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SUMMARY

Alternative splicing (AS) of pre-mRNA is utilized by
higher eukaryotes to achieve increased transcrip-
tome and proteomic complexity. The serine/arginine
(SR) splicing factors regulate tissue- or cell-type-
specific AS in a concentration- and phosphoryla-
tion-dependent manner. However, the mechanisms
that modulate the cellular levels of active SR proteins
remain to be elucidated. In the present study, we
provide evidence for a role for the long nuclear-
retained regulatory RNA (nrRNA), MALAT1 in AS
regulation. MALAT1 interacts with SR proteins and
influences the distribution of these and other
splicing factors in nuclear speckle domains. Deple-
tion of MALAT1 or overexpression of an SR protein
changes the AS of a similar set of endogenous
pre-mRNAs. Furthermore, MALAT1 regulates cellular
levels of phosphorylated forms of SR proteins. Taken
together, our results suggest that MALAT1 regulates
AS by modulating the levels of active SR proteins.
Our results further highlight the role for an nrRNA in
the regulation of gene expression.

INTRODUCTION

Mammalian genomes harbor fewer protein-coding genes than
initially anticipated, and gene numbers do not proportionally
increase with increased genome complexity (for review, see
Amaral et al., 2008; Mattick, 2009). Interestingly, numerous
transcriptome analyses have identified RNAs that do not code
for proteins, referred to as noncoding RNAs (hncRNAs) (Kapranov
et al., 2002; van Bakel et al., 2010). Regulatory ncRNAs can be
broadly classified into small (18-200 nt) and long ncRNAs
(IncRNAs; 200 nt to >100 kb) (Prasanth and Spector, 2007).
Although studies of small regulatory RNAs have dominated the

field of RNA biology in recent years (Carthew and Sontheimer,
2009), a surprisingly wide array of cellular functions is also asso-
ciated with IncRNAs (Mercer et al., 2009; Wilusz et al., 2009).
Several IncRNAs are highly conserved, and their expression is
developmentally and temporally regulated or restricted to
particular tissues and organs, which further indicates their role
in specific cellular processes (Guttman et al., 2009; Mercer
et al., 2008; Ravasi et al., 2006).

Several studies have shown that specific RNAs are retained
within the mammalian cell nucleus (nuclear-retained regulatory
RNAs, nrRNAs) and are suggested to play structural roles or
act as riboregulators (reviewed in Prasanth and Spector, 2007;
Wilusz et al., 2009). Examples of some of the characterized
long nrRNAs include Xist and Tsix in mammals and RoX RNAs
in fruit flies, all of which are involved in dosage compensation
(Prasanth and Spector, 2007); and MEN epsilon/f (NEAT1),
implicated in paraspeckle structure maintenance (Chen and
Carmichael, 2009; Clemson et al., 2009; Sasaki et al., 2009;
Sunwoo et al., 2009). Recent genomic and RNA localization anal-
yses have identified additional novel nrBRNAs in mammalian cells,
and the characterization of these is expected to reveal important
gene-regulatory functions and roles associated with the com-
plexity observed in multicellular organisms (Mercer et al., 2008;
Sone et al., 2007; van Bakel et al., 2010).

The mammalian cell nucleus is compartmentalized into non-
membranous subnuclear domains including nucleoli, nuclear
speckles, paraspeckles, Cajal bodies, and promyelocytic
leukemia (PML) bodies, which in turn are enriched in specific
subsets of proteins and RNAs (Matera et al., 2009; Spector,
2006). Of particular interest in the present study are nuclear
speckles (interchromatin granule clusters [IGCs] or SC35
domains), of which there are ~20-30 per nucleus. Nuclear
speckles are highly dynamic subnuclear domains enriched with
pre-mRNA splicing/processing factors (Hall et al., 2006; Lamond
and Spector, 2003). Nuclear speckles do not represent major
sites of transcription or splicing but rather are thought to be
involved primarily in the assembly, modification, and/or storage
of the pre-mRNA splicing machinery. It has been proposed that
speckles are sites from where splicing factors are recruited to

Molecular Cell 39, 925-938, September 24, 2010 ©2010 Elsevier Inc. 925


mailto:kumarp@life.illinois.edu

active sites of transcription (Lamond and Spector, 2003; Misteli,
2000). However, the mechanisms that regulate the cycling of
splicing factors between nuclear speckles and sites of transcrip-
tion have yet to be characterized.

Alternative splicing (AS) of pre-mRNAs is a key step in the
regulation and diversification of gene function (Blencowe,
2006; Hallegger et al., 2010; Licatalosi and Darnell, 2010).
It has recently been estimated that transcripts from more than
95% of human multi-exon-containing genes undergo AS, and
the majority of these are variably expressed between different
cell and tissue types (Pan et al.,, 2008; Wang et al., 2008).
In general, AS is regulated by trans-acting protein factors, which
include the small nuclear ribonucleoproteins (snRNPs), the
serine/arginine-rich (SR) family of nuclear phosphoproteins (SR
proteins), SR-related proteins, and the heterogeneous nuclear
ribonucleoproteins (hnRNPs) (Blencowe, 2006; Long and
Caceres, 2009). SR proteins have been extensively character-
ized as a class of RNA-binding proteins that generally function
in constitutive splicing and AS in higher eukaryotic cells through
their sequence-specific recognition of cis-acting exonic splicing
enhancers and subsequent recruitment of other splicing factors
to facilitate the assembly of the spliceosome (Lin and Fu, 2007;
Long and Caceres, 2009). Cellular levels of SR family and SR-
related proteins are tightly regulated, and changes in concentra-
tions or phosphorylation of these factors can influence AS
patterns of many pre-mRNAs (Bourgeois et al., 2004; Calarco
et al., 2009; Long and Caceres, 2009; Stamm, 2008). However,
the mechanisms cells utilize in order to establish active concen-
trations of these factors are not well understood.

In the present study we have examined the role of an abun-
dant, long (>6.5 kb) mammalian nrRNA, metastasis-associated
lung adenocarcinoma transcript 1 (MALAT1; also referred to as
Neat2) in the regulation of gene expression (Hutchinson et al.,
2007; Wilusz et al., 2008). Originally identified based upon its
overexpression in several cancers, the role of MALAT1 in normal
cellular physiology remains unknown (Ji et al., 2003; Lin et al.,
2006). Since MALAT1 is highly conserved among mammals
and predominantly localizes to nuclear speckles, we hypothe-
size that it plays a critical role in one or more aspects of pre-
mRNA metabolism. To test this hypothesis, we have analyzed
the specific association of MALAT1 with pre-mRNA splicing
factors, its role in the spatial distribution of splicing factors,
and its involvement in the AS of endogenous pre-mRNAs. Our
results demonstrate that MALAT1 interacts with SR splicing
factors and modulates their distribution to nuclear speckles.
Furthermore, we provide evidence suggesting that MALAT1
regulates AS of pre-mRNAs by controlling the functional levels
of SR splicing factors.

RESULTS

MALAT1 nrRNA Localizes to Nuclear Speckles

and Interacts with SR Splicing Factors

Dual RNA-FISH using probes specific for MALAT1 (Figures 1Aa
and 1Ab) and U2-snRNA (Figures 1Aa” and 1Ab”) and coimmu-
nostaining using an antibody specific for the SR splicing factor,
SRSF1 (earlier referred as SF2/ASF; Figures 1Aa’ and 1Ab’)
(Manley and Krainer, 2010) in HeLa cells demonstrated enrich-
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ment of MALAT1 in nuclear speckles in interphase cells (Figures
1Aa-1Aa""), as also reported recently (Clemson et al., 2009;
Hutchinson et al., 2007). We also observe that MALAT1 concen-
trates in mitotic IGCs, a structural analog of nuclear speckles
present in mitotic cells (Figures 1Ab-1Ab"’) (Prasanth et al.,
2003).

To identify factors that interact with MALAT1 and potentially
contribute to its localization in speckles, we addressed whether
SR proteins, which are highly concentrated in speckle domains,
interact with MALAT1. We first performed a binding site motif
analysis to ask whether preferred binding sites for SRSF1 (Ray
et al., 2009) are significantly enriched in one or more regions
(using a sliding window of 1 kb) in human and mouse MALAT1
RNA, relative to regions of the same length within 100 randomly
selected mMRNAs from these species (see the Supplemental
Experimental Procedures available online). This analysis
identified significant enrichment for SRSF1-binding sites within
the 5 half of both human and mouse MALAT1, relative to the
randomly selected mRNAs (p value = 1.0674e-217 [human]
and p = 6.6882e-062 [mouse]) (Figures S1Aa and S1Ab).
Similarly, ESEfinder (version 3, http://rulai.cshl.edu/tools/ESE3/)
(Smith et al., 2006), a tool that searches for high-affinity SELEX-
defined binding sites of various SR proteins, also revealed
a concentration of SRSF1-binding sites in the 5’ half of mouse
and human MALAT1 (28 and 34 sites in mouse and human
MALAT1, respectively, threshold score ~3.9) (Figures S1Ac-
S1Ad). Confirming that SRSF1 binds endogenous MALAT1,
a recent study utilizing in vivo UV crosslinking of RNA followed
by immunoprecipitation and high throughput sequencing
(CLIP-Seq), demonstrated a direct interaction between SRSF1
and MALAT1 in HelLa cells (Sanford et al., 2009). Consistent
with the computational predictions described above, the binding
sites mapped in this study were primarily located within the 5
half of MALAT1 (Figure S1Ag).

To investigate the specificity of the interaction between
MALAT1 and SR proteins, we performed an RNA coimmunopre-
cipitation (RNA-IP) analysis using anti-SRSF1 antibody in formal-
dehyde crosslinked nuclear extracts from Hela cells (Figure 1B).
RT-PCR analyses of RNA-IP samples using primers specific to
human MALAT1 revealed a specific interaction between
MALAT1 and SRSF1 (Figures 1Bb and 1Bc). RNA-IP followed
by RT-PCR in extracts from HelLa cells transiently expressing
T7-tagged SR proteins (SRSF1, SRSF2 [SC35], SRSF3
[SRp20], SRSF5 [SRp40]) revealed interaction between MALAT1
and SRSF1, SRSF2, and SRSF3 (Figure 1C, Figures S1B and
S1C). Surprisingly, SRSF5, which has a domain organization
similar to that of SRSF1, consisting of two N-terminal RNA
recognition motifs (RRMs) and a C-terminal RS domain, showed
weak association with MALAT1 compared to other SR proteins
tested (Figure 1C, Figure S1B). This difference was not due to
a general lack of SRSF5-binding activity, since an in vivo reporter
cell line assay revealed that the transiently transfected
T7-SRSF5 was indeed functional in its ability to localize to a tran-
scriptionally active gene locus and to interact with the reporter
RNA (Figures S1D and S1E). Similarly, PSP1, an RNA-binding
protein and a component of paraspeckles, also displayed
a weak interaction with MALAT1 but at the same time showed
a strong association with the paraspeckle-localized NEAT1
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Figure 1. MALAT1 Localizes to Nuclear Speckles and Interacts with SR Proteins

(A) Co-RNA-FISH using probes against MALAT1 (Aa and Ab), U2 snRNA (Aa” and Ab”) and immunostaining using an antibody against SRSF1 (Aa’ and Ab’) in
interphase (Aa—Aa”’) and mitotic telophase Hela cells (Ab-Ab"’). The DNA is counterstained with DAPI (blue; Aa”’ and Ab”’). The bar represents 10 um.

(B) (Ba) Immunoprecipitation from Hela cells using SRSF1 antibody or mouse serum followed by immunoblot with SRSF1 antibody. (Bb and Bc) RT-PCR or gPCR
from the IP samples using MALAT1- or NEAT1-specific primers.

(C) gPCR from T7-IP (T7-SRSF1-WT-, T7-SRSF2-, T7-SRSF5-, and T7-PSP1-expressing cells) using MALAT1- or NEAT1-specific primers.

(D) gPCR from T7-IP (T7-SRSF1-WT, T7-SRSF1ARRM1, ARRM2, ARS, FF-DD-expressing cells) using MALAT1- or NEAT 1-specific primers. Error bars in (Bc),
(C), and (D) represent mean + SD of three independent experiments. See also Figure S1.

nrRNA (Figure 1C). The specificity of the association between SR
proteins and MALAT1 was further supported by the observation
that SR proteins showed weak interactions with NEAT1 (Figures
1B and 1C). These results demonstrate that a subset of SR
proteins interact with MALAT1, and that multiple SRSF1 proteins
bind specifically and directly to the 5'end of this nrRNA.

To address which domain(s) of SRSF1 mediates its interaction
with MALAT1, we conducted RNA-IP followed by qPCR from
extracts expressing several of T7-tagged SRSF1 mutants
(SRSF1 ARRM1, ARRM2, and ARS) (Caceres et al., 1997).
Deletion of either of the canonical RRM (RRM1) or the pseudo
RRM (RRM2), but not the RS domain, resulted in a pronounced

Molecular Cell 39, 925-938, September 24, 2010 ©2010 Elsevier Inc. 927



A C
mMalat1-FL cDNA [6982bp]

F1 [1-1892nf]
F2 [1677-3600nt]

F3 [3476-5331nt]

F4[5185-6982nt]

B
mMalat1-FL

a
mMalat1-F1
o]
mMalat1-F2
[
mMalat1-F3
o]
mMalat1-F4
e

mMalat1-FL

a
mMalat1-F1 YFP-SRSF1
b
mMalat1-F2 YFP-SRSF1
[
mMalat1-F3 YFP-SRSF1
o]

mMalat1-F4

e

Molecular Cell
Noncoding RNAs and Splicing Regulation

Merge+DAPI

Merge+DAPI

Figure 2. MALAT1 RNA Contains Two Independent Nuclear Speckle-Localizing Motifs
(A) Schematic representation of full-length mouse MALAT1 (6982 bp) and mutant constructs (F1-F4).
(B) Co-RNA FISH using mouse (Ba-Be)- and human (Ba'-Be')-specific MALAT1 probes in Hela cells that were transiently transfected with full-length (a) and

mutant mMALAT1 constructs (F1 [Bb], F2 [Bc], F3 [Bd], and F4 [e]).

(C) RNA FISH using MMALAT1 probe (Ca—Ce) in HelLa cells expressing YFP-SRSF1 (Ca’'-Ce’) that were transiently transfected with full-length mMMALAT1 cDNA
(Ca) and mutant constructs (F1 [b], F2 [c], F3 [d], and F4 [e]). The bar represents 10 um. See also Figure S2.

reduction in the interaction between SRSF1 and MALAT1
(Figure 1D). To further address the role of RRM1 in MALAT1
interaction, we also examined the association of an SRSF1
RRM1 mutant (SRSF1-FF-DD) reported to have reduced affinity
for RNA and diminished activity in in vitro splicing assays
(Caceres and Krainer, 1993). Our RNA-IP results also reveal
a weak interaction between the SRSF1 FF-DD mutant and
MALAT1 (Figure 1D). In SR proteins that contain a canonical
RRM and a pseudo-RRM, both domains function together to
contribute to RNA substrate specificity and binding affinity
(Bourgeois et al., 2004). We observe that these RRMs contribute
approximately equally to the interaction between SRSF1 and
MALAT1.

Independent Sequence Elements in MALAT1 Influence
Its Distribution to Nuclear Speckles

Posttranscriptional modifications of RNA and/or differential
association with specific nuclear-enriched proteins may be
responsible for the nuclear retention of nrRNAs (Prasanth et al.,
2005). In order to map the region(s) in MALAT1 involved in its
localization at nuclear speckles and to identify the factor(s)
that influences speckle localization of MALAT1, we generated
eukaryotic expression plasmids encoding either mouse MALAT1
(MMALAT1) full-length cDNA or various mutant constructs
containing partially overlapping regions of mMMALAT1 cDNA
(F1-F4; Figure 2A). RNA-IP using SRSF1 antibody in cells tran-
siently expressing each of the MALAT1 mutants revealed that
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SRSF1 interacted with RNA transcribed from the F1, F2, and F3
regions (Figure S2A). These results are consistent with the detec-
tion of significant enrichment of SRSF1-binding sites, and
SRSF1-CLIP data, where functional binding sites of SRSF1 are
concentrated in the first 6 kb of the hMALAT1, corresponding
to the F1-F3 region of mMALAT1 (Figure S1Ag) (Sanford et al.,
2009).

Next, we examined the intracellular distribution of MALAT1
mutant RNAs. mMALAT1 constructs were individually trans-
fected in Hela cells, and RNA-FISH using probes that hybridize
specifically to mMMALAT1 was conducted to analyze the intracel-
lular distribution of MMALAT1 full-length and mutant RNAs. The
exogenously expressed mMALAT1 full-length RNA localized to
nuclear speckles in Hela cells and colocalized with endogenous
human MALAT1 RNA (Figures 2Ba-2Ba”). MALAT1-F1 and F3
RNA showed punctate nuclear localization but did not localize
to nuclear speckles (Figures 2Bb-2Bb” and 2Bd-2Bd").
MALAT1-F2 and MALAT1-F4 RNAs independently displayed
nuclear speckle distribution and colocalized with other nuclear
speckle markers (Figures 2Bc-2Bc” and 2Be-2Be”, and 2Cc-
2Cc” and 2Ce-2Ce”). The cellular distribution of exogenously
expressed full-length and mutant mMMALAT1 RNAs was similar
even after depletion of endogenous hMALAT1 RNA by treatment
with  human MALAT1-specific antisense oligonucleotides,
implying that the distribution of MMALAT1 in human cells is not
measurably influenced by the levels of endogenous MALAT1
transcripts (Figure S2B). A BLAST comparison of sequences
from the F2 and F4 regions of mMMALAT1 did not reveal signifi-
cant sequence similarity, indicating that either distributed
common linear motifs, or possibly RNA secondary structure,
could be responsible for their similar speckle distribution. Alter-
natively, association of MALAT1 F2 and F4 RNAs with indepen-
dent nuclear speckle-localized factors could result in similar
distributions.

We also analyzed the distribution of SR proteins in HelLa cells
that overexpress mMALAT1. Cells expressing full-length, F2,
and F4 RNAs continue to show speckle localization of SRSF1
(Figures 2Ca-2Ca”, 2Cc-2Cc”, and 2Ce-2Ce”). However, cells
expressing F1 and F3 RNA fragments displayed more homoge-
neous distribution of SRSF1 (Figures 2Cb-2Cb” and 2Cd-2Cd").
These results indicate that non-speckle-localized MALAT1
mutant RNAs F1 and F3 may act in a dominant-negative manner
to affect the localization of SRSF1 in speckles.

Multiple Nuclear Speckle-Associated Proteins Control
the Speckle Distribution of MALAT1

In order to identify the protein component(s) that influences the
speckle distribution of MALAT1, we tested the effects of knock-
down of a representative set of nuclear speckle-associated
splicing factors (SRSF1, SRSF2, B”-U2 snRNP, PRP6, and
SON) on MALAT1 speckle distribution. In general, siRNA treat-
ment achieved more than 80%-90% knockdown of the desired
proteins (Figures S3A-S3B). MALAT1 RNA-FISH in SRSF1
(Figure 3A) or SRSF2-depleted (data not shown) HelLa cells
continued to show prominent speckle localization of MALAT1.
Similar results were also observed in mouse embryonic fibro-
blasts that were derived from SRSF1 and SRSF2 knockout
mice (data not shown). These findings indicate either that SR

proteins are not required for the speckle localization of MALAT1
or that individual SR proteins regulate MALAT1 distribution in
a redundant fashion. The nonspeckle association of SRSF1-
interacting F1 and F3 mutant RNAs and the speckle localization
of non-SRSF1 interacting F4 RNA further rules out the involve-
ment of SRSF1 in the speckle distribution of MALAT1.

Human PRP6 is a nuclear speckle-associated essential non-
SR splicing factor that functions to bridge interactions between
U5 and U4/U6 snRNPs during tri-snRNP assembly (Makarov
et al., 2000). Depletion of PRP6 from cells using several indepen-
dent siRNA oligos resulted in the reduced levels of MALAT1 in
nuclear speckles and a more homogeneous nuclear distribution
(Figure 3B, Figure S3C). However, PRP6 depletion did not
disrupt nuclear speckles, as monitored by the speckle localiza-
tion of YFP-SRSF1 (Figure 3B and Figure S3C). Furthermore,
RNA-IP in nuclear extracts from cells that were transfected
with T7-PRP6 cDNA followed by RT-PCR using MALAT1-
specific primers confirmed an interaction between MALAT1
and PRP6 (Figure 3C and Figure S3D). Interestingly, RNA-IP fol-
lowed by gPCR analyses in cells that were coexpressing T7-
PRP6 along with any of the four MALAT1 mutants (F1 to F4) re-
vealed that T7-PRP6 interacted with all of the four MALAT1
mutant RNAs, though RNA from F1 and F3 showed maximum
interaction (Figure S3D). Both F1 and F3 fragments, when
expressed in cells, did not localize to speckles, indicating that
interaction with PRP6 alone is not sufficient for speckle associa-
tion. Therefore we conclude that PRP6 is necessary but not suffi-
cient for the speckle localization of MALAT1.

In addition to PRP6, we have also identified the involvement
of the SR-related protein SON, another speckle protein, in the
distribution of MALAT1 to nuclear speckles. SON has been
proposed to act as a scaffold for the proper organization of
nuclear speckle components (Sharma et al., 2010). Depletion
of SON resulted in the redistribution of MALAT1 from nuclear
speckles to a more homogeneous nuclear localization (Figure 3D
and Figure S3E). To confirm the involvement of SON in the
speckle localization of MALAT1, we performed an siRNA rescue
assay. MALAT1 RNA-FISH was performed in SON siRNA-trans-
fected Hela cells expressing an RNAi-refractory version of YFP-
SON (YFP-siR-SON) (Sharma et al., 2010) (Figure 3E). MALAT1
relocalized to nuclear speckles in cells depleted of endogenous
SON but expressed YFP-siR-SON (Figures 3Eb-3Eb”). The SON
protein contains an RS domain and a G patch and also has
a C-terminal double-stranded RNA-binding domain (DSRBD)
(Sharma et al., 2010). Rescue assays using the RNAi-refractory
version of mutant-YFP-SON that lacks G patch and DSRBD
(YFP-siR-SON-1-2008) demonstrated that even though the
YFP-siR-SON-1-2008 by itself localized to nuclear speckles, it
failed to recruit MALAT1 to nuclear speckles (Figure 3Fb-3Fb”).
These results suggest that the speckle localization domain of
SON is different from the region of SON that facilitates the
recruitment of MALAT1 to speckles.

MALAT1 Modulates the Distribution of Splicing Factors
at Nuclear Speckles

Long nrRNAs have been proposed to play critical roles in the
regulation of gene expression and, likely intimately related
to this role, in providing a structural framework for specific

Molecular Cell 39, 925-938, September 24, 2010 ©2010 Elsevier Inc. 929



Merge+RAPI
g B

| Mgk

SRSF1si

o) -
MALATA
=]

YFP-SRSF1

a

T7-
PRP6

inp
- - |

5 6 7

T7-
SRSF1

inp IP

pCGT
inp IP

[1978-2388bp]

MALAT1
[6647-7082bp]

7SK
1 2 3 4

Molecular Cell
Noncoding RNAs and Splicing Regulation

YFP-SRSF1 | Merge+DAPI

%
MALAT1
a

MALAT1
‘©
©
o

a

-1-2008

a

Figure 3. Nuclear Speckle-Associated Splicing Factors PRP6 and SON Influence the Distribution of MALAT1 in Nuclear Speckles

(A) MALAT1 RNA-FISH (Aa and Ab) in control luciferase siRNA (GL3si; a—a”) and SRSF1 siRNA (b-b”)-treated Hela cells expressing RFP-SRSF2 (a'-b’).

(B) MALAT1 RNA-FISH in control (Ba—Ba”) and PRP6 siRNA-1 (Bb-Bb”)-treated YFP-SRSF1 (Ba’-Bb’) stably expressing Hela cells.

(C) RT-PCR from T7-antibody IP samples (lanes 2, 4, and 6) of HeLa cells expressing T7 (pCGT vector) alone (lanes 1 and 2), T7-SRSF1 (lanes 3 and 4) and
T7-PRP6 (lanes 5 and 6), using MALAT1 primers. RT-PCR using 7SK primers were performed as a negative control.

(D) MALAT1 RNA-FISH (Da and Db) in control (Da-Da”) and SON siRNA4 (Db-Db”)-treated YFP-SRSF1 (Da’ and Db')-expressing Hela cells.

(E) MALAT1 RNA-FISH in control (Ea-Ea”) and SON siRNA4 (Eb-Eb”)-treated Hela cells, which were transiently expressing siRNA4 refractory YFP-SON-FL
(YFP-siR-SON; Ea’ and Eb’). Note that exogenously expressed SON restored the speckle distribution of MALAT1 (Eb-Eb”).

(F) MALAT1 RNA-FISH in control (Fa-Fa”) and SON siRNA4 (Fb-Fb”)-treated HelLa cells, which were transiently expressing siRNA4 refractory YFP-SON mutant
(green; YFP-siR-SON-1-2008; Fa' and Fb’). The bars in all the figures represent 10 um. See also Figure S3.

subnuclear domains (Prasanth and Spector, 2007; Wilusz et al.,
2009). We examined the effect of MALAT1 depletion on the local-
ization of various pre-mRNA processing factors in MALAT1-
depleted cells after 48 hr of MALAT1-specific phosphorothioate
modified antisense oligonucleotide treatment (Figure 4). RNA-
FISH and gPCR assays revealed ~85%-90% loss of MALAT1
in cells after antisense oligonucleotide treatment (Figure 4 and
Figure S4A). MALAT1 depletion resulted in decreased nuclear
speckle association of several of the GFP-tagged or endoge-
nous pre-mRNA splicing factors, including SF1 (Figure 4A),
U2AF-65 (Figure 4B and Figure S4B), SF3a60 (Figure 4C and
Figure S6B), and B”-U2snRNP (Figure 4D and Figure S4C).

SF1 is a splicing factor that recognizes the branchpoint
sequence and, together with U2AF, promotes binding of
U2-snRNP to pre-mRNA, whereas SF3a60 and B” proteins are
integral components of U2-snRNP (Jurica and Moore, 2003).
More than 60% of MALAT1-depleted cells also displayed
decreased nuclear speckle distribution of various YFP-tagged
SR proteins, including SRSF1 (Figures 4Da-4Db and Figure S4C;
n = 500) and SRSF3 (data not shown). In most of the cases exam-
ined, the decrease in speckle association of splicing factors
upon MALAT1 depletion was associated with an increase in
the levels of a homogeneous nuclear pool (compare Figures
4Ba’ and 4Bb’, Figures 4Ca’ and 4Cb’, and Figure 4D). However,
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Figure 4. MALAT1 Is Not Required for Nuclear Speckle Structural Integrity but Influences the Distribution of Splicing Factors
to Nuclear Speckles

(A and B) MALAT1 RNA-FISH in control (scr-oligo, a-a”) and MALAT1 antisense oligo-treated (48 hr post antisense treatment; b-b”) HelLa cells expressing
GFP-SF1 (A) or GFP-U2AF65 (B).

(C) MALAT1 RNA-FISH and SF3a60 immunolocalization in control (Ca—Ca”) and MALAT1-depleted (Cb—-Cb"”) Hela cell.

(D) YFP-SRSF1 and B”-U2snRNP immunolocalization in scr-oligo (Da-Da”) and MALAT1-depleted (Db-Db”) HelLa cell.

(E) UAP56 immunolocalization in control (Ea-Ea’) and MALAT1-depleted (Eb-Eb’) Hela cell.

(F) RNA-FISH using oligo-dT probe in control (Fa) and MALAT1 antisense oligonucleotides-treated (Fb) HeLa cells. The bars in all the figures represent 10 pm.
(G) RNA slot blot using oligo dT probe in control (scr-oligo) and MALAT1 antisense oligonucleotide-treated (AS1) HeLa cell nuclear (nuc) and cytoplasmic (cyto)
extracts showed increased levels of cytoplasmic poly(A)* RNA upon MALAT1 depletion (fold change, MALAT1 AS1/scr 100 ng = 0.63; 250 ng = 1.36;
500 ng = 1.6). See also Figure S4. The asterisk represents poly(A)* RNA from control cells.
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Figure 5. MALAT1 Depletion Results in the Fragmentation of Cell Nuclei

(Aand C) MALAT1 RNA-FISH in U20S (A) and EpH4 (C) cells that were transfected with control (scr-oligo; a—a’), human specific (A, AS1 and AS2; b—b’ and c-c¢’) or
mouse-specific (C; AS4 and AS5; b-b’ and c-c’) MALAT1 antisense oligonucleotides (72 hr posttransfection). (B) In vivo Br-UTP transcription analyses in control
(Ba-Ba’) and MALAT1 antisense oligo-transfected (Bb-Bb’ and Bc-Bc’) HelLa cells. The bars in (A), (B), and (C) represent 10 um. (D) Flow cytometric analyses
revealed increased cell death (<2C DNA content) with increased G2/M population in MALAT1-depleted Hela cells. See also Figure S5.

endogenous or GFP-UAP56 (Figure 4E and Figure S4D), a pro-
tein that is part of a splicing-dependent mRNA export complex,
and SON (data not shown) continued to localize to nuclear
speckles in MALAT1-depleted cells. Our results imply that
MALAT1 is not a structural RNA, similar to what has been sug-
gested earlier (Clemson et al., 2009), but that it modulates the
speckle association of a subset of pre-mRNA splicing factors.
We also examined the distribution of nuclear poly(A)* RNA in
MALAT1-depleted cells. RNA-FISH using fluorescently labeled

Oligo-dT probe in control (scr-oligo-treated) cells revealed
speckle localization of poly(A)*RNA (Figure 4F). Oligo-dT probe
also hybridized to the cytoplasmic pool of poly(A)* RNA corre-
sponding to exported mRNAs. Interestingly, MALAT1-depleted
cells showed a moderate increase in the cytoplasmic pool of
poly(A)* RNA, as observed both by RNA-FISH as well as RNA
slot blot analysis (Figures 4F and 4G). This suggests a possible
role for MALAT1 in the nuclear retention of a subpopulation of
poly(A)* RNA.
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Figure 6. MALAT1 Regulates AS of Pre-
A cassette AS event mRNAs

— o I (A) Schematic representation of the method used
for the global analysis of MALAT1-regulated AS.
Black lines designate exon body and exon junction
(— — A — — probes used for analyzing AS on a custom 244K

“exon éxon Agilent microarray.
inclusion exclusion (B and C) RT-PCR analysis using primers specific
to exons in MALAT1 or to constitutive exons flank-
Hybridize cDNA from control and MALAT1 ing SRSF1-regulated alternative exons in
knockdowns to custom 244K AS microarray CAMK2B, CDK7, SAT1, HMG2L1, ARHGEFT1,

B-MYB, and MGEA6 mRNAs indicate changes in
AS in MALAT1-depleted (6B) and SRSF1-overex-
Identify MALAT1 regulated cassette AS events pressed (6C) Hela cells. Alternative exon-included
(upper band) and -excluded bands (lower band)
and the percentage change of alternative exon

) % inclusion between scr. oligo/MALAT1-AS oligos
< < e (AS1 and AS2) observed is shown. See also
S & 75 Table S1.
S 3 3 4 exoninclus &
B 5 < < % exon inclusion  C 8 ¥ %exon inclusion
o = =  scriAS1/AS2 a = vector/T7-SRSF1
|
- - @ 75.65/45.71/56.57 | 71.43/51.02
[S— ] C
CAMKZB - [—T— CAMK2B " —T— CeIIS;n:‘IOOO).Th'e n'u'clearfragmentation
phenotype was significant after 72 hr of
antisense treatment as compared to
hdad il 30.26/58.35/57.45 [ 34.24/53.67 48 hr(~15% in MALAT1 AS treated versus
S COe C .
COKT7| (o - -~ |—r— CDK7 = — 6% in control cells; n = 1000), even though
MALAT1 was depleted in more than
90% of cells within 24-48 hr of AS treat-
SATY I ﬂd‘ 25.38/57.94/63.87 SAT1 s | 2.44156.09 ment. This result indicates that the
E ‘l —r— — | ——— breakdown of nuclei requires prolonged
depletion of MALAT1. MALAT1 depletion
in mouse mammary cells (EpH4) using
MALAT1-specific antisense oligo-
85.06/73.83/71.87 - o o7 1 mouse | en
HMG2L1 | ™ | ——— HMG2L1 e nucleotides allso revealed 3|mllar frag-
—r— —r— mented-nuclei phenotype (Figure 5C).
In vivo Br-UTP transcription assay indi-
cated comparable levels of transcription
77.39/94.47
arHer | T — L9-800.81/92,19 ARHGEF1 [T i — between control and MALAT1-depleted
—r— T fragmented nuclei (Figure 5B), suggesting
that the observed phenotype was medi-
32.43/68.89/71.06 40.49/72.41 ated by changes in posttranscriptional
U C . .
B-MYB| e | e——— B-MYB | -— events. Interestingly, in all the MALAT1-
—ar—— —] ——1—1 .
depleted cells examined, fragmented
nuclei were formed due to chromosome
— - | 17.81/50.08/51.13 W 23.79156.75 segregation defects during mitosis and
MGEA6 - C—— MGEAG —r none of the interphase cells showed
e | —— nuclear fragmentation phenotype without
undergoing mitosis, as indicated by
time-lapse live cell imaging in YFP-H2B-
expressing cells (Movies S1 and S2; Fig-
Prolonged Depletion of MALAT1 Results ure S5). Flow cytometric analysis revealed that MALAT1 depletion
in Aberrant Mitosis resulted inincreased cell death, with a large fraction of cells accu-

In order to understand the cellular function of MALAT1, cells mulating at G2/M boundary (Figure 5D).

treated with control and MALAT1 antisense oligonucleotides

were monitored up to 72 hr for phenotypic analysis. Staining of MALAT1 Modulates Alternative Splicing of Endogenous
DNA with DAPI revealed that a large percentage of MALAT1- Pre-mRNAs and Regulates Cellular Levels of

depleted cells exhibited fragmented nuclei with each cell Phosphorylated SR Proteins

containing six to eight nuclei of different sizes (Figures 5A and MALAT1 localizes to nuclear speckles and interacts with SR
5B) (~45% in MALAT1 AS versus 5% in control oligo-treated  splicing factors, and its depletion results in the differential
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distribution of pre-mRNA splicing factors. Given the documented
roles of SR proteins in splicing regulation, we hypothesized that
MALAT1 plays an important role in AS by modulating the pools
of active SR proteins and other splicing regulators. To identify
AS events regulated by MALAT1, we hybridized labeled cDNA
prepared from polyA+ RNA isolated (48 hr after transfection)
from MALAT1-antisense oligo and GFP-antisense oligo-treated
Hela cells, to a custom AS microarray capable of profiling
~5782 human cassette AS events that are conserved between
human and mouse (Figure 6A) (Calarco et al., 2007; Pan et al.,
2004). Percent exon inclusion estimates were determined using
the GenASAP algorithm (Shai et al., 2006). Events were initially
filtered to include only those that showed constitutive exon (C1
and C2) probe values greater than the negative control probes
and to include only the events ranked in the top 50th percentile
by GenASAP. Out of 1286 events ranked by GenASAP in
expressed genes (18.5%), 238 showed greater than 10% change
in inclusion level upon MALAT1 depletion (Table S1). Semiquan-
titative RT-PCR analysis using primers specific for constitutive
exons flanking several of these AS events (CAMK2B, CDK?7,
SAT1, HMG2L1, TLK2, PAX2, and ARHGEF1) was performed
on RNA from control versus MALAT1-depleted cells (using two
independent antisense oligonucleotides against MALAT1) and
confirmed the microarray predictions (Figure 6B and data not
shown). A similar number of AS events predicted not to change
in the microarray data did not display significant changes by
RT-PCR assays. Our results thus reveal MALAT1-dependent
change in AS of several endogenous pre-mRNAs. Furthermore,
MALAT1-depleted cells also displayed changes in AS of
B-MYB and MGEA6 pre-mRNAs, events that were not repre-
sented by probes on our microarray (Figure 6B). These AS events
were previously reported to be sensitive to cellular levels of
SRSF1 (Karni et al., 2007). In most of the cases we tested,
MALAT1 depletion resulted in increased levels of exon inclusion,
an event that is often linked to the activity of SR proteins (Bour-
geois et al.,, 2004; Long and Caceres, 2009). Interestingly,
RT-PCR from cell extracts that transiently overexpress SRSF1
showed AS patterns similar to those observed upon MALAT1
depletion (Figure 6C). Finally, RNA-IP using SRSF1 antibody
showed interaction between SRSF1 and mRNAs that showed
changes in AS in MALAT1-depleted or SRSF1-overexpressed
cells (data not shown). These results imply that MALAT1 modu-
lates AS of endogenous pre-mRNAs by regulating the differential
expression or activity of one or more SR splicing factors,
including SRSF1.

Alterations either in the relative concentrations or in RS-
domain phosphorylation of SR proteins are known to modulate
AS (Long and Caceres, 2009; Misteli et al., 1998; Stamm,
2008). To investigate the involvement of MALAT1 in SR protein
regulation, we examined the levels of SR proteins in MALAT1-
depleted cells. Immunoblotting using antibodies against SRSF1
and SRSF2 in MALAT1-depleted cell extracts showed signifi-
cant increases in levels of SR proteins (Figure 7A). Furthermore,
a fraction of SRSF1 and SRSF2 in MALAT1-depleted extracts
displayed increased mobility in SDS polyacrylamide gels, which
suggested that there is an increased fraction of the dephos-
phorylated forms of these SR proteins. We examined the relative
distribution of different forms of SR proteins in MALAT1-
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depleted cells by cellular fractionation under different salt extrac-
tion conditions. Immunoblot analysis revealed that in MALAT1-
depleted, salt-resistant cell extracts (150 mM and 300 mM
NaCl; Figures 7B and 7C, lanes 6 and 8), a major fraction of
SRSF1 consisted of the faster migrating form (Figures 7B and
7C, compare lanes 2 and 4 with lanes 6 and 8). The mobility of
the faster-migrating fraction of SRSF1 was comparable to the
pool of SRSF1 from total extracts that was dephosphorylated
using phosphatase (+AP) (Figure 7B, compare lanes 6 and 8
with lane 9 and Figure S6A; compare lanes 6 and 8 with lane 9).
These results demonstrate that a significant fraction of SRSF1 in
MALAT1-depleted cells is present in dephosphorylated form.
Immunoblot analyses using 3C5 (Figure 7Da) and mAB104
(data not shown) antibodies (both recognize phosphorylated
form of SR proteins) revealed decreased levels of all of the phos-
phorylated SR proteins in the salt-resistant pellet fraction
in MALAT1-depleted cells (Figure 7Da). Interestingly, unlike
SRSF1, in MALAT1-depleted cells, all of the dephosphorylated
SRSF2 was present in the salt-sensitive supernatant fraction,
indicating differential extractability of various SR-proteins in
MALAT1-depleted cells (Figure 7Dc). We also analyzed the rela-
tive distribution of several of the pre-mRNA splicing factors
(U2AF-65, B"-U2snRNP and SF3a60) that showed decreased
association with nuclear speckles upon MALAT1-depletion.
The insoluble pellet fraction in MALAT1-depleted cells contained
comparatively lesser amounts of all of the splicing factors tested
(Figures 7Dd-7Df). To test whether the nuclear speckle disasso-
ciation of SRSF1 observed in a significant fraction of MALAT1-
depleted cells is due to their dephosphorylation, we compared
the nuclear speckle association of exogenously-expressed wild-
type (WT) and a phosphomimetic mutant of SRSF1 (SRSF1-RD,
where serines in the RS domain are substituted with aspartate
residues) (Cazalla et al., 2002) in MALAT1-depleted cells. Immu-
nolocalization studies revealed that both WT and SRSF1-RD
mutant displayed homogenous distribution in MALAT1-depleted
cells, indicating that the speckle disassociation of SRSF1 in
MALAT1-depleted cells is not primarily due to its dephosphory-
lation but that both events could be regulated by MALAT1
(Figure S6B). Taken together, our results demonstrate that
MALAT1 depletion increases the levels of cellular SR proteins
and alters the distribution and the ratio of phosphorylated to
dephosphorylated pools of SR proteins. Such changes most
likely influence AS of pre-mRNAs and lead to corresponding
changes in the expression of specific protein isoforms in cells.

DISCUSSION

Recent studies have revealed the existence of many IncRNAs in
cells (Mercer et al., 2009; Wilusz et al., 2009). In the present
study, we have examined the role of an abundant (RNA copy
number in Hela cells estimated to be ~2500 copies/cell
[Figure S6C]) long noncoding nrRNA, MALAT1, in gene expres-
sion control. Phylogenetic analysis indicates that MALAT1 is
highly conserved in mammals (Hutchinson et al., 2007; Lin
et al., 2006). We demonstrate that MALAT1 localizes to nuclear
speckles and interacts with several pre-mRNA splicing factors.
Our studies clearly show that unlike other long nrRNAs, NEAT1
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or Hsrw-n (Prasanth et al., 2000), MALAT1 does not play a struc-
tural role in the formation or maintenance of a nuclear domain but
influences the distribution of pre-mRNA splicing factors to
nuclear speckles. A recent study reported that mAb SRSF2
or SC35 immunoreactive nuclear speckles are unaltered in
MALAT1-depleted cells (Clemson et al., 2009). The mAb
SRSF2 antibody (Fu and Maniatis, 1990) preferentially recog-
nizes the phosphorylated SR proteins (Prasanth et al., 2003).
We demonstrate that MALAT1 depletion results in an increase
in the dephosphorylated pool of SR proteins that display
a more homogeneous nuclear distribution. Since the SRSF2
mADb primarily recognizes phosphorylated SR proteins, it likely
detects a steady-state pool of residual phosphorylated SR
proteins present in MALAT1-depleted speckles. We have shown

in normal cells. However, in MALAT1-depleted
cells (Eb), cellular levels of SR proteins are
increased and are also present predominantly in
the dephosphorylated form, resulting in changes
in AS of pre-mRNA. In case of SAT1 pre-mRNA,
MALAT1 depletion results in the inclusion of an
alternative exon containing weak splice sites.
See also Figure S6.

mislocalization of speckle components
and changes in AS of pre-mRNAs in
MALAT1-depleted cells. It is possible
that changes in AS of endogenous pre-
mRNAs are a consequence of the misloc-
alization of pre-mRNA processing factors
and that MALAT1 plays critical roles in the cycling of SR proteins
between speckles and sites of transcription.

We have demonstrated that a significant fraction of SR
proteins in MALAT1-depleted cells are present in dephosphory-
lated form. In general, a continuous phosphorylation/dephos-
phorylation cycle of SR proteins is required for pre-mRNA
splicing and is also an important contributor to the regulation
of AS patterns that determine the fate of pre-mRNAs. For
instance, hyperphosphorylated SR domains influence the
binding of SR proteins to pre-mRNA and regulate splice site
selection by dictating protein-protein and protein-RNA interac-
tions within the spliceosome, whereas partially dephosphory-
lated SR proteins support first step transesterification reac-
tions (Cao et al.,, 1997; Xiao and Manley, 1997, 1998). The

Molecular Cell 39, 925-938, September 24, 2010 ©2010 Elsevier Inc. 935



phosphorylation status of SR proteins also influences intranu-
clear trafficking of SR proteins between nuclear speckles and
transcription sites (Caceres et al., 1997; Misteli et al., 1998).
We hypothesize that MALAT1 regulates the cellular levels of
phosphorylated SR proteins, thereby influencing the cellular ratio
of phosphorylated versus dephosphorylated forms. By control-
ling the levels of phosphorylated SR proteins, MALAT1 not only
modulates AS but also likely regulates other posttranscriptional
gene-regulatory mechanisms linked to SR proteins, including
RNA export, nonsense-mediated decay, and translation (Long
and Caceres, 2009; Stamm, 2008). The increased cytoplasmic
pool of poly(A)* RNA observed in MALAT1-depleted cells could
be due to the increased cellular levels of dephosphorylated
SRSF1, since dephosphorylation of SRSF1 is critical for mRNP
export and is also known to enhance binding of SRSF1 to cyto-
plasmic mRNA (Huang et al., 2004; Sanford et al., 2005).
At present, it is not clear how MALAT1 depletion alters the ratios
of phosphorylated to dephosphorylated SR proteins in the cell. It
is possible that MALAT1 could modulate the activity of kinases
(SRPKs or CIk/STY family), or of phosphatases (PP1 or PP2A),
that modify SR proteins (Stamm, 2008). Recent studies revealed
that both SRPK1 and PP1 influence AS by regulating SR protein
phosphorylation (Shi and Manley, 2007; Zhong et al., 2009).
Interestingly, we observed altered localization of SRPK1 in
MALAT1-depleted cells, indicating the potential involvement of
MALAT1 in SRPK1 activity (Figure S6D). Alternatively, MALAT1,
by interacting with SR proteins could influence their stability.
Increased cellular levels of SR proteins as well as changes in
AS of pre-mRNAs (similar to that of SRSF1 overexpressing cells)
in MALAT1-depleted cells further support this possibility. Future
studies will address how MALAT1 modulates levels of phosphor-
ylated SR proteins.

An important question arising from observations that SR
proteins regulate AS is how this regulation is achieved in vivo
in the context of specific cell or tissue type, or in response to
extracellular signals. In the present study, we demonstrate that
MALAT1, by interacting with a specific set of SR splicing factors,
acts as a “molecular sponge” to regulate SR protein activity (Fig-
ure 7E). Such an interaction between MALAT1 and SR proteins
could create a gradient of functionally competent SR proteins
and further ensure that SR proteins are present at the right
time, place, and concentration to regulate the AS of cellular
pre-mRNAs.

EXPERIMENTAL PROCEDURES

Further detailed experimental procedures are described in the Supplemental
Information.

Antisense Oligonucleotide and siRNA Treatment

Phosphorothioate internucleosidic linkage-modified antisense oligonucleo-
tides (with five 2’-O-methoxyethyl nucleotides on the 5’ and 3’ ends and ten
consecutive oligodeoxynucleotides to support RNase H activity) (AS1, GG
GAGTTACTTGCCAACTTG; AS2, ATGGAGGTATGACATATAAT; AS4, AGGC
AAACGAAACATTGGCA; AS5, CGGTGCAAGGCTTAGGAATT) were used to
deplete human (AS1 and AS2) or mouse (AS4 and AS5) MALAT1 (Isis
Pharmaceuticals, CA, USA). The oligonucleotides were transfected to cells
two times (48 hr) or three times (72 hr) within a gap of 24 hr, at a final
concentration of 100 nM, using Lipofectamine RNAi max reagent as per the
manufacturer’s instructions (Invitrogen, USA). Depletion of SRSF1, SRSF2,

Molecular Cell
Noncoding RNAs and Splicing Regulation

SON, B”-U2snRNP, and PRP6 was performed by using double-stranded
siRNAs (Dharmacon, USA; and IDT, USA) as previously described (Prasanth
et al., 2004). The siRNA sequences will be provided upon request.

RNA Coimmunoprecipitation

RNA-IP was performed based on the protocol by Sun et al., with minor modi-
fications (Sun et al., 2006). HeLa cells were transiently transfected with
T7-tagged plasmid constructs (2-3 pg) (pCGT-vector, pCGT-SRSF1,
SRSF1-ARRM1, SRSF1-ARRM2, SRSF1-ARS, SRSF2, SRSF3, SRSF5,
PSP1, or PRP6) and RNA immunoprecipitation was performed utilizing revers-
ible chemical crosslinking of RNA-protein interactions by formaldehyde
followed by immunoprecipitation using T7 (Novagen, USA) or SRSF1
antibodies (MAb96; for endogenous IP). After IP, extracts were reverse cross-
linked, total RNA was extracted using Trizol LS (Invitrogen, USA) and treated
with RNase-free DNase | (Invitrogen, USA), and RT-PCR was conducted using
either random-hexamer or oligo-dT primers as per the manufacturer’s instruc-
tions (Applied Biosystems, USA). PCR or gPCR was performed using specific
set of primers (detailed in the Supplemental Information).

Alternative Splicing Microarray Analysis

AS events conserved between human and mouse represented on a custom-
ized human 244K microarray (Agilent) were identified as previously described
(Calarco et al., 2007). Microarray design was also as previously described
(Pan et al., 2004). Hybridization of Cy3- and Cy5-labeled cDNA synthesized
from polyA* RNA from MALAT1-antisense oligo treated or GFP-antisense
oligo-treated Hela cells was performed using a HS4800 Pro Hybridization
Station (Tecan) at 42°C for 22 hr. Microarray slides were scanned with an
Agilent microarray scanner at 5 um resolution, and TIFF images were pro-
cessed using Feature Extraction Software (Agilent). Processed data were
then analyzed using the GenASAP algorithm (Shai et al., 2006).

The AS microarray data have been deposited in NCBI’'s Gene Expression
Omnibus (Edgar et al., 2002) and are accessible through GEO series
accession number GSE22963 (http://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE22963).

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures, one table, two movies, Supple-
mental Experimental Procedures, and Supplemental References and can be
found with this article online at doi:10.1016/j.molcel.2010.08.011.
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