stresses, such
as poly(I:C) treatment. This work demonstrates how a post-translational modification of an RNA-binding protein
affects protein–RNA interaction and also uncovers a mechanism of transcriptional regulation of the long noncoding
RNA NEAT1.

[Keywords: paraspeckles; p54nrb; nuclear retention; CARM1; NEAT1]

Supplemental material is available for this article.

Received December 8, 2014; revised version accepted February 13, 2015.

Themammalian nucleus is highly organized into chromo-
some territories and a number of distinct membrane-less
nuclear bodies or subnuclear structures that can affect nu-
clear neighborhoods and gene regulation (Zhao et al.
2009). Distinct nuclear bodies contain specific protein
and RNA components that define particular nuclear pro-
cesses (Mao et al. 2011b).

Paraspeckles, first identified in 2002 (Fox et al. 2002),
are composed of the long noncoding RNA (lncRNA)
NEAT1, which confers structural integrity and multiple
proteins for its potential functions (Prasanth et al. 2005;
Chen et al. 2008; Chen and Carmichael 2009; Clemson
et al. 2009; Sasaki et al. 2009; Sunwoo et al. 2009; Naga-
numa et al. 2012). There are two isoforms of NEAT1

lncRNAs, NEAT1_v1 and NEAT1_v2, produced by alter-
native 3′ end processing (Naganuma et al. 2012). A live-
cell imaging system aiming to visualize the inducible
transcription of NEAT1 lncRNAs and paraspeckle pro-
teins revealed that both the active transcription of
NEAT1 and NEAT1 lncRNAs regulate paraspeckle main-
tenance and dynamics (Mao et al. 2011a). In addition
to several well-studied Drosophila behavior and hu-
man splicing (DBHS) family proteins (including PSP1α,
p54nrb, and PSF, which were known to be localized to
paraspeckles) (Fox et al. 2002, 2005; Bond and Fox 2009),
new paraspeckle proteins (including many RNA-binding
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proteins) were recently identified (Naganuma et al. 2012;
West et al. 2014).
Recent studies have revealed that both NEAT1

lncRNAs and paraspeckle proteins can mediate the func-
tion of paraspeckles in gene regulation, although the de-
tailed mechanisms remain to be fully defined. For
example, the abundant NEAT1 RNA was shown to regu-
late transcription by sequestrating the paraspeckle protein
PSF (Hirose et al. 2014; Imamura et al. 2014). Such seques-
tration of the transcriptional repressor PSF resulted in the
activation of IL8 expression upon immune stimuli (Ima-
mura et al. 2014) and ADARB2 transcription (Hirose
et al. 2014). Moreover, genome-wide analyses recently re-
vealed that NEAT1 can associate with hundreds of active
chromatin sites (West et al. 2014), consistent with the
view that paraspeckles may be involved in transcription
regulation.
In addition toNEAT1-mediated regulation, p54nrb is in-

volved in the paraspeckle-mediated nuclear retention of
mRNAs containing inverted repeats in their 3′ untranslat-
ed regions (UTRs) (Prasanth et al. 2005; Chen et al. 2008;
Chen and Carmichael 2009; Mao et al. 2011a; Elbarbary
et al. 2013). The mouse CTN-RNA, which contains a
dsRNA structure resulting from inverted short inter-
spersed nuclear elements (SINEs) in its 3′ UTR, is retained
in the nucleus and at least partially localized to para-
speckles (Prasanth et al. 2005). In human cells, hundreds
of genes contain inverted repeated SINEs (mainly Alu
elements) in their 3′ UTRs. Alu elements are unique to
primates and account for almost all of the human SINEs
and >10% of the genome. Their abundance leads to the
frequent occurrence of inverted repeat structures (inverted
repeated Alu elements [IRAlus]) in gene regions (Chen
and Carmichael 2008). We reported previously that
mRNAs containing IRAlus in their 3′ UTRs are retained
in the nucleus in paraspeckles and in association with
p54nrb (Chen et al. 2008; Chen and Carmichael 2009).
Such regulation at paraspeckles in human cells was
further demonstrated by live-cell imaging (Mao et al.
2011a). Therefore, this nuclear retention pathway of
IRAlus in 3′ UTRs of genes provides an additional layer
of gene regulation by sequestering otherwise mature
mRNAs within the nucleus.
Interestingly, we and others observed that the nuclear

retention of transcripts containing IRAlus is variable,
with some such mRNAs located in the nucleus, while
others are in the cytoplasm (Chen and Carmichael 2008;
Chen et al. 2008; Hundley et al. 2008; Elbarbary et al.
2013). How is such nuclear retention of mRNAs contain-
ing IRAlus at paraspeckles achieved and regulated? Earlier
observations suggested that the mouse CTN-RNA is re-
tained in the nucleus until cell stress occurs, resulting
in the cleavage and removal of its 3′ UTR nuclear reten-
tion signal (inverted repeats of murine SINEs) by an un-
known mechanism. The truncated message is then
transported efficiently to the cytoplasm for translation
(Prasanth et al. 2005). However, somemRNAs containing
IRAlus were seen in the cytoplasm (Chen et al. 2008;
Hundley et al. 2008; Elbarbary et al. 2013), implying
that other mechanisms may be involved in the release of

paraspeckle-mediated nuclear retention of mRNAs con-
taining IRAlus. For instance, it had been shown recently
that the dsRNA-binding protein Staufen 1 competed
with p54nrb for the binding to 3′ UTR IRAlus, resulting
in an enhanced nuclear export and translation of these
RNAs (Elbarbary et al. 2013). Another hypothesis is that
post-translational modifications on p54nrb could alter its
binding activity to mRNAs containing IRAlus.
CARM1 (coactivator-associated arginine methyl-

transferase), also known as PRMT4, was the first identi-
fied nuclear receptor coactivator in a family of nine
PRMT members (PRMT1–9) (Bedford and Clarke 2009).
CARM1 methylates histone H3 at Arg17, generating a
docking site for the recruitment of the methylarginine ef-
fector TDRD3 (Yang et al. 2010). CARM1 alsomethylates
many nonhistone proteins that play important roles in a
number of biological processes, including transcriptional
regulation (Chen et al. 1999), mRNA splicing (Cheng
et al. 2007), muscle differentiation (Chen et al. 2002), adi-
pocyte differentiation (Yadav et al. 2008), and T-cell devel-
opment (Li et al. 2013).
Here we describe a new mechanism of gene regulation

by CARM1. Disruption of CARM1 significantly enhances
the nuclear retention of mRNAs containing IRAlus. We
demonstrate that CARM1 regulates the nuclear retention
of mRNAs containing IRAlus in paraspeckles at two
levels. On the one hand, CARM1 methylates p54nrb, re-
sulting in the reduced binding capability to mRNAs con-
taining IRAlus; on the other hand, CARM1 suppresses
NEAT1 transcription and paraspeckle formation. Actions
of CARM1 at these two levels synergistically work to-
gether to regulate the export of transcripts containing
IRAlus from paraspeckles under certain cellular stresses,
such as poly(I:C) treatment. This represents one of a few
examples where post-translational modification of an
RNA-binding protein affects protein–RNA interaction
and gene regulation. In addition, it shows how transcrip-
tional regulation of the lncRNA NEAT1 can occur.

Results

p54nrb is methylated by CARM1

Very few substrates for CARM1 have been characterized,
which limits the understanding of the roles of this en-
zyme. The identification of the repertoire of substrates
for CARM1 is an essential step toward a complete under-
standing of its biological functions. CARM1 substrates are
methylated in wild-type mouse embryonic fibroblast
(MEF) cells but remain unmethylated in CARM1 knock-
out cells. Thus, the CARM1 knockout nuclear extracts
are good substrates for in vitro methylation assays that
would allow the identification of additional CARM1 sub-
strates. We performed in vitro methylation assays using
acid-extracted histones from the nuclei of wild-type and
CARM1−/−MEFs as substrates andGST-CARM1as an en-
zyme. The reaction mixtures were then run on an SDS-
PAGE gel, and the indicated protein bands corresponding
to potential CARM1 substrates were used for trypsin
digestion and subsequent mass spectrometry (MS). Of
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the six identified substrates found in duplicated experi-
ments, PABP1 (Lee and Bedford 2002) and SmB (Cheng
et al. 2007) were previously described as CARM1 sub-
strates. Interestingly, p54nrb, the well-known paraspeckle
component, was also identified as a new CARM1 sub-
strate and was chosen for further study (Fig. 1A).

p54nrb as a substrate of CARM1was further validated by
CARM1 in vitro methylation of Escherichia coli-ex-
pressed histidine-tagged p54nrb (Fig. 1B). Furthermore, a
pan-screening for the activity of arginine methylase fami-
ly members on p54nrb revealed that PRMT1 and PRMT6
could also methylate p54nrb, but the reaction of CARM1
on p54nrb was the strongest (Supplemental Fig. S1A).
Moreover, the in vitro methylation of p54nrb truncations
revealed that multiple arginine methylation sites on
p54nrb were enriched in the coiled-coil domain and the
C-terminal region of the protein (Supplemental Fig. S1B).

To identify the specific methylation sites catalyzed by
CARM1, we developed CARM1 knockdown HeLa and
HEK293 cell lines (Supplemental Fig. S2A). Flag-tagged
p54nrb was expressed in scramble shRNA-treated (scram-
ble) and CARM1 shRNA-treated (CARM1 knockdown)
cell lines, and then immunoprecipitation by anti-Flag
was performed (Supplemental Fig. S2B) followed by MS
analysis. Multiplemethylation sites in p54nrbwere identi-
fied fromMS (Supplemental Fig. S2C). Among these sites,
R357, R365, andR378were present in the anti-Flag precip-
itated complex in scramble cell lines but little in CARM1
knockdown cell lines (Supplemental Fig. S2D; data not
shown), confirming that they are CARM1-methylated
sites on p54nrb. In vitro methylation assays of p54nrb mu-
tants in which these arginines were replaced with lysines
further confirmed that R357, R365, and R378 were the
major sites methylated by CARM1 (Fig. 1C).

Figure 1. p54nrb is methylated by
CARM1. (A) p54nrb is a CARM1 substrate.
Acid-extracted histones from CARM1
wild-type (wt; +/+) and knockout (−/−)
MEFs were used as substrates, and GST-
CARM1 was used as an enzyme to perform
standard in vitro methylation assays. Reac-
tions were done in duplicate, separated on
SDS-PAGE, and transferred to PVDF mem-
branes for fluorography and Ruby staining.
The indicated methylated proteins were
processed for protein identification using
MS. (B) p54nrb is methylated in vitro by re-
combinant CARM1. In vitro methylation
reactions were performed using recombi-
nant His-tagged p54nrb with recombinant
GST-CARM1 in the presence of [3H]Ado-
Met. Reactions were separated on SDS-
PAGE and transferred to PVDF membranes
for fluorography, Coomassie blue gel stain-
ing, and immunoblotting with anti-His an-
tibody. (C ) Lysine replacement of Arg357
and Arg365 (R357K, 365K) and of Arg378
and Arg383 (R378K, 383K) reduces p54nrb

methylation. Mutants of p54nrb were
made as indicated by MS results and ex-
pressed as His-tagged fusion proteins. Puri-
fied His-p54nrb mutants were incubated
with GST-CARM1 in the presence of [3H]
AdoMet.Methylated proteinswere separat-
ed by SDS-PAGE and visualized by fluorog-
raphy. The same membrane was subjected
to Ponceau staining to verify equal loading.
Note that R383 was not identified by MS

but was included in the mutation assay. (D) p54nrb interacts with CARM1. HeLa cells expressing Flag-p54nrb or Flag-EGFP (control)
were immunoprecipitated with anti-Flag antibody and then immunoblotted with anti-Flag, anti-p54nrb, anti-PSF, anti-CARM1, and
anti-PRMT6. Note that p54nrb specifically interacted with CARM1 but not PRMT6 in vivo. (IgGH) IgG heavy chain; (IgGL) IgG light
chain. (E) RNA-independent interaction of p54nrb and CARM1 in HeLa cells. Total extracts of HeLa cells treated with RNase A were im-
munoprecipitated with CARM1 antibody or mock antibody and then immunoblotted with anti-CARM1 and anti-p54nrb. (F ) p54nrb and
CARM1 colocalize in HeLa cells. HeLa cells were stained with anti-p54nrb and anti-CARM1 antibodies. DAPI was used to indicate
DNA. (G) CARM1 is a new component of paraspeckles. RNA in situ hybridization (ISH) was performed with digoxigenin (Dig)-labeled
antisense NEAT1 probe (green) in HeLa cells, and representative images are shown. CARM1 and p54nrb are in red. NEAT1 colocalizes
with CARM1 (top panels) and p54nrb (bottom panels).
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The coimmunoprecipitation (co-IP) assays between
p54nrb and CARM1 performed in HeLa (Fig. 1D,E) and
HEK293 (data not shown) cells both revealed that they
interactedwith each other endogenously. CARM1was de-
tected in the Flag-p54nrb immunoprecipitation complexes
and vice versa (Fig. 1D,E). Importantly, the co-IP was
still detectable in the presence of RNaseA (Fig. 1E). Coloc-
alization of the endogenous p54nrb and CARM1 further
revealed that they colocalized in the nucleus in HeLa
cells (Fig. 1F) and largely within paraspeckles, as re-
vealed by NEAT1 RNA in situ hybridization (ISH) and
CARM1 immunostaining (Fig. 1G). Together, these re-
sults suggest that p54nrb is a new substrate for CARM1
and that p54nrbmethylation byCARM1may occurwithin
paraspeckles.

CARM1 deficiency leads to enhanced
nuclear retention of mRNAs containing
IRAlus

We next asked whether p54nrb methylation by CARM1
could alter paraspeckle-associated p54nrb function. Since
p54nrb is involved in the nuclear retention ofmRNAs con-
taining IRAlus in their 3′ UTRs (mRNA-IRAlus) (Chen
et al. 2008; Mao et al. 2011a), we first performed mRNA
nuclear retention assays in the scramble and CARM1
knockdown cell lines with mRNA-IRAlus reporter con-
structs as previously described (Chen et al. 2008). Con-
structs with a single Alu element or IRAlus (originally
from the 3′ UTR of the Nicn1 gene) in the 3′ UTR of
egfpmRNAwere individually transfected into the scram-
ble and CARM1 knockdown HeLa cells. Consistent with
previous reports (Chen et al. 2008; Mao et al. 2011a), the
expression of EGFP protein was repressed by IRAlus, but
not by a single Alu, in the 3′ UTR of egfp (Fig. 2A,B).
This repressed EGFP expression was largely due to the nu-
clear retention of egfp-IRAlus (Fig. 2A,B).
Strikingly, the EGFP fluorescence in CARM1 knock-

down cells transfected with the EGFP-IRAlus construct
was much more significantly reduced than that in scram-
ble cells (Fig. 2A). This enhanced repression effect was
also confirmed by Western blotting with anti-GFP anti-
body (Fig. 2A, top right panels, lanes 2,4). Meanwhile,
Northern blotting of transcripts of egfp from the same
batch of transfected HeLa cells revealed that both trans-
fections yielded comparable or higher levels of egfp
mRNAs (Fig. 2A, bottom right panels, lanes 2,4), sug-
gesting that the observed enhanced EGFP expression
repression in CARM1 knockdown cells is post-transcrip-
tional. We also observed similar phenomena using other
constructs containing inserts of a single Alu element
or IRAlus derived from the 3′ UTR of the Lin28 gene in
the 3′ UTR of egfp mRNA (Supplemental Fig. S3A,B)
and in other cell lines, such as in the scramble and
CARM1 stable knockdown HEK293 cells (Supplemental
Fig. S4A,B).
What mechanism accounts for reduced EGFP expres-

sion in CARM1 knockdown cells? Further analyses re-
vealed that CARM1 knockdown strikingly enhanced
the sequestration of mRNAs containing 3′ UTR IRAlus

in the nucleus. First, nuclear/cytoplasmic (N/C) RNA
fractionation analyses in scramble and CARM1 knock-
down cells individually transfected with egfp-Alu or
egfp-IRAlus constructs clearly showed that egfp-IRAlus
mRNA was more efficiently retained in the nuclei of
CARM1 knockdown cells than those in the nuclei of
scramble cells (Fig. 2B, left panels [lanes 3,4,7,8] and right
panel), while the N/C ratio of egfp-AlumRNAwas not al-
tered (Fig. 2B, left panels [lanes 1,2,5,6] and right panel).
Second, visualization of the subcellular distribution of
egfp-IRAlus in scramble and CARM1 knockdown cells
by RNA ISH at the single-cell level revealed that egfp
mRNAs with IRAlus were more highly enriched in the
nucleus in CARM1 knockdown cells than those in
scramble cells (Fig. 2C). Third, if CARM1 were essential
for the paraspeckle-associated mRNA-IRAlus nuclear re-
tention, we would expect to observe that the endogenous
mRNA-IRAlus would have a different fate in CARM1
depletion cells. There are hundreds of mRNAs containing
IRAlus in their 3′ UTRs (Chen et al. 2008), and we chose a
number of mRNAs that contain IRAlus in their 3′ UTRs
and are expressed well in HeLa and HEK293 cells (nicn1,
icmt, mrpl30, and pccb) (Supplemental Fig. S5). For each
of these mRNAs, CARM1 knockdown resulted in more
efficient retention in the nucleus in both cell lines (Fig.
2D,E; Supplemental Figs. S4D, S6), while the N/C distri-
bution of actin mRNA remained unchanged. For experi-
ments shown in these figures, we used PCR probes that
specifically recognize mRNAs with the extended 3′

UTRs that contain IRAlus (Supplemental Fig. S5). Note
that the longer isoform of each of the mRNAs containing
IRAlus examined increased its N/C ratio after knock-
down of CARM1 (Fig. 2D; Supplemental Figs. S4D,
S6A). We further used Northern blotting to confirm the
subcellular distribution of two such endogenous mRNAs:
nicn1 (Fig. 2E) and icmt (Supplemental Fig. S6B). The
long isoform of nicn1 contains one pair of IRAlus in its
3′ UTR, but the short isoform lacks IRAlus. Correspond-
ingly, the nicn1 long isoform is preferentially localized
to the nucleus, while the short one is almost exclusively
cytoplasmic (Fig. 2E; Chen et al. 2008). Importantly,
knockdown of CARM1 increased the amount of nicn1
long isoform retained in the nucleus (Fig. 2E), while the
subcellular distribution of the nicn1 short isoform and
actin mRNA remained unaltered (Fig. 2E). Such altered
nuclear retention regulation by CARM1 was also seen in
another examined endogenous mRNA, icmt (Supplemen-
tal Fig. S6B), by Northern blotting. Together, these results
demonstrate that the absence of CARM1 leads to an en-
hanced nuclear retention of mRNAs containing 3′ UTR
IRAlus.
Recently, NEAT1 was shown to bind to hundreds of

active chromatin sites in MCF7 cells (West et al. 2014).
We found that ∼40% of such genes contain at least one
pair of IRAlus in their 3′ UTRs expressed in MCF7 cells
(Fig. 2F), implying that these transcribed nascent RNAs
and corresponding mRNAs with 3′ UTR IRAlus are lo-
cated close to paraspeckles and thus are capable of asso-
ciation with paraspeckle protein p54nrb for their nuclear
retention.
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Figure 2. CARM1 deficiency enhances
nuclear retention of mRNAs containing
IRAlus. (A) CARM1 knockdown (KD) sup-
presses EGFP expression of egfp mRNA
containing IRAlus in its 3′ UTR. (Left)
IRAlus and Alu from the 3′ UTR of Nicn1

were inserted into the 3′ UTR of egfp

mRNA (Chen et al. 2008). Stable HeLa
cell lines with the scramble shRNA treat-
ment and CARM1 knockdown were trans-
fected with the indicated plasmids, and
fluorescence was observed 24 h after trans-
fection. (FL) Fluorescence; (BF) bright field.
(Middle) The expression of EGFP and tran-
scripts of egfp from the same batch of trans-
fected HeLa cells as described in the left

panels was investigated by Western blot-
ting by probing with anti-EGFP antibody
and by Northern blotting by probing with
a Dig-labeled egfp fragment. Actin was
used as loading control for Western blot-
ting. Equivalent amounts of total RNAs
were loaded for Northern blotting as indi-
cated by 28S and 18S rRNAs. (Right) The
relative translation efficiency (the relative
intensity of each corresponding band from
Western blotting and Northern blotting
shown in the middle panels) of egfp-Alu

mRNA and mRNA with egfp-IRAlus in
scramble and CARM1 knockdown cells.
(B) CARM1 deficiency significantly en-
hances the nuclear retention of egfp

mRNA with IRAlus. (Left) Cytoplasmic
and nuclear RNAs were isolated from the
same batch of transfected HeLa cells used
in A and then resolved on a denaturing aga-
rose gel. Transcripts of egfp-tagged RNAs
were probed with a Dig-labeled egfp frag-
ment. tRNAlys and 45S rRNA were used
as markers for cytoplasmic/nuclear RNA
isolation. Equivalent amounts of RNAs
from different subcellular compartments
were loaded as indicated by 28S and 18S

rRNAs. (Right) The relative subcellular distribution of RNAs with IRAlus or single Alu-containing RNAs was quantified from the left

panels by ImageJ and normalized to the relative amount of tRNAlys. The ratio was obtained by comparing the value of each nuclear-re-
tained fractionation with those of the cytoplasmic distributed RNAs. (C ) Enhanced egfpmRNAs with IRAlus are retained in the nucleus
upon CARM1 deficiency, as revealed by RNA ISH. (Left) The egfp mRNAs with IRAlus were probed with a Dig-labeled antisense egfp

probe in HeLa cells transfected with the indicated plasmids, and representative images are shown. The white dotted line indicates the
nucleus. (Right) Statistical analysis of the left panel.More than 300 transfected cells were analyzed after each transfection, and the P-value
from a one-tailed t-test in the pairwise comparison is shown. (D) CARM1 knockdown enhances the nuclear retention of other endogenous
mRNAswith IRAlus. RT-qPCR analyzed a number of other endogenousmRNAswith IRAlus using nuclear and cytoplasmic fractionated
RNAs. Primers to detect RNAs with IRAlus were designed downstream from IRAlus in 3′ UTRs (Supplemental Fig. S5). The relative sub-
cellular distribution of each RNAwith IRAlus was normalized to the relative amount of actinmRNA. (E) CARM1 knockdown promotes
the nuclear retention of endogenous nicn1mRNA inHEK293 cells. (Top) A schematic drawing of transcripts of theNicn1 gene containing
two isoforms (Chen et al. 2008). (Bottom left) Note that the long isoform contains a pair of IRAlus in its 3′ UTR and is preferentially re-
tained in the nucleus. Cytoplasmic and nuclear RNA fractionation of scramble and CARM1 knockdown cells followed by Northern blot-
ting to detect nicn1mRNAs. tRNAlys and actin revealed a successful cytoplasmic and nuclear fractionation. Equivalent amounts of RNA
from different compartments were loaded as indicated by 28S and 18S rRNAs. (Bottom right) The relative subcellular distribution of the
long isoform of nicn1mRNAwas quantified from the left panels by ImageJ and normalized to the relative amount of nuclear actinmRNA
from the same stripped membrane. (F ) Genes containing IRAlus in 3′ UTRs are enriched in the NEAT1-bound active chromatin sites.
NEAT1 CHART-seq data in MCF7 cells were retrieved from West et al. (2014). Genes containing IRAlus in 3′ UTRs were identified
from RefSeq by a home-brewed pipeline. In B, D, and E, error bars represent ±SD in triplicate experiments. (∗) P < 0.05; (∗∗) P < 0.01; n = 3.

Hu et al.

634 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on May 24, 2015 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


p54nrb methylation by CARM1 regulates nuclear
retention of mRNAs containing IRAlus

The next question is whether this CARM1-regulated nu-
clear retention is dependent on p54nrb. To answer this
question, we knocked down CARM1 or p54nrb and then
followed the expression and the subcellular distribution
of the IRAlus-containing reporter plasmid Flag-mcherry-
IRAlus. The pair of IRAlus used in this construct is from
the 3′ UTR of the Nicn1 gene (Chen et al. 2008). While
knockdown of CARM1 reduced Flag-mcherry expression
(Fig. 3A, lane 2; Supplemental Fig. S7A) with an enhanced
nuclear retention of Flag-mcherry-IRAlus mRNAs (Fig.
3B), as other assays revealed (Fig. 2; Supplemental Figs.

S3, S4), knockdown of p54nrb enhanced Flag-mcherry ex-
pression (Fig. 3A, lane 4; Supplemental Fig. S7A) with a re-
duced nuclear retention of Flag-mcherry-IRAlus mRNAs
(Fig. 3B). Double knockdown of CARM1 and p54nrb

showed little change in both protein expression and
mRNA nuclear retention (Fig. 3A [lane 3], B). These re-
sults confirm that the nuclear retention of mRNAs with
3′ UTR IRAlus is mediated by the paraspeckle-localized
protein p54nrb and that CARM1 suppresses this nuclear
retention pathway (Supplemental Fig. S7C).
Wenext askedwhether the catalytic activity of CARM1

is required for the observed nuclear retention. We ex-
pressed the wild-type or the catalytically inactive E266Q
mutant of CARM1 (Lee et al. 2002) in scramble or

Figure 3. IRAlusmRNAnuclear retention
is achieved through p54nrb and requires the
catalytic activity of CARM1. (A) IRAlus
mRNAs nuclear retention is achieved
through p54nrb. (Top) A schematic drawing
of Flag-mcherry-containing IRAlus in its
3′ UTR (Flag-mcherry-IRAlus). (Bottom)
Knockdown of CARM1 (lane 2) or p54nrb

(lane 4) or double knockdown of CARM1
and p54nrb (lane 3) in HeLa cells expressing
Flag-mcherry-IRAlus, followed by Western
blotting. Note that knockdown of CARM1
suppresses Flag-mcherry expression, while
knockdown of p54nrb increases Flag-
mcherry expression. (B) The altered Flag-
mcherry protein expression in A corre-
sponds to altered nuclear retention of
transcripts of Flag-mcherry-IRAlus. The
relative subcellular distribution of tran-
scripts of Flag-mcherry-IRAlus from the
same batch of transfected cells as described
in Awas investigated by RT-qPCR by prob-
ingmcherry. The level of nuclear retention
was presented as the ratio of nuclear-re-
tained transcripts of Flag-mcherry-IRAlus
to those in the cytoplasm after normal-
ization to the relative amount of actin

mRNA in each fraction. The endogenous
mRNA with 3′ UTR IRAlus was also as-
sayed and normalized in the same way.
(C ) IRAlus mRNA nuclear retention is
dependent on the catalytic activity of
CARM1. Reintroduction of wild-type (WT)
CARM1 or the catalytic inert E266Q-
CARM1 into scramble (lanes 2,3) or

CARM1 knockdown (KD) (lanes 5,6) HeLa cells expressing Flag-mcherry-IRAlus, followed by Western blotting. Note that expression
of wild-type CARM1 but not the E266Q-CARM1 in CARM1 knockdown cells could rescue the suppressed expression of Flag-
mcherry-IRAlus. (D) Altered Flag-mcherry protein expression in C corresponds to the altered nuclear retention of transcripts of Flag-
mcherry-IRAlus. The relative subcellular distribution of transcripts of Flag-mcherry-IRAlus and the endogenous mRNA with 3′ UTR
IRAlus from the same batch of transfected cells as described in C were investigated by RT-qPCR. See B for details. (E) Mutation of
CARM1 methylation sites on p54nrb enhances the p54nrb -mediated mRNA nuclear retention. Reintroduction of the lysine replacement
of Arg357, Arg365, and Arg378 (R357K, R365K, and R378K) of p54nrb (p54nrb-MUT; lane 3) into p54nrb knockdown cells resulted in an
enhancedmCherry suppression comparedwith that of wild-type p54nrb (lane 2), as revealed byWestern blotting. (F ) Altered Flag-mcherry
expression in E corresponds to the altered nuclear retention of transcripts of Flag-mcherry-IRAlus. The relative subcellular distribution of
transcripts of Flag-mcherry-IRAlus and the endogenous mRNAwith 3′ UTR IRAlus from the same batch of transfected cells as described
in E were investigated by RT-qPCR. See for details. In B, D, and F, error bars represent ±SD in triplicate experiments. (∗) P < 0.05; (∗∗) P <
0.01; n≥ 3.
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CARM1 stable knockdown cell lines followed by the re-
porter assays described above (Fig. 3A,B).We found that re-
introduction of thewild-typeCARM1, but not the E266Q-
CARM1, intoCARM1knockdown cells inwhich p54nrb is
largely unmethylated due to CARM1 knockdown could
largely restore the reduced Flag-mcherry expression (Fig.
3C, lanes 4–6; Supplemental Fig. S7B), the enhanced nu-
clear retention of Flag-mcherry-IRAlus mRNAs, and the
endogenousmRNAwith 3′ UTR IRAlus (Fig. 3D). Howev-
er, reintroduction of either wild-type or E266Q-CARM1
into scramble treated cells in which CARM1 exists and
p54nrb is methylated had little effect on the reporter assay
or the endogenous mRNA with 3′ UTR IRAlus (Fig. 3C
[lanes 1–3], D).

Moreover, we set up to examinewhether the p54nrb var-
iant carrying the lysine replacement of Arg357, Arg365,
and Arg378 (R357K, 365K, and R378K) that showed a re-
duced p54nrb methylation by CARM1 (Fig. 1C) could en-
hance the p54nrb-mediated mRNA nuclear retention.
Reintroduction of the p54nrb variant that carries these
three point mutants (R357K, 365K, and R378K) into
p54nrb knockdown cells not only was able to restore the
p54nrb function but also exhibited a stronger effect on pro-
tein expression suppression and the correspondingmRNA
nuclear retention in the reporter assay (Fig. 3E,F). Mean-
while, a similar observationwas also seen in the examined
endogenous mRNAwith 3′ UTR IRAlus (Fig. 3F). Togeth-
er, these results strongly suggest that CARM1 methyla-
tion on p54nrb attenuates the p54nrb-mediated mRNA
nuclear retention.

The absence of CARM1 enhances the association
of p54nrb and mRNAs with IRAlus

Howdoes p54nrbmethylation byCARM1altermRNAnu-
clear retention? Since p54nrb can bind to IRAlus mRNAs
and subsequently retain them in the nucleus (Prasanth
et al. 2005; Chen et al. 2008; Mao et al. 2011a), we per-
formed p54nrb RNA immunoprecipitation (RIP) assays to
examine whether the methylation of p54nrb could alter
its binding activity with the IRAlusmRNAs. Both formal-
dehyde cross-linking RIP and UV cross-linking RIP with
the anti-p54nrb antibody in scramble and CARM1 knock-
down cell lines revealed that the absence of CARM1 aug-
mented the association of p54nrb andmRNAswith IRAlus
(Fig. 4A,B). Importantly, the lysine replacement ofArg357,
Arg365, and Arg378 (R357K, 365K, and R378K) of Flag-
p54nrb that showed a reduced p54nrb methylation by
CARM1 (Fig. 1C) also increased its ability to bind to
mRNAs with IRAlus compared with the wild-type Flag-
p54nrb (Fig. 4C), with an anti-Flag antibody UV cross-link-
ing RIP in HeLa cells.

To further confirm that p54nrb unmethylated in its
coiled-coil domain has an increased ability to bind to
mRNA-IRAlus, we then performed a reciprocal pull-
down assay by tagging an aptamer tRSA (Iioka et al.
2011) to IRAlus RNA (tRSA-IRAlus) (Fig. 4D). Following
tRSA immunoprecipitation with nuclear extracts, we
found that tRSA-IRAlus, but not the tRSA alone, was

preferentially associated with p54nrb (Fig. 4D). Overex-
pression of CARM1 resulted in reduced binding of tRSA-
IRAlus with p54nrb (Fig. 4D), confirming that methyla-
tion by CARM1 on p54nrb reduced its ability to bind
to RNA-IRAlus. Moreover, the partially purified Flag-
p54nrb-MUT carrying the lysine replacements of R357K,
365K, and R378K significantly increased its ability to
bind to the in vitro transcribed IRAlus compared with
thewild-type protein (Fig. 4E). Since R357 andR365 are lo-
cated at the coiled-coil domain and R378 is located very
close to this domain at the C terminus of p54nrb (Sup-
plemental Fig. S2D), these results strongly suggest that
methylation on p54nrb at or near the coiled-coil domain
by CARM1 reduces its capability to associate with RNAs
containing IRAlus.

p54nrb methylation at or near the coiled-coil domain
by CARM1 alters its binding to dsRNAs

How does unmethylated p54nrb bind to mRNAs with
IRAlus? Since p54nrb is known to bind to inosine-contain-
ing RNAs (Zhang and Carmichael 2001), one possibility
is that p54nrb binds to edited mRNA-IRAlus (Prasanth
et al. 2005; Chen et al. 2008). However, some extensively
adenosine (A)-to-inosine (I) edited mRNA-IRAlus were
also exported to the cytoplasm (Prasanth et al. 2005;
Chen et al. 2008; Hundley et al. 2008; Elbarbary et al.
2013), and knockdown of ADAR1 did not alter the nuclear
retention of these RNAs (Elbarbary et al. 2013), indicating
that p54nrb can bind to RNAs by recognizing other RNA
structures, such as dsRNAs formed by the IRAlus at the
3′ UTR of mRNAs. We therefore examined whether
p54nrb could bind to dsRNAs and whether p54nrb methyl-
ation by CARM1 could selectively alter its binding to
these molecules.

The in vitro binding assays revealed that full-length of
p54nrb bound to both dsRNAs and ssRNAs (Fig. 5A);
importantly, knockdown of CARM1 altered the binding
ability of p54nrb to only dsRNAs but not to ssRNAs (Fig.
5A).With a newly developed antibody (620me) that specif-
ically recognizes the methylated R357 and R365 on a
p54nrb peptide (Fig. 5B, left panels), we found that the
methylated p54nrb (620me) was enriched in ssRNA but
was barely detected in dsRNA pull-downs (Fig. 5B, right
panels). This observation further suggests that CARM1
methylation on p54nrb reduces its binding capacity to
dsRNAs. Moreover, the partially purified Flag-p54nrb-
MUT carrying the lysine replacements of R357K, 365K,
and R378K promoted its binding capability to the in vitro
transcribed dsRNAs but showed little binding alteration
to ssRNAs (Fig. 5C). These results thus support the notion
that p54nrb methylation by CARM1 alters its binding to
dsRNAs and that the unmethylated p54nrb binds more
strongly to dsRNAs.

As it has been reported that p54nrb bound to ssDNAs
(and RNAs) through its N terminus and to DNA through
its C terminus (Yang et al. 1993), we speculated that
the coiled-coil domain at the C terminus of p54nrb might
mediate its binding to dsRNAs, such as mRNAs
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containing IRAlus. This is indeed the case. Incubation
of ssRNAs or dsRNAs with different Flag-tagged p54nrb

truncations individually expressed in HeLa cells revealed
that the truncation of p54nrb containing two RRM do-
mains preferred to bind to ssRNAs, and the truncation
of p54nrb with the addition of the coiled-coil domain
exhibited a much higher capacity to bind to dsRNAs
(Fig. 5D,E). Importantly, while the partially purified
Flag-tagged p54nrb carrying only RRM domains showed
little association to the in vitro transcribed IRAlus, the
inclusion of the coiled-coiled domain to this truncation
significantly increased its ability to bind to IRAlus (Fig.
5F), confirming that the coiled-coil domain of p54nrb

mediates its binding to dsRNAs, including mRNA-
IRAlus. Together, these results strongly suggest that
p54nrb methylation by CARM1 at or near the coiled-coil
domain alters the interaction between dsRNAs and
p54nrb via the coiled-coil domain.

CARM1 inhibits NEAT1 transcription and reduces
paraspeckle formation

We showed that CARM1 methylated the coiled-coil do-
main of p54nrb, resulting in the reduced binding of p54nrb

to mRNAs containing IRAlus. CARM1 is also known for
its activity in transcription regulation (Chen et al. 1999).
CARM1 largely functions as a transcriptional coactivator
(Chen et al. 1999) but also acts as a transcriptional cosup-
pressor (Xu et al. 2001). We then asked whether the para-
speckle-localized CARM1 could also affect NEAT1
transcription.
Surprisingly, we found that in CARM1 knockdown

stable cell lines, the expression of both isoforms of
NEAT1 was increased (Fig. 6A). Correspondingly,
the number of paraspeckles was also modestly in-
creased in both CARM1 stable knockdown HeLa cells
(Fig. 6B) and HEK293 cells (Fig. 6C). CARM1 chromatin

Figure 4. p54nrb methylation reduces its
ability to bind to IRAlus mRNAs. (A)
CARM1 deficiency increases the associa-
tion of p54nrb and the endogenous IRAlus
mRNAs. The association between p54nrb

and mRNAs with IRAlus was assayed
by formaldehyde cross-linking RIP from
scramble or CARM1 knockdown HeLa
cells using anti-p54nrb and anti-IgG fol-
lowed by RT-qPCR. Bar plots represent
the fold enrichments of RNAs immunopre-
cipitated by anti-p54nrb or anti-IgG over the
same amount of input across different sam-
ples, and error bars represent SD in tripli-
cate experiments. Nucleolin mRNA was a
control that does not bind to p54nrb. (B)
CARM1 deficiency increases the associa-
tion of p54nrb and endogenous IRAlus
mRNAs, as assayed by UV cross-linking
RIP from scramble or CARM1 knockdown
HeLa cells using anti-p54nrb and anti-IgG
followed by RT-qPCR. See A for details.
(C ) Lysine replacement of Arg357, Arg365,
and Arg378 (R357K, R365K, and R378K) of
p54nrb (p54nrb-MUT) increases the associa-
tion of p54nrb and endogenous IRAlus
mRNAs. The interaction of p54nrb and en-
dogenous IRAlus mRNAs was assayed by
RIP in HeLa cells expressing Flag-p54nrb,
Flag-p54nrb-MUT, or Flag-EGFP followed
by RT-qPCR. See A for details. (D)
CARM1 overexpression attenuates the in-
teraction between p54nrb and IRAlus
RNA. (Top) tRSA-RNA pull-downs (Iioka
et al. 2011) using in vitro transcribed
tRSA-tagged IRAlus RNAs were performed
in nuclear extracts of 293 CARM1 Flp-in
cells with or without 1 μg/mL doxycycline

(DOX) induction. (Middle) The quantitative analyses of the top panel from three independent experiments. (Bottom) CARM1 expression
was induced upon the DOX treatment, as revealed by Western blotting. (E) Partially purified triple mutations of R357K, R365K, and
R378K of p54nrb (p54nrb-MUT) exhibit increased ability to bind to IRAlus RNAs. (Left) A schematic drawing of the experimental flow.
(Right) Flag-p54nrb-wt, but not Flag-EGFP, exhibited an ability to bind to Dig-labeled IRAlus RNA; Flag-p54nrb-MUT showed an enhanced
ability to bind to IRAlus RNA.
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immunoprecipitation (ChIP) revealed that CARM1 was
enriched at the promoter of theNEAT1 gene (Fig. 6D). Fur-
ther studies by nuclear run-on (NRO) assays showed that
the transcription of nascent transcripts of NEAT1 was in-
creased upon CARM1 knockdown, confirming the notion
that CARM1 could regulate NEAT1 transcription as a
transcriptional cosuppressor.

Collectively, we propose a model for CARM1-regulated
nuclear retention of mRNAs containing IRAlus at para-
speckles. p54nrb methylation by CARM1 at the coiled-
coil domain reduces its ability to bind tomRNAs contain-
ing IRAlus (Figs. 2–5). This is in coordination with the
transcriptional suppression of CARM1 at theNEAT1 pro-

moter (Fig. 6). Thus, CARM1 can synergistically act at
two levels within paraspeckles to regulate its function
for mRNA nuclear retention (Fig. 7I).

CARM1 is involved in the poly(I:C)-stimulated
enhancement of nuclear retention regulation

Finally, it will be of interest to identify conditions that
affect CARM1-regulated mRNA nuclear retention within
paraspeckles. It is known that the transcription ofNEAT1
RNAs and the formation of paraspekles are induced upon
virus infection or poly(I:C) treatment (Saha et al. 2006;
Zhang et al. 2013a; Imamura et al. 2014). We therefore

Figure 5. p54nrb methylation by CARM1
alters its binding to dsRNAs. (A) CARM1
knockdown affects p54nrb binding to
dsRNAs but has little effect on ssRNAs.
Biotin-labeled dsRNAs (double-stranded-
egfp 76–495) or ssRNAs (single-stranded-
egfp 1–798) were made from in vitro tran-
scription (IVT). Nuclear extracts of scram-
ble or CARM1 knockdown (KD) HeLa
cells were incubated with biotin-dsRNA
or biotin-ssRNA followed by anti-biotin
pull-down and Western blotting with anti-
bodies for anti-p54nrb and anti-PSF. (Right)
The quantitative analyses of the left panels
from three independent experiments. (B)
Methylated p54nrb binds to few dsRNAs.
(Left) The 620me antibody was developed
to specifically recognize the methylated
p54nrb. Western blotting analyzed the spe-
cificity of 620me antibody purified from
rabbit serum immunized with methylated
peptides of R357 and R365. p54nrb and Ac-
tin antibodies were used as controls. (Right)
The methylated p54nrb (620me) was en-
riched by biotin-ssRNA but not by biotin-
dsRNA pull-downs from wild-type HeLa
cell nuclear extracts. See A for details. (C )
Lysine replacement of Arg357, Arg365,
and Arg378 (R357K, 365K, and R378K) of
p54nrb (p54nrb-MUT) increases the associa-
tion of p54nrb and dsRNAs. (Right) The
quantitative analyses of the left panels
from three independent experiments. See
A for details. (D) A schematic drawing of
different truncations of p54nrb used in E

and F. (E) A different domain of p54nrb selec-
tively binds to ssRNAs or dsRNAs. (Top)
Nuclear extracts of HeLa cells transfected
with different p54nrb truncations were in-
cubated with biotin-dsRNAs or biotin-
ssRNAs followed by anti-biotin pull-down
and Western blotting with anti-Flag. (Bot-
tom) The quantitative analyses of the top

panels from three independent experi-
ments. (F ) Partially purified truncation of
p54nrb selectively binds to IRAlus RNAs.

Different p54nrb truncations shown in D were purified and incubated with Dig-labeled IRAlus RNAs. See Figure 4E for details. In A, C,
and E, error bars represent ±SD in triplicate experiments. P-values from one-tailed t-test in the pairwise comparison are shown.
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investigated whether CARM1-regulated nuclear reten-
tion is affected by poly(I:C) treatment. In our experiments,
transfection of poly(I:C) led to increased expression of in-
terferon β and NEAT1 RNAs (Fig. 7A,B). Importantly, we
found that the enrichment of CARM1 at the NEAT1 pro-
moter was reduced upon poly(I:C) treatment (Fig. 7C), cor-
responding to the observed up-regulation ofNEAT1RNAs
(Fig. 7B). Furthermore, the expression ofNEAT1 RNAs re-
mained at high levels in CARM1 knockdown cells, and
NEAT1 expression could not be further induced upon
poly(I:C) treatment (Fig. 7D). In addition, we found that
the treatment of cells with poly(I:C) led to a strong reduc-
tion of p54nrb methylation on these arginine residues (Fig.
7E), while the expression of p54nrb remained unchanged.
Finally, poly(I:C) treatment also resulted in an enhanced
nuclear retention of a number of examined mRNAs con-
taining IRAlus (Fig. 7F). Interestingly, we found that
upon poly(I:C) treatment, the expression of CARM1 pro-
tein remained largely unchanged (Fig. 7G), while the para-
speckle-localized CARM1 was significantly reduced (Fig.
7H), indicating that CARM1 may rapidly change its sub-
cellular localization with an unknown mechanism upon
the stress treatment. Taken together, these results suggest
that actions of CARM1 at p54nrb methylation andNEAT1
transcription synergistically work together to regulate the

export of transcripts containing IRAlus from paraspeckles
under certain cellular stresses, such as the poly(I:C) treat-
ment (Fig. 7I).

Discussion

Paraspeckles play a role in gene regulation through nucle-
ar retention mediated by the association of their key pro-
tein component, p54nrb, withmRNAs containing inverted
repeats (Alu repeats in humans) in their 3′ UTRs (Prasanth
et al. 2005; Chen et al. 2008; Chen and Carmichael 2009;
Mao et al. 2011a). Such nuclear-retained mRNAs are in-
efficiently exported to the cytoplasm, resulting in silenc-
ing of gene expression. However, the level of nuclear
retention of transcripts containing IRAlus is variable,
with some suchmRNAs located in the nucleus,while oth-
ers are in the cytoplasm (Prasanth et al. 2005; Chen et al.
2008; Hundley et al. 2008; Chen and Carmichael 2009;
Elbarbary et al. 2013). How the nuclear retention of
mRNAs containing IRAlus at paraspeckles is regulated
has remained elusive. Here we demonstrate that CARM1
is a novel component of paraspeckles (Fig. 1). Disruption
of CARM1 significantly enhances the nuclear retention
of mRNAs containing 3′ UTR IRAlus and represses
gene expression (Fig. 2; Supplemental Figs. S3, S4, S6).

Figure 6. CARM1 is enriched at the
NEAT1 promoter and inhibitsNEAT1 tran-
scription and paraspeckle formation. (A)
CARM1 deficiency promotes the expres-
sion of both isoforms of NEAT1. (B)
CARM1 knockdown increases paraspeckle
formation. (Left) Colocalization of NEAT1

RNA (green) and p54nrb protein (red) re-
vealed paraspeckles in scramble and
CARM1 knockdown (KD) HeLa cells.
(Right) Statistical analysis of numbers of
paraspeckles from >300 cells in scramble
and CARM1 knockdown HeLa cells. The
P-value from a one-tailed t-test in the pair-
wise comparison is shown. (C ) CARM1
knockdown increases paraspeckle forma-
tion in HEK293 cells. (D) CARM1 is en-
riched on the promoter region of NEAT1.
CARM1 ChIP followed by qPCR analyzed
the occupation of CARM1 on the NEAT1

gene. The positions of examined primers
are shown in E. (E) CARM1 deficiency pro-
motes the transcription of nascentNEAT1.
(Top) A schematic drawing indicates the
primer sets used. (Bottom) A crude prepara-
tion of nuclei was subjected to NRO assays
under the indicated conditions in HeLa
cells. Nascent transcription of NEAT1 de-
tected from scramble nuclei was defined
as one. In A, D, and E, error bars represent
±SD in triplicate experiments. (∗) P < 0.05;
(∗∗) P < 0.01; n≥ 3.
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To achieve this regulation, CARM1 methylates p54nrb

(Fig. 1; Supplemental Figs. S1, S2) and reduces its ability
to associate with dsRNAs, such as mRNAs with IRAlus
(Figs. 4, 5). On the other hand, CARM1 suppresses
NEAT1 transcription and inhibits paraspeckle formation
(Fig. 6).

While p54nrb is required for nuclear retention of
mRNAs with 3′ UTR IRAlus, the catalytic activity of
CARM1 is also required for this effect (Fig. 3). How is bind-
ing of p54nrb to mRNA-IRAlus achieved? Since it is
known that p54nrb binds to inosine-containing RNAs

(Zhang andCarmichael 2001) and that a strong correlation
between A-to-I RNA editing and retention was seen in
mRNAs containing inverted repeats (Prasanth et al.
2005; Chen and Carmichael 2008; Chen et al. 2008), it
has been thought that one of the consequences of Alu
RNA editing is to retain edited mRNAs within nuclear
paraspeckles. However, somemRNAswith edited IRAlus
in their 3′ UTRs were also observed in the cytoplasm
(Chen et al. 2008; Hundley et al. 2008). Knockdown of
ADAR1, which is responsible for A-to-I RNA editing,
has little effect on the export of nuclear-retained IRAlus

Figure 7. CARM1 is involved in the poly(I:
C)-stimulated enhancement of nuclear re-
tention. (A) Poly(I:C) treatment induces
the expression of IFNβ. HeLa cells were
transfected with 2 μg/mL poly(I:C) for 6 h
and then harvested for analysis. (B) Poly(I:
C) treatment induces NEAT1 expression.
(C ) Poly(I:C) treatment reduces the occu-
pancy of CARM1 at the NEAT1 promoter.
HeLa cells were transfected with poly(I:C)
for 6 h and then harvested for CARM1
ChIP followed by qPCR. Data are presented
as the percentage of CARM1 coprecipitat-
ing DNAs along theNEAT1 gene versus in-
put under each indicated condition. (D)
Poly(I:C) treatment inducesNEAT1 expres-
sion in scramble-treated HeLa cells but not
in CARM1 knockdown (KD) HeLa cells. (E)
Poly(I:C) treatment reduces p54nrb methyl-
ation. HeLa cells were transfected with 2
μg/mL poly(I:C) for 6 h and then harvested
for Western blotting analyses. (F ) Poly(I:C)
treatment enhances the nuclear retention
of mRNAs containing IRAlus. HeLa cells
were transfected with poly(I:C) for 6 h and
then harvested for the nuclear and cytoplas-
mic fractionations. The relative subcellular
distribution of transcripts of endogenous
transcripts with IRAlus was investigated
by RT-qPCR, normalized to the relative
amount of actin mRNA in each fraction-
ation, and compared with control HeLa
cells. (G) The expression of CARM1 re-
mains unchanged upon poly(I:C) treatment,
as revealed by Western blotting. (H) The
poly(I:C) treatment attenuates CARM1 lo-
calization to paraspeckles. (Left) Control
and poly(I:C) transfected HeLa cells were
stained with anti-p54nrb and anti-CARM1
antibodies, and representative images are
shown. (Right) The statistics of p54nrb and
CARM1 colocalization. The IODs (inte-
grated optical densities) of punctuated
anti-CARM1 and anti-p54nrb signals were

measured by Image-Pro Plus from images taken with the same parameters (n > 100 double-positive staining cells). The ratio of IODCARM1

to IODp54
nrbwas used to evaluate the extent of colocalization. The P-value froma one-tailed t-test in the pairwise comparison is shown. (I )

Amodel of how the nuclear retention of IRAlus mRNAs at paraspeckles is regulated. (Left) Under normal conditions, CARM1 suppresses
NEAT1 transcription and paraspeckle formation and alsomethylates p54nrb, resulting in the reduced ability to bind tomRNAs containing
IRAlus. (Right) Upon appropriate stimulation, such as upon poly(I:C) treatment, actions of CARM1 are attenuated, resulting in an in-
creased expression of NEAT1 RNA, unmethylated p54nrb, and enhanced nuclear retention of IRAlus mRNAs at paraspeckles. See the
text for details. In B–D and F, error bars represent ±SD in triplicate experiments. (∗∗) P < 0.01; n = 3.
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mRNAs (Elbarbary et al. 2013). These results thus sug-
gested that another nuclear retention signal is required
for p54nrb-mediated mRNA nuclear retention in addition
to RNA editing. Another formal possibility is that long
imperfect duplexes formed by IRAlus in the 3′ UTRs of
genesmight influence gene regulation even in the absence
of editing. We showed that such unique hairpin structures
can directly bind to unmethylated p54nrb (Figs. 4, 5),
which in turn could lead to the nuclear retention of
mRNAs containing IRAlus within paraspeckles. More-
over, it has been reported that p54nrb can bind DNA
through its C terminus (Yang et al. 1993). Consistent
with this view, we demonstrated that the selective bind-
ing of dsRNAs to p54nrb also requires its coiled-coil
domain (Fig. 5).
Post-translational modifications of proteins play key

roles in the regulation of many cellular processes by alter-
ing their associated effectors, including both proteins and
a few reported RNAs. For instance, methylation/deme-
thylation of Polycomb 2 protein could modulate its inter-
action with different lncRNAs (either TUG1 orMALAT1)
with an unknownmechanism, resulting in the coordinat-
ed gene expression program in distinct subnuclear ar-
chitectural compartments in response to growth signals
(Yang et al. 2011). We observed that CARM1methylation
on p54nrb occurs at or near the dsRNA-binding coiled-coil
domain and that knockdown of CARM1 significantly al-
ters p54nrb-binding activity to dsRNAs but not ssRNAs
(Fig. 5), resulting in enhanced nucleocytoplasmic export
of mRNAs containing inverted Alu repeats. Thus, this
regulation pathway represents one of a few examples
where post-translational modification of an RNA-binding
protein affects protein–RNA interaction and gene expres-
sion. Furthermore, although our data support the view
that the reduced binding capability of methylated p54nrb

to dsRNAs could result from a direct conformational
change of p54nrb methylation at the coiled-coil domain,
we cannot exclude the possibility that these methyl sites
may recruit other effector proteins to facilitate the release
of mRNA-IRAlus from methylated p54nrb (Yang et al.
2014). Finally, the dsRNA-binding protein STAU1 (Wick-
ham et al. 1999) was recently shown to compete with
p54nrb for the binding of 3′ UTR IRAlus, independent of
editing (Elbarbary et al. 2013). It will be of interest to ex-
amine whether the binding of 3′ UTR IRAlus with
STAU1 occurs after the release of mRNAs containing
IRAlus from methylated p54nrb.
Although many lncRNAs have been implicated in gene

regulation and mammalian development (Ulitsky and
Bartel 2013), how the expression of lncRNAs is regulated
has remained poorly understood. Interestingly, we found
that paraspeckle-localized CARM1 also plays a role in
the transcription regulation of NEAT1 RNAs and affects
paraspeckle formation (Fig. 6). CARM1 is recognized as
a transcriptional coactivator (Chen et al. 1999; Bedford
and Clarke 2009) but also acts as a transcriptional cosup-
pressor, such as in the cyclic adenosine monophosphate
signaling pathway (Xu et al. 2001). In the case of NEAT1
regulation, we found that CARM1 is enriched at the
NEAT1 promoter and acts as a transcriptional repressor

(Fig. 6). Conspicuously, this “negative” regulation of
NEAT1 transcription and paraspeckle formation by
CARM1 could in fact lead to a “positive” gene expression
output by allowing the export of more mRNAs with
IRAlus to the cytoplasm for protein translation. This final
output in gene expression is therefore consistent with a
general role of CARM1 in promoting gene transcription
(Chen et al. 1999; Bedford and Clarke 2009). However,
we do not yet know what directs CARM1 to the NEAT1
promoter and what other factors are involved in this
NEAT1 transcription regulation by CARM1. It had been
reported recently that NEAT1 RNAs can sequester the
transcriptional regulator PSF to regulate gene expression
(Hirose et al. 2014; Imamura et al. 2014). Since PSF is
largely localized to paraspeckles, it will be of interest to
examine whether PSF can autoregulate NEAT1 transcrip-
tion in coordination with CARM1.
The identification of CARM1 functioning at two levels

within paraspeckles is particularly interesting. On the one
hand, CARM1methylates p54nrb, resulting in the reduced
ability to binding to mRNAs containing IRAlus (Figs. 3–
5). On the other hand, CARM1 suppresses NEAT1 tran-
scription and paraspeckle formation (Figs. 6, 7I). Actions
of CARM1 at these two levels synergistically work to-
gether to regulate the export of transcripts containing
IRAlus from paraspeckles. In response to certain cellular
stressors, such as poly(I:C) treatment, we observed the
reduced p54nrb methylation (enhanced mRNA nuclear
retention) and the decreased binding of CARM1 to the
NEAT1 promoter (enhanced transcription of NEAT1
and paraspeckle formation) (Fig. 7A–F). Thus, this para-
speckle-mediated nuclear retention was enhanced upon
poly(I:C) stimulation, leading to less translation of
mRNAs containing IRAlus (Fig. 7I).

Materials and methods

Cell culture, plasmids, transfection, and knockdown

with shRNAs

HeLa, HEK293, and MEF cell lines were cultured using standard
protocols. HEK293 CARM1 Flp-in stable cell line, wide-type, and
CARM1−/−MEFs have been described (Cheng et al. 2007). Trans-
fection was carried out with either X-tremeGENE 9 (Roche) or
Lipofectamine 2000 (Invitrogen) according to the manufacturers’
protocols. To generate Flag-p54nrb-wt (MUT) or Flag-EGFP stable
cell lines, pcDNA3.1 (+)-Flag-p54nrb-wt (MUT) or pcDNA3.1
(+)-Flag-EGFP was transfected into HEK293 CARM1 Flp-in cells
followed by G418 selection. The plasmids pEGFP-SC-Nicn1-
Alu (IRAlus) and pEGFP-SC-Lin28-Alu (IRAlus) have been de-
scribed (Chen et al. 2008). CARM1 knockdown was carried out
as described (Ou et al. 2011), and stable HeLa and HEK293 lines
were generated. To knock down p54nrb, the sequence “GCAGG
CGAAGTCTTCATTCAT” was inserted into pLVTHM vector
withMlu1 and Cla1, and the construct was packaged into lentivi-
rus to infectHeLa cells. All plasmids used are listed in the Supple-
mental Material.

In vitro methylation assay

In vitro methylation assay was carried out as described (Cheng
et al. 2007). GST-CARM1 and His-p54nrb were overexpressed
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and purified from E. coli. In vitromethylation reactions were per-
formed in a final volume of 30 µL of PBS (pH 7.4). The reaction
contained 0.5–1.0 µg of substrates and 0.2–0.4 µg of recombinant
enzymes. All methylation reactions were carried out in the pres-
ence of 0.5 μCi S-adenosyl-L-[methyl-3H] methionine (85 Ci/
mmol from a 0.5 mCi/mL stock solution; Perkin-Elmer). The re-
action was incubated for 1 h at 30°C and then subjected to fluo-
rography by separation on SDS-PAGE (12% gel), transferred to a
PVDF membrane, treated with Enhance (Perkin-Elmer), and ex-
posed to film overnight. After in vitro methylation followed by
fluorography, the same membrane was subjected to Coomassie
blue staining, immunoblotting with anti-His tag, or Ponceau
staining.We overlaid the fluorographwith the stainedmembrane
and signals from immunoblots and verified that the stained pro-
tein bands matched with the methylated bands.

Immunoprecipitation

HeLa cells (107) were harvested and suspended in immunoprecip-
itation buffer (50 mM HEPES at pH 7.6, 250 mM NaCl, 5 mM
EDTA at pH 8.0, 0.1% NP-40, 1 mM PMSF, protease inhibitor
cocktail) followed by sonication. After centrifuging at 13,000
rpm for 15 min at 4°C, the supernatant was transferred into a
new tube and precleared with 10 μL of Dynabeads G. Next, the
precleared supernatant was incubated with 20 μL of Dynabeads
Gwith antibodies for p54nrb (BD) or IgG (Sigma) for 4 h at 4°C fol-
lowed by washing with immunoprecipitation buffer. To harvest
the protein complex, 50 μL of 1× SDS loading buffer (62.4 mM
Tris at pH 6.8, 10% glycerol, 2% SDS, 0.0012% bromophenol
blue) was added, incubated for 10 min at 95°C, and analyzed by
Western blotting.

MS for methylation

pcDNA3.1 (+)-Flag- p54nrb was transfected into scramble and
CARM1 knockdown stable HeLa cells for 24 h, and cells trans-
fected with Flag-EGFP were used as control. Cells (107) were har-
vested as described above, and 20 μL of anti-FlagM2 beads (Sigma)
was used in each reaction. One out of 10 immunoprecipitated
beads was saved for Western blotting and silver staining, and
the others were used for MS. Beads were washed with PBS and
then aliquoted into three parts (one each for Glu-C, substilisin,
and trypsin digestion) followed by incubation with DTT and
urea for 30 min at 60°C. Next, 15 mM iodoacetamide was added
into the beads and incubated for 20 min at room temperature.
Digestion was performed using sequencing grade Glu-C, substili-
sin, and trypsin for 4 h at 37°C. Liquid chromatography-tandem
MS (LC-MS/MS) was carried out on the Thermo Q Exactive Hy-
brid quadrupole orbitrap mass spectrometer.

Nuclear and cytoplasmic RNA fractionation, RNA isolation,

qRT–PCR, and Northern blotting

Nuclear and cytoplasmic fractionation was carried out as de-
scribed (Chen et al. 2008) with slight modifications. Cell pellets
were suspended by gentle pipetting in 200 μL of lysis buffer (10
mM Tris at pH 8.0, 140 mM NaCl, 1.5 mM MgCl2, 0.5% Igepal,
2 mM vanadyl ribonucleoside complex [VRC]) and incubated
for 5 min on ice. One-fifth of the lysate was saved as total RNA.
The rest of the lysate was centrifuged at 1000g for 3 min at 4°C
to pellet the nuclei, and the supernatantwas the cytoplasmic frac-
tion. To obtain pure cytoplasmic RNA, the supernatant fraction
was further centrifuged at 13,000 rpm for 10 min at 4°C and
then collected carefully to a new tube, and RNA was extracted
with Trizol. To obtain pure nuclear RNA, the nuclear pellets

were subjected to two additional washeswith 160 µL of lysis buff-
er and one additional wash by adding 0.5% deoxycholic acid into
the lysis buffer. Finally, the purified nuclei were resuspended in
100 µL of lysis buffer followed by extraction with Trizol. The
RNAwas extracted per standard protocols. ForNorthern blotting,
equal amounts of RNAs from different fractionations were load-
ed. Northern blotting was performed using the DIG Northern
starter kit (Roche). The probes usedwere produced by digoxigenin
(Dig)-labeled in vitro transcription (IVT) of specific PCR products.
Primers used for amplifying templates for IVT are listed in the
Supplemental Material. For qRT–PCR, after treatment with
DNase I (Ambion), equal amounts of RNAs from different frac-
tionationswere reverse-transcribed into cDNAswith SuperScript
II (Invitrogen). β-Actin was used as an endogenous control.

RNA ISH and immunofluorescence microscopy

Simultaneous RNA ISH and immunofluorescence were per-
formed as described (Yin et al. 2012) with slight modifications.
Hybridization was performed with in vitro transcribed Dig-la-
beled probes. For colocalization studies, cells were costained
with mouse anti-p54nrb (BD) and/or rabbit anti-CARM1 (Bethyl
Laboratories). The nucleiwere counterstainedwithDAPI. Images
were takenwith a Zeiss LSM510microscope or anOlympus IX70
DeltaVision RT deconvolution systemmicroscope. For statistical
analysis, >300 cells from each group were observed and calculat-
ed. Image analyses of signal intensity were carried out by Image-
Pro Plus according to standard protocols and were described pre-
viously (Yin et al. 2015).

Formaldehyde cross-linking RIP

HeLa cells (107) were washed twice with 5 mL of PBS and cross-
linked with 1% formaldehyde for 10 min at room temperature.
Cross-linking was stopped by the addition of glycine to a final
concentration of 0.25 M followed by incubation for 5 min at
room temperature. After washing twice with 5 mL of cold PBS,
cells were collected and suspended in 1 mL of RIP buffer (50
mM Tris-HCl at pH 7.5, 150 mM NaCl, 1% NP40, 0.5% sodium
deoxycholate, 1 mM PMSF, 2 mM VRC, protease inhibitor cock-
tail). The cells were homogenized by sonication and then centri-
fuged at 13,000 rpm for 10 min at 4°C to remove the insoluble
material. Fifty microliters of supernatant was saved as input.
The rest of the supernatant was precleared by applying 10 μL of
Dynabeads G (Invitrogen) with 20 μg/mL yeast tRNA for 1 h at
4°C. Next, the precleared lysate was incubated with Dynabeads
G that were precoated with 2 μg of antibodies for p54nrb (BD) or
IgG (Sigma) for 4 h at 4°C. The beads were washed three times
for 5 min with washing buffer I (50 mM Tris-HCl at pH 7.5, 1
M NaCl; 1% NP40, 1% sodium deoxycholate, 2 mM VRC) and
three times for 5 min with washing buffer II (50 mM Tris-HCl
at pH 7.5, 1 M NaCl, 1% NP40, 1% sodium deoxycholate, 2
mMVRC, 1Murea). The immunoprecipitated complex was elut-
ed fromDynabeads G by adding 100 μL of elution buffer (100mM
Tris HCl at pH 8.0, 10 mMEDTA, 1% SDS). Proteinase K (0.2 μg/
μL) and 200mMNaClwere added into the RNA sample and incu-
bated for 1 h at 42°C followed by 1 h at 65°C. RNA was then ex-
tracted, digested with DNase I (Ambion), and used to synthesize
cDNA using random hexamers (SuperScript III, Invitrogen) fol-
lowed by qPCR analysis (AceQ, Vazyme).

UV cross-linking RIP

UV cross-linking RIP was carried out as described (Zhang et al.
2013b). HeLa cells (107) were washed twice with 5 mL of cold
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PBS and irradiated at 150 mJ/cm2 at 254 nm in a Stratalinker.
Cells were collected and resuspended in 1 mL of RIP buffer.
The cells were homogenized by sonication and then centrifuged
at 13,000 rpm for 10min at 4°C to remove the insoluble material.
Fiftymicroliters of supernatantwas saved as input. The rest of the
supernatant was precleared by applying 10 μL of Dynabeads G
(Invitrogen) with 20 μg/mL yeast tRNA for 1 h at 4°C. Next, the
precleared lysate was incubated with Dynabeads G that were pre-
coatedwith 2 μg of antibodies for p54nrb (BD) or IgG (Sigma) for 4 h
at 4°C. The beads were washed three times for 5 min with wash-
ing buffer I and three times for 5 min with washing buffer II. The
immunoprecipitated complex was eluted from Dynabeads G by
adding 100 μL of elution buffer (100 mM Tris-HCl at pH7.0, 5
mM EDTA, 10 mM DTT, 1% SDS). Five microliters of 10 mg/
mL proteinase K was added into the RNA sample and incubated
for 30min at 55°C. RNAwas then extracted, digestedwithDNase
I (Ambion), and used to synthesize cDNA using random hexam-
ers (SuperScript III, Invitrogen) followed by qPCR analysis.

ChIP

ChIP was carried out as described (Zhang et al. 2013b). HeLa cells
(107) were cross-linked in 1% formaldehyde for 5 min at room
temperature, quenched by adding 0.25 M glycine, and then col-
lected by cell scraper. After being suspended in 1mL of ChIP lysis
buffer (1%Triton X-100, 0.1% sodium deoxycholate, 50mMTris
at pH 8.0, 150mMNaCl, 5mMEDTA), cells were sonicated until
the majority of DNA fragments was 300–500 base pairs (bp). Su-
pernatants were collected and subjected to preclearing with
Dynabeads G (Invitrogen) with a supplement of 100 μg of ssDNA.
Next, the precleared lysates were used for ChIP with 2 μg of
CARM1 antibody (Bethyl Laboratories). ChIP was carried out
overnight at 4°C. The beads were washed with 600 μL of ChIP ly-
sis buffer, 600 μL of high-salt wash buffer (1%Triton X-100, 0.1%
deoxycholate, 50 mM Tris at pH 8.0, 500 mM NaCl, 5 mM
EDTA), and 600 μL of LiCl immune complex wash buffer (0.25
M LiCl, 0.5% Igepal, 0.5% deoxycholate, 10 mM Tris at pH 8.0,
1 mM EDTA) sequentially followed by two washes with 600 μL
of 1× TE buffer (10 mM Tris at pH 8.0, 1 mM EDTA) at 4°C.
The immunoprecipitated complex was eluted from Dynabeads
G by adding 200 μL of fresh-prepared elution buffer (1% SDS,
0.1 M NaHCO3) with rotation for 15 min at room temperature.
Next, the reverse cross-linking was carried out by adding 8 μL
of 5 M NaCl and incubation for 4 h at 65°C followed by the addi-
tion of 4 μL of 0.5 M EDTA and 10 μL of 10 mg/mL proteinase K
for 2 h at 55°C. DNA was then extracted and analyzed by qPCR.

NRO assay

The NRO in HeLa cells was performed as described (Zhang et al.
2013b). HeLa cells (107) were washed with cold PBS three times
and incubated in swelling buffer (10 mM Tris at pH 7.5, 2 mM
MgCl2, 3 mM CaCl2) for 5 min on ice. Cells were collected, sus-
pended in 1.5 mL of lysis buffer (10 mM Tris at pH 7.5, 2 mM
MgCl2, 3 mMCaCl2, 0.5% Igepal, 10% glycerol, 2 U/mL RNasin
ribonuclease inhibitor [Promega]), gently pipetted, and then cen-
trifuged at 1500g for 10min at 4°C. The pelletswere collected and
subjected to another lysis to obtain purer nuclei. The resulting
nuclear pellets were resuspended in 100 μL of NRO buffer (50
mM Tris at pH 7.5, 5 mM MgCl2, 150 mM KCl, 0.1% sarkosyl,
2 U/mL RNase inhibitor, 10 mM DTT) containing 0.1 mM
ATP, GTP, CTP, and BrUTP (Sigma). Transcription was per-
formed for 3 min on ice and then 5 min at room temperature.
The reaction was stopped by addition of 600 μL of Trizol reagent,
and RNAwas extracted followed by the DNase I (Ambion) treat-
ment to remove genomicDNA. The purified RNAswere incubat-

ed with 2 μg of anti-BrdU antibody (Sigma) or an equal amount of
IgG antibody (Sigma) for 2 h at 4°C and then immunoprecipitated
for 1 h with Dynabeads Protein G (Invitrogen) precoated with
yeast tRNA (Sigma). Precipitated RNAs were extracted by Trizol
reagent and used for cDNAsynthesis and qPCRanalysis. Allmea-
sured samples were normalized to β-actin transcription.

Biotin-labeled RNA pull-down

Biotinylated RNA pull-down assays were performed as described
(Zhang et al. 2013b). DNA fragments of full-length EGFPwith T7
promoter on its 5′ end and fragment EGFP (76–495) with T7 pro-
moters on both ends were in vitro transcribed with the biotin
RNA-labeling mix (Roche) and T7 transcription kit (Promega).
HeLa cells (107) were collected and suspended in 1mL of RIP buff-
er (25mMTris at pH 7.5, 150mMKCl, 0.5mMDTT, 0.5%NP40,
1mMPMSF, 2mMVRC, protease inhibitor cocktail) followed by
sonication. After being centrifuged at 13,000 rpm for 15 min at 4°
C, the supernatantwas transferred into a new tube and precleared
with 40 μL of streptavidin Dynabeads for 20 min at 4°C. Next, 20
μg/mL yeast tRNAwas added to block unspecific binding and in-
cubated for 20 min at 4°C. The precleared lysate was divided into
two parts, and each was supplemented with 2 μg of biotin-labeled
ss_egfp (full length of egfp) or ds_egfp (an inverted repeated frag-
ment of egfp) and incubated for 1.5 h followed by addition of 40
μL of streptavidin Dynabeads and incubation for another 1.5 h
at room temperature. Beads were washed four times for 5 min
with RIP buffer containing 0.5% sodium deoxycholate and boiled
in 1× SDS loading buffer for 10 min at 100°C. The retrieved pro-
teins were analyzed by Western blotting with anti-p54nrb (BD),
anti-methyl-p54nrb (620me), and anti-PSF (Sigma).

tRSA RNA pull-down

tRSA RNA pull-down assays were carried out as described (Iioka
et al. 2011) with modifications. IRAlus from the 3′ UTR ofNicn1

were cloned into pcDNA3 with the tRSA tag at its 5′end. tRSA-
IRAlus or tRSA was in vitro transcribed using the T7 transcrip-
tion kit (Promega). Ten micrograms per reaction of synthetic
RNAs was denatured for 5 min at 65°C and cooled to room tem-
perature in the presence of PA buffer (10 mM Tris at pH 7.4, 10
mM MgCl2, 100 mM NH4Cl). Next, the RNAs were incubated
with 40 μL of streptavidin Dynabeads for 20 min at 4°C in the
presence of 2 U/mL RNasin (Promega). HeLa cells (107) were col-
lected and resuspended in 1 mL of lysis buffer (25 mM Tris at pH
7.4, 150 mMKCl, 0.5 mMDTT, 0.5%NP40, 1 mM PMSF, 2 mM
VRC, protease inhibitor cocktail) followed by sonication. After
centrifuging at 13,000 rpm for 15 min 4°C, the supernatant was
transferred into a new tube and precleared with 40 μL of strepta-
vidin Dynabeads for 20 min at 4°C followed by the addition of 20
μg/mL yeast tRNA for 20min at 4°C. Beads prebound with tRSA-
IRAlus RNA or tRSA RNA were incubated with precleared ly-
sates for 4 h at 4°C followed by washing with lysis buffer contain-
ing 0.5% sodium deoxycholate. To harvest the protein complex,
50 μL of 1× SDS loading bufferwas added and incubated for 10min
at 95°C and then analyzed by Western blotting.

Dig-labeled RNA pull-down

Dig-RNA pull-down assays were carried out as described (Arab
et al. 2014) with modifications. Two 10-cm dishes of cells ex-
pressing Flag-p54nrb-wt (MUT) or Flag-EGFP were used to immu-
noprecipitate with anti-Flag M2 (20 μL for each reaction) (Sigma).
After immunoprecipitation and washing, one out of five beads
was saved for Western blot. The rest were equilibrated in binding
buffer (50 mM Tris at pH 8.0, 10% glycerol, 100 mM KCl, 5 mM
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MgCl2, 10 mM β-mercaptoethanol, 0.1% NP-40) and incubated
with 200 ng of Dig-labeled RNA in binding buffer for 1.5 h at
room temperature. TheDig-labeled RNAwas produced byDig-la-
beled IVT of an IRAlus DNA fragment, whichwas amplified from
the 3′ UTR of Nicn1. After washing with immunoprecipitation
buffer containing 500 mM NaCl, the bound RNA was extracted
and analyzed by Northern blotting.

Computational pipeline for the analysis of genes containing 3′

UTR IRAlus enriched in the NEAT1 DNA CHART

A stringent pipeline was developed to identify 3′ UTR IRAlus
genes enriched by NEAT1 DNA CHART. To identify 3′ UTR
IRAlus genes, IRAlus were identified by RepeatMasker (Tarailo-
Graovac and Chen 2009). The 3′ UTRs were defined in a RefSeq
gene file. Next, the overlap region between IRAlus and the 3′

UTR was calculated to ensure that IRAlus were located in the
3′ UTRs. In total, 545 genes containing 3′ UTR IRAlus were ob-
tained. In MCF7 cells, 388 genes containing 3′ UTR IRAlus
were expressed (reads per kilobase per million mapped reads
[RPKM]≥ 2) by analyzing the available RNA sequencing data
sets (MCF7 RNA-seq; Gene Expression Omnibus [GEO]:
GSE47042) (Janky et al. 2014). To analyze the NEAT1 DNA
CHART-enriched IRAlus-containing genes, the NEAT1 DNA
CHART-seq data sets carried out in MCF7 cells (GEO:
GSE47042) (West et al. 2014) were used to call peaks by MACS
(version 1.4.2, 20120305) (Feng et al. 2012). One-hundred-forty-
nine MCF cells expressed genes that contain 3′ UTR IRAlus en-
riched by the NEAT1 DNA CHART.
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Supplemental Figure S1-S2 is related to main Figure 1. 

Supplemental Figure S3-S6 is related to main Figure 2. 

Supplemental Figure S5 is related to main Figures 2, 4, 5, 7. 

Supplemental Figure S7 is related to main Figure 3. 

II. Supplemental Tables

Supplemental Table S1 includes all primer sequences used in the study. 
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Supplemental figure legends

Figure S1. Characterization of p54nrb methylation (related to Figure 1).  (A) Identification 

of p54nrb methylation by PRMTs. The indicated PRMTs were used to methylate p54nrb. The 

methylated proteins were separated by SDS-PAGE, transferred to a PVDF membrane, and 

visualized by fluorography. The same membrane was subjected to Ponceau staining to verify 

substrate equal loading. (B) Characterization of p54nrb methylation by CARM1. Top, a 

schematic view of regions of p54nrb fused to his-tag for deletion analysis. Bottom, purified his-

tagged p54nrb truncations were incubated with recombinant GST-CARM1 in the presence of 

[3H]AdoMet, separated by SDS-PAGE, and the methylated proteins visualized by fluorography 

(bottom right panel). A duplicate substrate gel was Coomassie stained to demonstrate loading 

(bottom left panel). Red dots indicated the expression of p54nrb truncations.

Figure S2. p54nrb is methylated by CARM1 (related to Figure 1). (A) CARM1 was knocked 

down in HeLa and HEK 293 cells, as validated by Western blotting (WB). Actin was used as a 

loading control. (B) Flag- p54nrb was expressing in scramble and CARM1 KD HeLa cells. The 

top is the silver staining of IP complex. The bottom is the western blotting analysis of IP 

efficiency. The Flag-p54nrb IP samples were subjected to MS. (C) The sequence of human 

p54nrb. Amino Acids highlighted by blue indicate the RRM domains, while Amino Acids 

highlighted by red indicate the Coiled-coil domain. All Arginines (R) were underscored. R73, 

R184 and R207 were present in both scramble and CARM1 knockdown Flag-p54nrb IP samples, 

while R357, R365 and R378 were present in the scramble, but not the CARM1 knockdown, 

Flag-p54nrb IP sample. (D) Hybrid mass spectrometry identified Arg357, Arg365 and Arg378 are 

major methylation sites on p54nrb by CARM1 in HeLa cells.

Figure S3. CARM1 deficiency suppresses egfp-IRAlus expression (related to Figure 2). (A) 

CARM1 KD suppresses EGFP expression of egfp mRNA containing IRAlus in its 3’-UTR. 

IRAlus and Alu from the 3’-UTR of Lin28 were inserted into the 3’-UTR of egfp mRNA (Chen 

et al. 2008). Stable HeLa cell lines with the scramble shRNA treatment and CARM1 KD were 

transfected with the indicated plasmids and fluorescence observed 24 h after transfection. (B) 

The expression of EGFP and transcripts of egfp from the same batch of transfected HeLa cells 

as described (A) were investigated by WB by probing with anti-EGFP antibody; and by NB by 

probing with a Dig-labeled egfp fragment. Actin was used as loading control for WB. 

Equivalent amounts of total RNAs were loaded for NB as indicated by 28S and 18S rRNAs. (C) 

The relative translation efficiency (the relative intensity of each corresponding band from WB 

and NB shown in panel B) of egfp-Alu and egfp-IRAlus mRNA in scramble and CARM1 KD 

cells. 

Figure S4. CARM1 deficiency enhances nuclear retention of mRNAs containing IRAlus in 

HEK293 cells (related to Figure 2). (A) CARM1 KD suppresses EGFP expression of egfp 

mRNA containing IRAlus in its 3’-UTR. IRAlus and Alu from the 3’-UTR of Nicn1 were 

inserted into the 3’-UTR of egfp mRNA (Chen et al. 2008). Stable HEK293 cell lines with the 

scramble shRNA treatment and CARM1 KD were transfected with the indicated plasmids and 

fluorescence observed 24 h after transfection. (B) The expression of EGFP and transcripts of 
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egfp from the same batch of transfected HEK293 cells as described in (A) were investigated by 

WB by probing with anti-EGFP antibody. Actin was used as loading control for WB. (C) 

CARM1 deficiency significantly enhances the nuclear retention of egfp mRNA with IRAlus. 

The cytoplasmic and nuclear RNAs were isolated from HEK293 cells with the indicted 

treatment and then were used for RT-qPCR analysis. Note that the sub-cellular distributions of 

both the co-transfected mcherry and the endogenous actin mRNAs exhibited little changes in 

the scramble and CARM1 KD HEK293 cells. (D) CARM1 KD enhances the nuclear retention 

of other endogenous mRNAs with IRAlus in HEK293 cells. RT-qPCR analyzed a number of 

other endogenous mRNAs with IRAlus using nuclear and cytoplasmic fractionated RNAs. 

Primers to detect IRAlus RNAs were designed in the downstream of IRAlus in 3’-UTRs (Figure 

S5). The relative subcellular distribution of each IRAlus RNA was normalized to the relative 

amount of malat1 RNA. In (C)(D), SD was obtained from three independent experiments. 

(*)P<0.05; (**)P<0.01; n=3.

Figure S5. A schematic drawing of transcripts containing a pair of IRAlus in their 3’-

UTRs (related to Figures 2, 4, 5 and 7). Black bars represent exons, thin black lines represent 

introns. The position and direction of Alu elements in 3’-UTRs were shown in white arrows. 

The primer set recognizing each transcript is labeled as a thick blue line underneath.

Figure S6. CARM1 KD enhances the nuclear retention of endogenous mRNAs with 

IRAlus in their 3’-UTRs (related to Figure 2). (A) RT-qPCR quantitations of endogenous 

mRNAs with IRAlus in total, cytoplasmic and nuclear fractionations. The level of each cellular 

mRNA was normalized to the level of actin mRNA in scramble and CARM1 KD HeLa cells. 

SD was obtained from three independent experiments. (*)P<0.05; (**)P<0.01; n=3. T, total 

RNA; C, cytoplasmic RNAs; N, nuclear RNAs. (B) CARM1 KD promotes the nuclear retention 

of endogenous icmt mRNA. Top, cytoplasmic and nuclear RNA fractionation of scramble and 

CARM1 KD HeLa cells followed by NB to detect icmt mRNA. tRNAlys and actin revealed a 

successful cytoplasmic and nuclear fractionation. Equivalent amounts of RNA from different 

compartments were loaded as indicated by 28S and 18S rRNAs. Bottom, the relative subcellular 

distribution of the icmt mRNA was quantified from top panels by Image J and was presented by 

the normalization to the actin mRNA in each subcellular compartment. 

Figure S7. Visualization of mcherry-IRAlus expression after p54nrb and CARM1 

knockdown (related to Figure 3). (A) While CARM1 KD suppresses mcherry expression of 

mcherry mRNA containing IRAlus in its 3’-UTR, knockdown of p54nrb enhances mcherry 

expression of the same plasmid. (B) Expression of WT CARM1 but not the catalytic inactive 

mutant E266Q CARM1 in CARM1 KD HeLa cells could rescue the expression of mcherry 

mRNAs with IRAlus in its 3’-UTR. (C) A schematic drawing for the nuclear retention 

regulation of mcherry mRNAs with IRAlus in its 3’-UTR under different conditions. See text 

for details.
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Supplemental Table S1. Primers used in this study.

qPCR primers for IRAlus Genes 　
qNicn1-F ACTTCATCTGCAAGGTCACTTAC

qNicn1-R ACAGTAGTCTGTCCTCATGTGG

qPAICS-F CGTAATTTTGGACTGCCACA

qPAICS-R AGGTTTCATGGACAGCGAAC

qPccb-F CGGTGTACAGCATCTGTTGG

qPccb-R CATCTCTGCCAAAAACCACA

qMRPL30-F GTGAGTGGCTCTTTGCATGA

qMRPL30-R AGCTGGCATCCAGTGTTTCT

qICMT-F CCTCACGAAAGGCTTCACTC

qICMT-R GGCCACATCACCAATTTTCT

qPPIA-F AGGGAAGCATATTGGGCTTT

qPPIA-R CCTCTGCAGGGAGACTGACT

qPCR primers for NEAT1 　
qNEAT1-F TCGGGTATGCTGTTGTGAAA 

qNEAT1-R TGACGTAACAGAATTAGTTCTTACCA

qNEAT1-up-3F GCAGTGATCAAACAAGGCTTC

qNEAT1-up-3R TCAGTGTCCCTTAGGCTCAAA

qNEAT1-up-2F ACGGCCTCTTCCCACTTAAT

qNEAT1-up-2R AGGCATCGTGGTTTTGACTC

qNEAT1-up-1F CAACAACATCCGGGAAGAAA

qNEAT1-up-1R CAGTGTATCCCCGCTTCTCT

qNEAT1-1F GGAGGGCCGGGAGGGCTAAT

qNEAT1-1R CGGTCAGCCCCGTCGAGCTA

qNEAT1-2F TCCTCCTGGTGGCCAAGACAGC

qNEAT1-2R GCTAAGGGGCAGCGAAGGATGC

qNEAT1-3F TTCTTCCCCTTTACAGCACA

qNEAT1-3R TCGTTATGAAGGCAATGTGA

qNEAT1-4F GCCACATTCTTTGCCTTCAT

qNEAT1-4R CCCACACCTCTGGAAATTCA

qhNEAT1_2-F(qNEAT1-5F) TGACTCTCCATTTCCCCATC

qhNEAT1_2-R(qNEAT1-5R) TCATTTACCCGCATTTCACA

qNEAT1-6F GCATTTTTCCTCTTTGACCA

qNEAT1-6R GTGCTTTTTGCACCAACAAT

qhNEAT1_2-F-2(qNEAT1-7F) TTGCAGCAACTGTCCTGAAG

qhNEAT1_2-R-2(qNEAT1-7R) GGGTCCGGGATTATAGAGGA

qNEAT1-8F GCCTGTTGTCCTTACACCAT

qNEAT1-8R TAGGGCTTCCCTTCGCTATT

qNEAT1-9F GGGGTGTCCCCTATCAGACT

qNEAT1-9R AATGCTTTCCCATGATCCAG
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qNEAT1-10F GCCATCCGAGGAAGATGTAA

qNEAT1-10R GGGATGTTGATGGAGTGACC

qNEAT1-11F CCCACCTGGTAGTCCTCAGA

qNEAT1-11R TGGGTGCCTTCTACTCATCC

Other qPCR primers 　
qGFP-F ACAAGCAGAAGAACGGCATC

qGFP-R ACTGGGTGCTCAGGTAGTGG

qmcherry-F CCCCGTAATGCAGAAGAAGA

qmcherry-R GGCCTTGTAGGTGGTCTTGA

qhIFNβ-F CAGCAGTTCCAGAAGGAGGA

qhIFNβ-R AGCCAGGAGGTTCTCAACAA

qACTB-F GGACTTCGAGCAAGAGATGG

qACTB-R AGCACTGTGTTGGCGTACAG

qACTB for ChIP and NRO F CCTCATGGCCTTGTCACACGAG

qACTB for ChIP and NRO R GCCCTTTCTCACTGGTTCTCT

qnucleolin-F CCTCAGCAAAGAAGGTGGTC

qnucleolin-R GCCAGGTGTGGTAACTGCTT

Primers for NB probes

F-Sp6-NICN1-upstream
GCGATTTAGGTGACACTATAGGACCTTTCCCAAG

TGGCTCT

R-T7-NICN1-upstream
GCGTAATACGACTCACTATAGGGACCACTAGGGG

ACACACAGG

F-Sp6-actin
GCGATTTAGGTGACACTATAGTGCTATCCCTGTAC

GCCTCT

R-T7-actin
GCGTAATACGACTCACTATAGGGAGTACTTGCGC

TCAGGAGGA

F-tRNA-Lys
GATCCGCCCGGATAGCTCAGTCGGTAGAGCATCA

GCTTTTAATCTGAGGGTCCAGGG

R-tRNA-Lys
AGCTTCGCCCGAACAGGGACTTGAACCCTGGAC

CCTCAGATTAAAAGTCTGATGCTCTA

F-NEAT1 GGGCCATCAGCTTTGAATAA 

R-T7-NEAT1
TGAATTGTAATACGACTCACTATAGGGTCCCCATA

CATGCGTGACTA

Biotin Pulldown 

primers
　

F-T7-GFP
GCGTAATACGACTCACTATAGGGATGGTGAGCAA

GGGCGAGGA

R-GFP TTATCTAGATCCGGTGGATC

F-T7-dsEGFP
GCGTAATACGACTCACTATAGGGCACAAGTTCAG

CGTGTCCG
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R-T7-dsEGFP
GCGTAATACGACTCACTATAGGGGTTCACCTTGAT

GCCGTTC

Dig-RNA Pulldown 

primers
　

F-T7-IRAlus
GCGTAATACGACTCACTATAGGGCACGTGTCTCT

AGCAAAACC

R-IRAlus ATGCTGAGCATATCTCTTGG

Plasmid Vector Insert Restriction enzyme

pcDNA3.1(+)-flag pcDNA3.1(+) flag HindII BamHI

pcDNA3.1(+)-flag-

p54nrb-wt

pcDNA3.1(+)-

flag
full length p54nrb BamHI XhoI

pcDNA3.1(+)-flag-

p54nrb-mut

pcDNA3.1(+)-

flag

R357,365,378K 

mutation of p54nrb
BamHI XhoI

pcDNA3.1(+)-flag-

EGFP

pcDNA3.1(+)-

flag
EGFP BamHI XhoI

pTracer-CARM1-WT pTracer WT CARM1 EcoRI NotI

pTracer-CARM1-E266Q pTracer
E266Q mutation of 

CARM1
EcoRI NotI

pmCherry-flag-IRAlus pmCherry-C1
IRAlus from pEGFP-

C1-Nicn1-IRAlus
EcoRI XhoI

pcDNA3.1(+)-flag-

p54nrb-1

pcDNA3.1(+)-

flag
1-230bp of p54nrb BamHI XhoI

pcDNA3.1(+)-flag-

p54nrb-2

pcDNA3.1(+)-

flag
54-375bp of p54nrb BamHI XhoI

pET28a-p54nrb pET28a full length BamHI EcoRI

pET28a-p54nrb-△1 pET28a 1-89bp of p54nrb BamHI EcoRI

pET28a-p54nrb-△2 pET28a 90-131bp of p54nrb BamHI EcoRI

pET28a-p54nrb-△3 pET28a 132-226bp of p54nrb BamHI EcoRI

pET28a-p54nrb-△4 pET28a 227-309bp of p54nrb BamHI EcoRI

pET28a-p54nrb-△5 pET28a 310-361bp of p54nrb BamHI EcoRI

pET28a-p54nrb-△6 pET28a 362-471bp of p54nrb BamHI EcoRI

pET28a-p54nrb-

R357,365K
pET28a

R357,365K mutation 

of p54nrb
BamHI EcoRI

pET28a-p54nrb-

R378,383K
pET28a

R378,383K mutation 

of p54nrb
BamHI EcoRI
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