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ABSTRACT  The mammalian cell nucleus is compartmentalized into nonmembranous subnu-
clear domains that regulate key nuclear functions. Nuclear speckles are subnuclear domains 
that contain pre-mRNA processing factors and noncoding RNAs. Many of the nuclear speckle 
constituents work in concert to coordinate multiple steps of gene expression, including tran-
scription, pre-mRNA processing and mRNA transport. The mechanism that regulates the 
formation and maintenance of nuclear speckles in the interphase nucleus is poorly under-
stood. In the present study, we provide evidence for the involvement of nuclear speckle resi-
dent proteins and RNA components in the organization of nuclear speckles. SR-family splicing 
factors and their binding partner, long noncoding metastasis-associated lung adenocarcino-
ma transcript 1 RNA, can nucleate the assembly of nuclear speckles in the interphase nucleus. 
Depletion of SRSF1 in human cells compromises the association of splicing factors to nuclear 
speckles and influences the levels and activity of other SR proteins. Furthermore, on a stably 
integrated reporter gene locus, we demonstrate the role of SRSF1 in RNA polymerase II–
mediated transcription. Our results suggest that SR proteins mediate the assembly of nuclear 
speckles and regulate gene expression by influencing both transcriptional and posttranscrip-
tional activities within the cell nucleus.

INTRODUCTION
The mammalian cell nucleus is organized into specialized nuclear 
domains or nuclear bodies that are generally characterized by the 
presence of a unique group of proteins and RNAs within them 
(Matera et al., 2009; Dundr and Misteli, 2010; Mao et al., 2011b). 

Nuclear domains coordinate specific functions, including the syn-
thesis and processing of pre-rRNA and the initial assembly of ribo-
some subunits in the nucleolus (Matera et  al., 2009; Dundr and 
Misteli, 2010; Dundr, 2012; Mao et  al., 2011b). Nuclear bodies 
could either host-specific functions such as transcription and RNA 
processing or help to provide increased local concentrations 
of factors involved in related functions. Such an organization of 
molecules will significantly accelerate intermolecular interactions 
within a spatially restricted area and will also reduce nonspecific 
interactions with other nuclear factors, which could compete 
against or prevent a specific nuclear function (Matera et al., 2009; 
Dundr and Misteli, 2010; Dundr, 2012; Mao et al., 2011b). Unlike 
cytoplasmic structures or organelles, nuclear domains are not en-
closed within a lipid membrane. It has been demonstrated that the 
molecular constituents within a nuclear domain display continuous 
and rapid exchange with the surrounding nucleoplasm, and this 
continuous flux of components is required for the efficient func-
tioning of these nuclear compartments (Dundr and Misteli, 2010). 
The presence of discrete nuclear bodies even in the absence of a 
surrounding membrane suggests that the nuclear compartments 
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in human cells, MALAT1 regulates alternative splicing of pre-mRNAs 
by modulating the cellular distribution, phosphorylation, and splic-
ing activity of SR splicing factors (Tripathi et  al., 2010; Lin et  al., 
2011).

It is not clear how nuclear speckles are initially formed and main-
tained within the cell. It is speculated that they form through self-
assembly of speckle-resident proteins and RNAs and are maintained 
by transient protein–protein or protein–RNA interactions (Dundr 
and Misteli, 2010; Mao et al., 2011b). SR proteins, with their ability 
to interact with RNA, as well as with other RS domain-containing 
proteins, are attractive candidates for initiating the stochastic as-
sembly of nuclear speckles. A recent study also indicated that exog-
enously expressed intron-containing pre-mRNA could act as an ini-
tial nucleation site for speckle assembly (Shevtsov and Dundr, 2011). 
This is in conjunction with several recent studies demonstrating the 
role of RNAs, especially ncRNAs, as nucleation sites for the initial 
assembly of nuclear domains (Mao et  al., 2011a; Shevtsov and 
Dundr, 2011).

In the present study, we examine the role of SR splicing factors 
and MALAT1 lncRNA in the organization of nuclear speckles. We 
demonstrate that SR proteins and MALAT1 facilitate the association 
of several of the pre-mRNA processing factors on a chromatin locus. 
Depletion of splicing factor SRSF1 results in the mislocalization of 
nuclear speckle proteins and snRNAs but not MALAT1 from nuclear 
speckles, indicating that SRSF1 along with MALAT1 could influence 
the recruitment of splicing factors to nuclear speckles. We also pres-
ent evidence for differential expression and activity of members of 
the SR proteins upon depletion of SRSF1, implicating the compen-
satory mechanism used by the cell to coordinate pre-mRNA pro-
cessing. Finally, SR protein-depleted cells show decreased RNA pol 
II–mediated transcription and aberrant recruitment of transcription 
factors.

RESULTS
SRSF1 depletion results in the mislocalization of splicing 
factors from nuclear speckles
We previously demonstrated that SR proteins interact with nuclear 
speckle–localized MALAT1 lncRNA and that depletion of MALAT1 
results in the mislocalization of several splicing factors, including 
SRSF1 (Tripathi et al., 2010). To test whether the SR proteins are 
involved in the nuclear speckle organization, we examined the dis-
tribution of splicing factors to nuclear speckles upon depletion of 
SR proteins. In comparison to control small interfering RNA (siRNA)–
treated HeLa cells, SRSF1-depleted cells (Figure 1B, c, and Supple-
mental Figure S1, A, a, and C, a) showed mislocalization of several 
of the nuclear speckle components (Figure 1, A, a, b, and d, and B, 
a, and Supplemental Figure S1A, b and c). In control cells, both 
B′′-U2snRNP and SF3a60, components of U2snRNP, localized to 
nuclear speckles, whereas SRSF1-depleted cells displayed a more 
homogeneous distribution of these proteins (Figure 1A, a and b). In 
a fraction of SRSF1-depleted cells (∼20%, n = 150), B′′-U2snRNP 
and SF3a60 localized in the form of ring-like structures within the 
nucleus (Figure 1A, a, see arrows). A similar doughnut-shaped lo-
calization of splicing factors was previously observed upon deple-
tion of nuclear speckle–localized SON pre-mRNA splicing factor 
(Sharma et  al., 2010). Immunolocalization of snRNP-specific pro-
teins in SRSF1 knockout (KO) mouse embryonic fibroblasts (MEF; 
S1Ad) further confirmed the involvement of SRSF1 in the localiza-
tion of these proteins to nuclear speckles (Figure 1A, c, and Supple-
mental Figure S1A, e). In addition to snRNP components, SRSF1-
depleted cells also displayed altered localization of other nuclear 
speckle–associated pre-mRNA processing factors, including SF1, 

are formed due to localized accumulations of proteins and RNAs 
through protein–protein or protein–RNA interactions. This sup-
ports a model of stochastic self-organization in which high-affinity 
interactions among molecules within a domain help to establish a 
steady-state residency time within these domains (Kaiser et  al., 
2008; Dundr and Misteli, 2010).

Nuclear speckles (also called SC35 domains or splicing speckles) 
are dynamic, irregularly shaped nuclear domains that are enriched 
with factors involved in pre-mRNA processing and RNA transport 
(Hall et al., 2006; Spector and Lamond, 2011). An interphase nu-
cleus contains 20–50 nuclear speckles. Under the electron micro-
scope (EM), nuclear speckles correspond to interchromatin granule 
clusters, which range from one to several micrometers in diameter 
and consist of 20- to 25-nm granules that are connected in places 
by thin fibrils (Thiry, 1995). Several studies found that transcription-
ally active genes preferentially localize adjacent to nuclear speckles 
(Hall et al., 2006; Hu et al., 2009; Zhao et al., 2009). Furthermore, 
coordinately active genes tend to associate with the same nuclear 
speckle (Brown et al., 2008; Hu et al., 2008; Takizawa et al., 2008; 
Zhao et al., 2009). All these findings suggest that nuclear speckles 
spatially coordinate transcription and pre-mRNA processing by act-
ing as functional centers to bring transcriptionally active genes near 
their periphery (perichromatin fibrils) so as to organize euchromatic 
neighborhoods (Zhao et  al., 2009; Spector and Lamond, 2011). 
Nuclear speckles are also suggested to act as storage/assembly 
sites of various pre-mRNA processing factors, from where these fac-
tors are actively recruited to nearby transcription sites (Spector and 
Lamond, 2011).

Many of the pre-mRNA splicing factors, including spli-
ceosomal small nuclear ribonucleoproteins (snRNPs) and SR-
family factors, localize to nuclear speckles (Spector and Lamond, 
2011). SR proteins consist of a group of essential splicing factors 
that are involved in both constitutive and alternative splicing 
(Bourgeois et al., 2004; Long and Caceres, 2009; Zhong et al., 
2009). SR proteins contain RNA-recognition motif(s) (RRMs), as 
well as serine-arginine–rich dipeptide RS domains (Lin and Fu, 
2007; Long and Caceres, 2009). SR proteins are phosphorylated 
at multiple serine residues in the RS domain, and the continuous 
phosphorylation/dephosphorylation cycle of SR proteins is re-
quired for efficient pre-mRNA splicing (Lin and Fu, 2007; Long 
and Caceres, 2009). Phosphorylation of SR proteins also influ-
ences their intranuclear distribution (Caceres et al., 1997; Stamm, 
2008). The hyperphosphorylation of SR proteins by exogenous 
overexpression of the SR-protein kinases results in nuclear 
speckle disruption, further indicating the involvement of RS-
domain phosphorylation in nuclear speckle assembly (Gui et al., 
1994; Sacco-Bubulya and Spector, 2002). Based on these results, 
it was inferred that different domains within SR proteins (RRMs 
and RS) facilitate dynamic intermolecular interactions with other 
proteins and RNA(s) and that such associations could influence 
the assembly and maintenance of nuclear speckles at specific 
nuclear regions.

In addition to localizing a subset of proteins involved in pre-
mRNA metabolism, nuclear speckles also harbor RNA molecules, 
including several noncoding RNAs (ncRNAs). Nuclear speckle–asso-
ciated RNAs include uridine-rich small nuclear RNAs (UsnRNAs), 
7SK RNA, metastasis-associated lung adenocarcinoma transcript 1 
(MALAT1) long ncRNA (lncRNA), and a population of uncharacter-
ized poly(A)+ RNAs (Spector and Lamond, 2011). MALAT1, one of 
the most abundant lncRNAs, interacts with several splicing factors, 
including SR proteins (Hutchinson et al., 2007; Bernard et al., 2010; 
Tripathi et al., 2010; Zong et al., 2011). Recent studies indicated that 
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Finally, we examined the distribution of nuclear-speckle localized 
ncRNAs in SRSF1-depleted cells. SRSF1 depletion did not affect the 
nuclear speckle distribution of 7SK and poly(A)+ RNAs (Figure 1B, d). 
However, SRSF1-depleted HeLa cells showed defects in the distribu-
tion of UsnRNAs to nuclear speckles (Figure 1B, d). Similar to B′′-
U2snRNP, SF3a60, and U170K, SRSF1-depleted cells displayed 
doughnut-shaped localization of U1 and U2snRNAs (Figure 1Bd). The 
nuclear speckle–resident MALAT1 lncRNA continued to show similar 
distribution in control and SRSF1-depleted mouse (Supplemental 
Figure S1A, f) and human cells (Tripathi et al., 2010). Of interest, the 
localization of splicing factors and RNAs to Cajal bodies— distinct 
subnuclear bodies where snRNPs localize during their biogenesis for 
late maturation steps and recycling after splicing—remains unaltered 
upon SRSF1 depletion, indicating that depletion of SRSF1 compro-
mised only the distribution of splicing factors in nuclear speckles and 
not in other nuclear domains (arrows in Figure 1, A, b, and B, d [U1 
and U2snRNAs] and Supplemental Figure S1A, c [U170K, Y12]).

Next we determined whether the altered distribution of nuclear 
speckle components observed in SRSF1-depleted cells was sensi-
tive to the total cellular transcription. We incubated HeLa cells with 

UAP56, and U170K (Supplemental Figure S1A, b and c). Immuno-
localization analysis using the Y12 antibody that preferentially rec-
ognizes B′/B and D polypeptides of the Sm complex further con-
firmed the mislocalization of snRNPs from nuclear speckles in 
SRSF1-depleted cells (Supplemental Figure S1A, c). However, 
SRSF1 knockdown did not result in the physical disruption of nu-
clear speckles, as other speckle proteins, such as SON, continued 
to decorate nuclear speckles even in absence of SRSF1 (Figure 1A, 
b). We also determined the intranuclear distribution of SR proteins 
upon SRSF1 depletion. Other SR proteins continue to localize to 
nuclear speckles in SRSF1-depleted cells as enlarged nuclear 
speckles. This was observed either by immunolocalization analyses 
using antibodies, which preferentially detect phospho-SRSF2 
(Figure 1B, a [SC35 antibody]) and phosphorylated pan-SR proteins 
(Supplemental Figure S1A, c [phospho SR]) or by cyan fluorescent 
protein (CFP)/yellow fluorescent protein (YFP)/red fluorescent pro-
tein (RFP)–tagged SRSF2 and SRSF3 localization (Supplemental 
Figures S1A, b [CFP-SRSF3], and S2A; also see Figure 6B, o–o″, 
later in the paper). Such “rounded-up” speckles in SRSF1-depleted 
cells were also confirmed by immuno-EM analyses (Figure 1B, b).

FIGURE 1:  Depletion of SRSF1 results in the disorganization of nuclear speckle components. (A, a and b) 
Immunofluorescence staining using antibodies against B′′-U2snRNP, SF3a60, and SON in control and SRSF1 siRNA-
treated HeLa cells. The arrows (A, b) designate Cajal bodies. (A, c) Immunofluorescence staining using antibodies 
against B′′-U2snRNP and SF3a60 in control and SRSF1-knockout MEFs. Immunofluorescence (B, a; SC35 antibody) and 
immune-EM (B, b; 3C5 antibody) analyses using antibodies that preferentially detect phosphorylated SR proteins in 
control and SRSF1-siRNA–treated HeLa cells. (B, c) Immunoblot analyses using antibodies against various pre-mRNA 
processing factors in control and SRSF1-depleted total cellular extracts. Asterisk, SRSF2 antibody preferentially 
recognizes the unphosphorylated or hypophosphorylated forms of SRSF2 (Bubulya et al., 2004). (B, d) RNA-FISH (red) of 
7SK RNA, poly(A)+ RNA, and U1 and U2 snRNA in control and SRSF1-depleted HeLa cells. The DNA is counterstained 
with DAPI. Scale bars, fluorescent and EM images, 5 and 1 μm, respectively.
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levels and normal speckle localization of 
RNA and splicing factors (Supplemental 
Figure S1, A, f, and C, a–d). Our results 
suggest that SRSF1 and not SRSF2 specifi-
cally influences the distribution of several 
nuclear speckle–localized pre-mRNA pro-
cessing factors and ncRNAs.

SRSF1 depletion results in the 
stabilization of SRSF2
Immunoblot analysis from whole-cell ex-
tracts of SRSF1-depleted cells displayed in-
creased levels of several endogenous SR 
proteins, including SRSF2 (∼1.6-fold in-
crease) and SRSF3 (∼4.5-fold increase), but 
not the levels of other speckle-localized pre-
mRNA processing factors (Figure 1B, c). To 
understand how SRSF1 influences other SR 
protein levels, we examined the changes in 
the cellular levels and stability of stably ex-
pressing monomeric RFP (mRFP)- or YFP-
SRSF2 upon SRSF1 depletion. SRSF1-de-
pleted cells showed a pronounced increase 
in the levels of fluorescently tagged SRSF2 
(Figure 2A, a, and Supplemental Figure 
S2A). However, depletion of human PRP6, 
an essential, non-SR splicing factor that is 
involved in U4/U6.U5 tri-snRNP assembly 
(Figure 2A, a), or B′′-U2snRNP (unpublished 
data) did not alter the levels of SRSF2, indi-
cating that the changes in the abundance of 
SR proteins observed in SRSF1-depleted 
cells are not merely due to pre-mRNA splic-
ing defects. Immunoblot analyses further 
confirmed the increase in SRSF2 levels upon 
SRSF1 depletion (Figure 2A, b, and Supple-
mental Figure S2, b). Reverse transcription 
(RT)-PCR results reveal that the SRSF1-de-

pleted cells did not show any significant change in the endogenous 
or exogenous (RFP-SRSF2) mRNA levels (Supplemental Figure S2, 
c), indicating that SRSF2 is being regulated at the translational level. 
To test this possibility, we compared SRSF2 mRNA and protein lev-
els from control and SRSF1-depleted cells that were incubated with 
cycloheximide, a translation inhibitor. SRSF1-depleted cells grown 
in presence or absence of cycloheximide did not show any change 
in the SRSF2 mRNA levels (Figure 2A, c) but continued to show in-
creased levels of SRSF2 protein (Figure 2A, d). On the basis of these 
results, we conclude that SRSF1 depletion results in the stabilization 
of the already existing pool of SRSF2 and/or other SR proteins.

MALAT1 and SR proteins facilitate the association of 
splicing factors to a chromatin locus and/or nucleate 
the de novo assembly of nuclear speckles
Most of the splicing factors that showed aberrant nuclear speckle 
distribution upon SRSF1 depletion also displayed similar changes in 
their localization after depletion of MALAT1 (Tripathi et al., 2010). In 
addition, MALAT1-depleted human cells also showed mislocaliza-
tion of SRSF1 from nuclear speckles but not vice versa (Supplemen-
tal Figure S1A, f; Tripathi et al., 2010). This indicates that MALAT1 
could act upstream of SR proteins in the nuclear speckle assembly 
pathway. To examine the involvement of MALAT1 in the association 
of splicing factors to nuclear speckles, we used an experimental cell 

or without SRSF1 with DRB to inhibit RNA pol II transcription and 
compared the distribution of nuclear speckle proteins. Intriguingly, 
RNA pol II transcription–inhibited control- and SRSF1 siRNA–treated 
cells showed similar localization of splicing factors to nuclear speck-
les (Supplemental Figure S1A, g). However, upon transcription reac-
tivation after DRB washout, the SRSF1-depleted cells displayed 
doughnut-shaped localization of splicing factors. From these data 
we conclude that SRSF1 influences the nuclear speckle association 
of pre-mRNA processing factors in transcriptionally active cells.

To examine the specificity of the SRSF1 siRNA (siRNA was de-
signed from the 3′ untranslated region [UTR] of the human Srsf1 
gene) used in the present study, we conducted a rescue experiment 
in which HeLa cells stably expressing YFP-SRSF1 cDNA (lacking the 
3′UTR targeted by the SRSF1 siRNA) was transfected with SRSF1 
siRNA and the intranuclear distribution of splicing factors was exam-
ined (Supplemental Figure S1B; Bubulya et al., 2004; Prasanth et al., 
2010). SRSF1 siRNA–treated enhanced YFP (eYFP)-SRSF1–express-
ing cells showed reduced levels of endogenous SRSF1 but did not 
show changes in the localization of nuclear speckle proteins, further 
confirming that the SRSF1 influences the cellular levels and distribu-
tion of splicing factors (Supplemental Figure S1B, a and c). We also 
examined the involvement of other SR proteins in the cellular levels 
and distribution of splicing factors (Supplemental Figure S1C). 
SRSF2-depleted HeLa cells or KO-MEFs showed unaltered cellular 

FIGURE 2:  SRSF1-depletion results in the stabilization of the cellular pool of SRSF2. (A, a) 
SRSF1-depleted HeLa cells show increased cellular levels of RFP-SRSF2. (A, b) Immunoblot 
analysis using RFP antibody from total-cell extracts of control or SRSF1- or SRSF2-depleted 
HeLa cells (RFP-SRSF2 stable cell line) display increased expression of RFP-SRSF2 upon SRSF1 
depletion. α-Tubulin is used as a loading control. (A, c) RT-PCR using indicated primers from 
control or SRSF1 siRNA–treated HeLa cells stably expressing RFP-SRSF2. (A, d) Immunoblot 
analysis using RFP antibody from total cell extracts of control and SRSF1-depleted HeLa cells in 
presence or absence of cycloheximide. B′′-U2snRNP is used as a loading control. GAPDH is used 
as loading control (A, c).
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MALAT1-MS2 RNA could specifically recruit 
splicing factors to chromatin sites (Figure 3). 
The tethered LacI-MS2 coat protein alone 
did not recruit endogenous SRSF2 (Figure 
3A, a–a′′′) and SRSF1 or B′′-U2snRNP (un-
published data) to the locus, whereas the 
locus containing immobilized full-length 
MALAT1-MS2 RNA colocalized with SRSF2-
containing (Figure 3, A, b–b′′′, and B) or 
SRSF1- or B′′-U2snRNP-containing (unpub-
lished data) nuclear speckles. RNA-immu-
noprecipitation (IP) and CLIP-seq results re-
vealed that MALAT1 interacts with several 
members of the SR protein family, and each 
of the SR proteins has several potential 
binding sites on MALAT1 (Sanford et  al., 
2009; Tripathi et al., 2010; Anko et al., 2012). 
For example, each MALAT1 RNA contains 
∼50 potential SRSF1-binding sites (Sanford 
et al., 2009; Tripathi et al., 2010). Most of 
these sites are located in the 5′ half (first 5 
kb of ∼7-kb RNA) of the MALAT1 sequence, 
whereas the 3′ end contains few SRSF1-
binding sites. We therefore immobilized 
several deletion mutants of MALAT1 RNA 
on chromatin and examined their involve-
ment in the recruitment of SR proteins to 
the genomic locus. The F1-R1 (nucleotides 
[nts] 1–1892 of MALAT1), F2-R2 (nts 1677–
3600 of MALAT1), and F3-R3 (nts 3476–5331 
of MALAT1) mutants recruited SRSF2 with 
similar efficiency to full-length MALAT1 
(Figure 3, A, c–c′′′, and B). However, the F4-
R4 (nts 5185–6982 of MALAT1) mutant 
failed to recruit SR proteins to the locus 
(Figure 3, A, d–d′′′, and B). This is consistent 
with our previous RNA-IP results showing 
reduced interaction of SRSF1 with the F4-R4 
region of MALAT1 (Tripathi et al., 2010). To 
identify the domain(s) within SR proteins 
that facilitate the recruitment of SR proteins 
to the MALAT1-tethered nuclear speckle, 
we examined the recruitment of CFP-SRSF1 
mutants to the de novo–formed speckle 
(Figure 3C). In ∼80% of the cells analyzed, 
full-length CFP-SRSF1 was recruited to the 
MALAT1-tethered locus (n = 50). However, 
in comparison to the full-length SRSF1, we 
observed a reduction in the recruitment of 
SRSF1-ΔRRM1 and SRSF1-ΔRRM2 mutants 
to the locus (∼50%; n = 50). This result indi-
cates that deletion of any of the two RRMs 
somewhat compromises the association of 
SRSF1 to the MALAT1-tethered locus. This 
result corroborates our previous RNA-IP 

studies in which both the RRM domains of SRSF1 are required for 
the efficient interaction of SRSF1 to MALAT1 (Tripathi et al., 2010). 
Taken together, our results imply that MALAT1 RNA can efficiently 
initiate the assembly of splicing factors, including SR proteins at a 
specific chromatin site.

Next we analyzed the role of SR proteins in de novo speckle as-
sembly. For this assay, we used a modified version of the original 

system in which MALAT1 RNA tagged with a bacteriophage MS2 
stem loop was targeted and immobilized on a Lac operon (LacO)-
repeat array (256 repeats of LacO sequence stably integrated at a 
single integration site on chromosome 7) in the chromatin of modi-
fied HeLa cells by Lac repressor (LacI)-NLS-GFP-MS2 coat protein, 
which selectively binds the MS2 loop (Shevtsov and Dundr, 2011). 
Using this approach, we examined whether the immobilized 

FIGURE 3:  Immobilization of MALAT1-MS2 RNA on chromatin leads to association with nuclear 
speckle or de novo formation of nuclear speckle. (A) RNA-FISH using a probe against vector (a′) 
or mouse MALAT1 (b′, c′, d′; red) combined with immunofluorescence staining using SRSF2 
antibody (white) on the LacO-containing HeLa cells transiently cotransfected with vector or 
full-length or mutant MS2-MALAT1 and GFP-lacI-NLS-MS2 coat protein (green). Note that the 
immobilized wild-type and F1-R1 mutant MALAT1 RNA associate with SRSF2-containing nuclear 
speckle, whereas F4-R4 MALAT1 mutant RNA does not localize to nuclear speckles. 
(B) Quantitative analysis of association of tethered wild-type and mutant MALAT1 RNA with 
existing speckle or de novo speckle formation. (C) Quantitative analysis of association of 
full-length and RRM mutants of CFP-SRSF1 to the MALAT1-MS2–tethered locus. Values 
represent averages (n = 50–60) from two independent experiments. DNA is counterstained with 
DAPI. Scale bar, 5 μm.
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(Figure 4A, c–c′′′), U170K (Figure 4A, d–d′′′), and UAP56 (Figure 4A, 
e–e′′′). SON splicing factor, although colocalized with SRSF1 in the 
nuclear speckles, was not recruited to the LacI-SRSF1–containing 
chromatin locus (Figure 4A, f–f′′′, and Supplemental Figure S3A, 
a–a′′′). In addition to the pre-mRNA processing factors, LacI-SRSF1 
also recruited several of the speckle-associated RNAs to the chro-
matin locus, including MALAT1 (Figure 4B, b–b′′′), poly(A)+ RNA 
(Figure 4B, c–c′′′), and U2snRNA (Figure 4B, d–d′′′). Nuclear speck-
les also contain a population of RNA pol II and several other tran-
scription factors, including pTEFb kinase complex, and SR proteins 
are known to interact with both the RNA pol II and pTEFb complex 
(Spector and Lamond, 2011). We therefore examined whether SR 
proteins could recruit RNA pol II and pTEFb complex to the locus. 
LacI-SRSF1–immobilized locus did not recruit RNA pol II. Both the 
initiation (as detected by H14 antibody staining; Figure 4B, e–e′′′) 
and elongation competent forms (as detected by H5 antibody stain-
ing; Supplemental Figure S3A, b–b′′′) of RNA pol II were absent 
from the locus. Of interest, LacI-SRSF1 successfully recruited Cdk9, 
a component of the pTEFb complex, to the locus (Figure 4B, f–f′′′).

U2OS 2-6-3 in vivo cell system that was developed by David Spec-
tor’s group (Janicki et al., 2004). We stably integrated Cherry-LacI 
and rTa (tet-activator) into the original U2OS 2-6-3 cells (U2OS 2-6-3 
CLTon). This approach enabled us to readily visualize the single Lac 
operator locus in the CLTon cells by the presence of Cherry-LacI 
(Shen et al., 2010; Sathyan et al., 2011). A triple-fusion protein ex-
pressing YFP- or CFP-LacI-SRSF1 and -SRSF2 was generated so that 
the SR proteins could be immobilized at the stably integrated chro-
matin locus in 2-6-3 CLTon via a LacO-LacI interaction. By immobiliz-
ing YFP- or CFP-LacI-SRSF1 and -SRSF2 to the locus, we were able 
to examine the recruitment of various pre-mRNA processing factors 
and nuclear speckle–resident ncRNAs to the locus (Figures 4 and 5A 
and Supplemental Figure S3, A–C). As a negative control, we teth-
ered the YFP- or CFP-LacI fusion proteins and analyzed the recruit-
ment of the specific proteins to the YFP- or CFP-LacI–immobilized 
locus (Figure 4A, a–a′′′, and Supplemental Figure S3, D and E). 
Targeting of LacI-SRSF1 to the locus resulted in specific association/
recruitment of several pre-mRNA splicing factors to the chromatin 
locus. These proteins include SRSF2 (Figure 4A, b–b′′′), SRSF3 

FIGURE 4:  Immobilization of SRSF1 on chromatin leads to association with nuclear speckle or de novo formation of 
nuclear speckle. (A) CLTon cells are cotransfected with CFP-LacI vector (a′), CFP-LacI-SRSF1 (b′, f′), or YFP-LacI-SRSF1 (c′, 
d′, e′) and YFP-SRSF2 (a′′, b′′), CFP-SRSF3 (c′′), CFP-U170K (d′′), CFP-UAP56 (e′′), and YFP-SON (f′′). (B, a–d) RNA-FISH 
shows the nuclear distribution of endogenous MALAT1 (a′′, b′′), poly(A)+ RNA (c′′), and U2snRNA (d′′) in CLTon cells that 
are transfected with CFP-LacI vector (a′), CFP-LacI-SRSF1 (b′, d′), or YFP-LacI-SRSF1 (c′). Immunolocalization of RNA pol 
II (H14 antibody; e′′) and YFP-Cdk9 localization (f′′) in CLTon cells, which are transfected with CFP-LacI-SRSF1 (e′, f′). 
Note that CFP-LacI-SRSF1 fails to recruit YFP-SON and RNA pol II to the de novo–formed speckles. A and B, a–f, 
represent the stably integrated LacI locus (blue) in the CLTon cells. Scale bars, 5 μm.
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et al., 2009). To assess RS domain involvement in the recruitment of 
SR proteins to a transcriptionally active gene locus, we examined 
the association of T7-SRSF1 RRM1 and RS mutants at the doxycy-
cline (DOX)-induced transcriptionally active gene locus in CLTon 
cells (Figure 5B; Janicki et al., 2004). Treatment with DOX activated 
transcription from the gene locus, as observed by the association of 
Cdk9 (Figure 5B, a′′, b′′, c′′, and d′′) and RNA pol II (unpublished 
data) at the locus (Sathyan et al., 2011). SRSF1 FL, FF-DD, and RD 
mutants (Figure 5B, a–c) were recruited to the transcriptionally ac-
tive gene locus, whereas the ΔRS mutant failed to associate with the 
gene locus (Figure 5B, d–d′′′). This indicates that the RS domain is 
essential for the recruitment of SRSF1 to a transcription site but not 
necessary for its association to the de novo–formed nuclear speck-
les. These findings are in agreement with a previous study demon-
strating the role of RS domains in the recruitment of SR proteins to 
the transcription sites (Misteli et al., 1998).

Our experiments using locus-immobilized SR proteins or 
MALAT1 demonstrate that SR proteins and their interacting partner, 
MALAT1, can either successfully nucleate the assembly of nuclear 
speckle proteins and RNAs to a de novo–formed nuclear speckle at 
a chromatin locus or target the chromatin locus to an already exist-
ing nuclear speckle. In specific instances, immobilized-MALAT1 and 
-SR proteins on the genomic array protruded toward an existing 
nuclear speckle and formed a part of the speckle (∼38% [n = 100]; 
Figures 3A, b–b′′′and c–c′′′, and 5A, a–a′′′ and d–f). In other in-
stances (∼62% [n = 100]), the locus completely overlapped with an 
independent nuclear speckle (Figure 4A, b–b′′′, and Supplemental 
Figure S3A, b–b′′′ and j–j′′′). Furthermore, the SR protein–immobi-
lized locus did not contain all of the bona fide nuclear speckle com-
ponents (examples include SON and phosphorylated RNA pol II), 
supporting the argument that the tethered SR proteins at the locus 
initiate the assembly of a new nuclear speckle or nuclear speckle–
like structure.

SR proteins modulate RNA polymerase II–mediated 
transcription
Besides pre-mRNA processing and mRNA export, SR proteins are 
also implicated in other functions, including translation, nonsense-
mediated mRNA decay (NMD), and genome stability (Zhong et al., 
2009). A study demonstrated the involvement of SR proteins in 
transcription elongation (Lin et  al., 2008). SR protein–depleted 
(SRSF1 and SRSF2) HeLa cells showed reduced overall RNA pol II–
mediated transcription, as observed by in vitro Br-UTP pulse incor-
poration assays (unpublished data). We therefore decided to exam-
ine the role of SR proteins in the transcriptional induction at a 
single-cell level and the involvement of SR proteins in the recruit-
ment of various transcription and pre-mRNA processing factors to 
the transcription site. On DOX addition, the tet-inducible reporter 
gene in the CLTon cells activated transcription and displayed dra-
matic decompaction of the chromatin locus (Janicki et  al., 2004; 
Prasanth et  al., 2010; Tripathi et  al., 2010; Sathyan et  al., 2011; 
Figure 6A, a, and Supplemental Figure S4). In contrast, the gene 
locus in the SR protein–depleted cells (especially SRSF1-depleted 
cells) continued to stay at a highly condensed state (Figure 6A, a, 
and Supplemental Figure S4). Similarly, RT-PCR and immunoblot 
analyses using probes that detect reporter RNA (rabbit β-globin) 
and reporter protein (GFP) in the CLTon locus (Janicki et al., 2004) 
showed a dramatic reduction in reporter gene activation upon SR 
protein depletion (Figure 6A, b and c). However, knockdown of the 
splicing factor PRP6 did not affect chromatin decondensation, tran-
scription, and translation from the reporter gene locus (Figure 6A, 
a–c). Surprisingly, PRP6-depleted cells showed increased levels of 

Next we determined the involvement of specific modular do-
mains of SRSF1 in the recruitment of splicing factors to the de 
novo–formed speckles. We examined the role of the RS domain, a 
region that is primarily involved in protein–protein interactions, in 
the recruitment of other SR proteins to de novo–formed speckles. 
Various SRSF1 mutants were tethered to the locus, and the recruit-
ment of SRSF2 was analyzed (Supplemental Figure S3A, c–e). The 
CFPlacI-SRSF1ΔRS (82%; n = 50; Supplemental Figure S3A, d) and 
CFPlacI-SRSF1ΔRRM1 (48%; n = 50; Supplemental Figure S3A, 
e) mutants efficiently recruited SRSF2 to the locus. These results in-
dicate that the RS domain of SRSF1 is dispensable for the recruit-
ment of SRSF2 to the locus. Similar to full-length SRSF1, SRSF2 also 
facilitated the recruitment of a similar set of splicing factors and RNA 
molecules to the locus (Supplemental Figure S3, B and C). SR pro-
teins specifically mediate the association of only the nuclear speckle–
resident proteins and RNAs to the chromatin locus. In contrast, fac-
tors that are localized to other nuclear bodies did not associate with 
SR protein-immobilized genomic locus (coilin and promyelocytic 
leukemia [PML] protein, structural components of Cajal and PML 
nuclear bodies, respectively; unpublished data).

Different modular domains of SRSF1 dictate its association 
to the de novo–formed nuclear speckles and to gene 
transcription sites
The RRM domains of an SR protein specify its RNA-binding proper-
ties, whereas the RS domain acts as a protein–protein interaction 
module and recruits components of the core splicing machinery to 
promote splice-site selection (Sanford et al., 2005). The RS domain 
of SR proteins has also been demonstrated to interact directly with 
the branch point and 5′ splice site of pre-mRNA (Shen and Green, 
2004) and, furthermore, to dictate several cellular functions, includ-
ing determining the nucleocytoplasmic shuttling of SR proteins and 
influencing the localization of SR proteins to nuclear speckles and 
sites of transcription (Caceres et al., 1997; Long and Caceres, 2009; 
Zhong et al., 2009). We examined the involvement of various SR 
protein domains in the localization of SR proteins to the SR protein–
immobilized nuclear speckles. We coexpressed CFP-LacI-SRSF2 
along with T7-tagged full-length (FL) and various mutant forms of 
SRSF1 (Caceres et al., 1997) in the CLTon cells and analyzed their 
recruitment to the locus-immobilized CFP-LacI-SRSF2 (Figures 5A). 
The SRSF1-FL, SRSF1ΔRRM2 (contains intact RRM1 and RS do-
mains), and SRSF1ΔRS (contains intact RRM1 and 2) proteins colo-
calized with CFP-LacI-SRSF2 at the chromatin locus (Figures 5A, 
a–a′′′, c–c′′′, and d–d′′′). Although SRSF1ΔRRM1 showed a speckle-
like distribution, it failed to associate with the SRSF2-immobilized 
chromatin locus (Figure 5A, b–b′′′). To understand the involvement 
of RRM1 and RS-domains of SR proteins in their assembly onto the 
de novo formed speckles, we next examined the recruitment of 
SRSF1 RRM1 (FF-DD) and RS domain phospho-mimetic (SRSF1-RD) 
mutants to the SRSF2-immobilized nuclear speckle (Cazalla et al., 
2002). The RRM1 FF-DD (the Phe-56 and -58 in RRM1 were replaced 
with Asp residues) did not support constitutive splicing and dis-
played weak RNA-binding activity (Caceres and Krainer, 1993). Of 
interest, both mutants showed similar association to the locus con-
taining CFP-LacI-SRSF2 (Figure 5A, e–e′′′ and f–f′′′). On the basis of 
these results, we conclude that SRSF1 requires the RRM1 domain for 
its association with the de novo–formed nuclear speckles. Further-
more, an RS domain and its phosphorylation do not influence the 
association of SRSF1 to an SR protein–immobilized nuclear speckle–
like structure.

In addition to nuclear speckles, a specific combination of SR pro-
teins associates with pre-mRNAs at the transcription sites (Bjork 
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SR protein depletion does not affect the association of transcription 
activator to the gene locus (44% in control siRNA–treated cells vs. 
42% in SRSF1-depleted cells; n = 50; Figure 6B, c–f). However, 
SRSF1-depleted cells showed reduced association of RNA pol II 
(38% in control siRNA-treated cells vs. 4% in SRSF1-depleted cells; 
n = 50; Figure 6B, g and h), pTEFb kinase complex (as observed by 
Cdk9 localization; 52% in control siRNA–treated cells vs. 8% in 
SRSF1-depleted cells; n = 50; Figure 6B, i–l), and pre-mRNA pro-
cessing factors (30% in control siRNA–treated cells vs. 8% in SRSF1-
depleted cells; n = 50; SRSF2; Figure 6B, m–o) to the DOX-treated 
gene locus. These results indicate that SR proteins influence RNA 
pol II–mediated transcription.

DISCUSSION
In the interphase nucleus, nonmembranous nuclear bodies are 
speculated to form due to high- or low-affinity dynamic interactions 
between individual components present in each of these nuclear 
compartments (Matera et al., 2009; Dundr and Misteli, 2010; Dundr, 
2012; Mao et al., 2011b). In the present study, we examined the role 
of nuclear speckle–associated SR splicing factors and MALAT1 ln-
cRNA in nuclear speckle assembly. We demonstrate that both SR 

reporter RNA and protein compared with control siRNA–treated 
cells, indicating that PRP6 negatively influences transcription from 
the reporter gene locus. In this context it is interesting to note that 
human PRP6 factor was initially identified as a transcription factor, 
and it was shown to interact with androgen receptor and also regu-
late RNA pol II–mediated transcription (Zhao et al., 2002)

To determine how SR proteins regulate transcription, we exam-
ined the recruitment of various transcription and pre-mRNA pro-
cessing factors to the reporter gene locus in SRSF1-depleted CLTon 
cells. In control siRNA–treated cells, DOX treatment activated tran-
scription from the reporter gene, as observed by accumulation of 
YFP-MS2-binding protein (BP; YFP-MS2-BP specifically recognizes 
the bacteriophage MS2 repeat present in the reporter RNA; Janicki 
et al., 2004) at the gene locus in ∼50% of the cells (n = 80; Figure 
6Ba). In contrast, none of the SRSF1-depleted, DOX-induced cells 
show accumulation of YFP-MS2-BP at the gene locus and instead 
showed homogeneous nuclear distribution of YFP-MS2-BP, which is 
indicative of transcription repression (Figure 6B,b). Next we exam-
ined the recruitment of transcription activator (rTa) to the gene locus 
in presence or absence of SRSF1. Both control and SRSF1-depleted 
cells showed robust accumulation of rTa to the locus, indicating that 

FIGURE 5:  RRM1 and RS domains are required for the recruitment of SR proteins to de novo–formed nuclear speckles 
and to transcription sites, respectively. (A) CLTon cells are cotransfected with CFP-LacI-SRSF2 (a′, b′, c′, d′, e′, f′) and 
T7-tagged, full-length or mutant SRSF1 constructs. Note that the T7-SRSF1-ΔRRM1 (b–b′′′) fail to localize to the de 
novo–formed nuclear speckle. (B) Immunofluorescence localization of transiently expressed, T7-tagged, full-length or 
mutant SRSF1 and endogenous Cdk9 in DOX-induced CLTon cells. Note that T7-SRSF1-ΔRS (d–d′′′) does not localize to 
the transcriptionally active gene locus. The DNA is counterstained with DAPI. Scale bars, 5 μm.
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FIGURE 6:  SRSF1-depleted cells show reduced cellular transcription. (A, a) LacI-mCherry–localized gene locus in the 
DOX-treated control and SRSF1, SRSF2, and PRP6 siRNA–transfected CLTon cells. (A, b and c) RT-PCR and immunoblot 
analyses show reduced reporter RNA (β-globin) and protein (GFP) levels in the SR protein–depleted (SRSF1 and SRSF2) 
cells. GAPDH RNA and MEK protein are used as loading controls. (B) Localization of MS2BP–YFP as an indicator of 
active transcription at the gene locus (+DOX) in control (a–a′′) and SRSF1-depleted (b–b′′) CLTon cells. (c). Localization of 
YFP-rTa (c′, d′, e′, f′), YFP-RNA pol II (g′, h′), and YFP-CdK9 (i′, j′, k′, l′) at the gene locus (+DOX) in control and SRSF1-
depleted CLTon cells. Note the absence of MS2-BP-YFP (b–b′′), RNA pol II (h–h′′Cdk9 (l–l′′), and YFP-SRSF2 (o–o′′), and 
the presence of YFP-rTa (f–f′′) at the DOX-induced gene locus of SRSF1-depleted cells. The YFP-SRSF2 in the SRSF1-
depleted cells (o′, o′′) are imaged with less exposure time compared with control siRNA–treated cells for the better 
clarity of nuclear speckles. DNA is counterstained with DAPI. Scale bars, 5 μm.
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by other members of the SR protein family (Zhong et  al., 2009). 
Our results indicate that SRSF1 plays a separate, nonoverlapping 
role in organizing nuclear speckle components. Future studies 
will address whether additional members of the SR and SR-like pro-
tein families play key roles in the organization of nuclear speckle 
components.

We also demonstrate that the SRSF1-depleted cells showed in-
creased cellular levels of SR proteins, including SRSF2 and SRSF3. 
This is achieved preferentially by the stabilization of the existing 
pool of SR proteins, although the mechanism for how this occurs is 
unknown. A previous study reported the up-regulation of SRSF2 in 
SRSF1-depleted chicken DT-40 cells (Liu et  al., 2003). In SRSF1 
knockout B cells, activation resulted in elevated expression of SRSF2 
and rescued RNA splicing at the proximal 3′ splice sites of a reporter 
bovine papilloma virus type 1 late pre-mRNA (Liu et al., 2003). The 
authors suggested the involvement of phosphatidylinositol 3-ki-
nase/Akt pathways in the increased expression of SR proteins in the 
SRSF1-depleted cells (Liu et al., 2003). Cellular levels of SR proteins 
are tightly regulated by several mechanisms, including the existence 
of unproductive splicing in the ultraconserved DNA elements lo-
cated within the SR genes (Sureau et al., 2001; Lareau et al., 2007; 
Sun et al., 2010). SRSF2 is autoregulated by transcribing unstable 
alternatively spliced mRNA isoforms that undergo NMD (Sureau 
et al., 2001). A recent study reported that the expression of SRSF1 is 
also autoregulated at multiple levels, including alternative splicing 
and translation regulation (Sun et al., 2010). SRSF3 is also known to 
regulate the expression of its own mRNA (Jumaa and Nielsen, 1997). 
Overexpression of SRSF3 promotes the synthesis of an SRSF3 mRNA 
isoform that produces a truncated protein. Of interest, SRSF1 nega-
tively regulates the synthesis of this truncated SRSF3 mRNA isoform 
and thereby facilitates the production of full-length SRSF3 mRNA. 
Specific cellular signals and viral infections are also known to alter 
the expression of specific SR genes. For instance, the human papil-
loma virus (HPV) E2 transcription factor induces the expression of 
Srsf1 and Srsf3 in HPV-infected cells, preferentially through chromo-
somal translocation of the SR genes (Mole et al., 2009).

Our data suggest a role for SR proteins in RNA pol II–mediated 
transcription. SR proteins are known to function in coordinating tran-
scription, as well as in pre-mRNA processing (Zhong et al., 2009). 
For example, pre-mRNA splicing efficiency is strongly enhanced if 
SR proteins are recruited to the gene before transcription activation 
but not if they are brought in after transcription (Das et al., 2007). 
This indicates that the initial recruitment of SR proteins to the na-
scent pre-mRNA is required for the efficient splicing of the nascent 
transcript. Such a functional coupling is primarily mediated by the 
carboxy-terminal domain (CTD) of RNA pol II, which interacts with 
SR proteins and facilitates cotranscriptional recruitment of SR pro-
teins to nascent pre-mRNA transcripts (Misteli and Spector, 1999; 
Das et al., 2007). SR proteins are also known to interact with several 
transcription factors, and such an association could also influence 
the recruitment of SR proteins to specific gene promoters (Bourgeois 
et  al., 2004; Zhong et  al., 2009). In the present study, SRSF1-
depleted cells showed defects in chromatin decondensation and 
decreased RNA pol II–mediated transcription at a gene locus. The 
SR-like protein Npl3p in budding yeast is also involved in transcrip-
tion elongation (Dermody et al., 2008). A similar role for mammalian 
SRSF2 in transcription elongation was recently reported, in which in 
vivo depletion of SRSF2 affected the chromatin loading of RNA pol 
II and nascent RNA synthesis (Lin et al., 2008). In murine cells, SRSF2 
coimmunoprecipitated with Cdk9 and SRSF2-depleted cells showed 
reduced association of Cdk9 with RNA pol II and CTD phosphoryla-
tion (Lin et al., 2008). Furthermore, chromatin immunoprecipitation 

proteins and MALAT1 RNA assemble multiple nuclear speckle com-
ponents to a chromatin site. Loss-of-function studies in human can-
cer cells revealed that depletion of MALAT1 or SRSF1 results in dis-
sociation of several pre-mRNA processing factors from nuclear 
speckles. In particular, MALAT1 influenced the speckle association 
of SRSF1 in a phosphorylation-independent manner (Tripathi et al., 
2010). However, SR protein depletion did not affect the distribution 
of MALAT1 to nuclear speckles. These results indicate that MALAT1 
acts upstream of SR proteins in coordinating the assembly of splic-
ing factors to nuclear speckles. Recent studies strongly argue in fa-
vor of the roles played by resident RNA molecules in the initial as-
sembly of specific nuclear domains (Dundr, 2011; Mao et al., 2011a; 
Shevtsov and Dundr, 2011). In general, nuclear speckles are not 
sites of active gene transcription, and most of the pre-mRNA splic-
ing initiates at transcription sites that are preferentially located at the 
periphery of nuclear speckles (Spector and Lamond, 2011). We pro-
pose that long ncRNAs such as MALAT1 recruit SR proteins and act 
as nucleation sites for the assembly of nuclear speckles. The SR pro-
teins further interact with other pre-mRNA processing factors and 
recruit them to the nuclear speckles. Specific domains within SR pro-
teins (RRMs and RS domains) modulate the intermolecular interac-
tions among SR proteins and other splicing factors and RNAs that 
localize to nuclear speckles. Our results indicate that the SR protein–
mediated, de novo–formed nuclear speckles do not contain all the 
nuclear speckle constituents. This suggests that nuclear speckles 
contain many subcomplexes and that member(s) of a complex inter-
act with constituents of another complex to influence their associa-
tion into nuclear speckles. Several studies indicated that specific 
gene networks could be organized around individual nuclear speck-
les (Zhong et al., 2009; Spector and Lamond, 2011). However, it is 
not clear how such a specific organization is achieved. MALAT1 RNA 
has recently been shown to be involved in organizing the transcrip-
tionally active genes at the nuclear speckle periphery (Yang et al., 
2011). SR proteins also interact with the transcriptionally active 
genes through their direct interaction with the histone 3 tail of chro-
matin (Loomis et al., 2009; Sapra et al., 2009). We hypothesize that 
SR proteins would be ideal candidates to coordinate the organiza-
tion of nuclear speckles and gene networks in close proximity, which 
in turn will facilitate cellular processes, including transcription, pre-
mRNA splicing, and mRNA export (Zhong et al., 2009).

In the present study, we showed that depletion of SRSF1 but not 
SRSF2 alters the nuclear speckle distribution of several of the pre-
mRNA processing factors. Mammalian cells contain several SR and 
SR-like splicing factors (Shepard and Hertel, 2009). Initial in vitro 
studies suggest that SR proteins show functional redundancy, as in-
dividual SR proteins could often substitute for one another in bio-
chemical splicing assays with cell-free extracts (Bourgeois et  al., 
2004; Long and Caceres, 2009; Zhong et al., 2009). Similarly, such 
functional redundancy was also observed in vivo in Caenorhabditis 
elegans (Longman et al., 2000). However, a large number of studies 
in other organisms, including mammalian cells, have clearly estab-
lished the distinct nonoverlapping roles played by individual SR pro-
teins (Wang et  al., 1996, 2001; Li and Manley, 2005; Xiao et  al., 
2007). Besides their role as a general regulator of pre-mRNA splic-
ing, individual members of the SR protein family are also known to 
control the alternative splicing of several nonoverlapping sets of 
pre-mRNAs (Zhong et al., 2009). SRSF1 is a shuttling protein and is 
involved in transcription, mRNA export, NMD, translation, and 
maintenance of genome stability, whereas SRSF2 is primarily a nu-
clear protein and confines its function within the nuclear compart-
ment (Long and Caceres, 2009; Zhong et al., 2009). Genetic inacti-
vation of SRSF1 results in cell lethality, which could not be rescued 
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ino-2-phenylindole (DAPI) and mounted in p-phenylenediamine 
(PPD). DOX, 1 μg/ml, was added for 3 h to the cells in order to in-
duce transcription from the reporter gene locus in CLTon cells.

HeLa cells stably expressing the integrated LacO array (Shevtsov 
and Dundr, 2011) growing on glass coverslips were cotransfected 
with mMALAT FL and mutant constructs along with LacI-GFP-MS2 
coat protein and mCherry-LacI by Lipofectamine 2000. Cells were 
further processed for immunostaining or RNA-FISH after 16–24 h 
posttransfection.

siRNA knockdown
Depletion of human SRSF1, SRSF2, and PRP6 was performed by 
using double-stranded siRNAs (Tripathi et al., 2010). The siRNAs tar-
geting human SRSF1 (SRSF1 3′UTR-siRNA sense, UUGGCAGUAUU-
GACCUUAdTdT; SRSF1 3′UTR-siRNA antisense, UAAGGUCAAUA-
CUGCCAAdTdT), SRSF2 (SRSF2-siRNA sense, AAAUCCAGGU-
CGCGAUCGAdTdT; SRSF2-siRNA antisense, UCGAUCGCGAC-
CUGGAUUUdTdT), PRP6 (PRP6 siRNA sense, GCUACAAGUAG-
CUCGGAACCUdTdT; PRP6 siRNA antisense, AGGUUCCGAGCUA-
CUUGUAGCdTdT), and control luciferase were synthesized by 
Dharmacon (Lafayette, CO). siRNAs were delivered into cells at a 
final concentration of 50–100 nM, mediated by Lipofectamine 
RNAiMAX (Invitrogen), and were delivered twice at a gap of 24 h.

Antibodies
Antibodies used in the present study include the following: B′′-U2-
snRNP (mouse immunoglobulin G [mIgG]; IF, 1:100; Western blot 
[WB], 1:250), SF3a60 (rabbit IgG [rIgG]; IF, 1:200; WB, 1:2000; 
Kramer et al., 1994), SRSF1 (mIgG, mAb103; IF, 1:300; Hanamura 
et al., 1998), SRSF1 (mIgG, mAb96; WB, 1:1000; Hanamura et al., 
1998), SRSF2 (mIgG; WB, 1:20; Cavaloc et al., 1999), SRSF2 (SC35, 
mIgG; IF, 1:300; Fu and Maniatis, 1990), SRSF3 (rIgG; WB, 1:1000; 
Invitrogen), U170K (mIgG; IF, 1:150; S. Hoch, Agouron Institute, La 
Jolla, CA), 3C5 (mIgM; IF, 1:100; Turner and Franchi, 1987), U2AF-65 
(rIgG; WB, 1:1000), U2AF-35 (rIgG; WB, 1:1000), SON (rIgG; IF, 
1:5000; Sharma et al., 2010), Y12 (anti-Sm, mIgG; IF, 1:20; Abcam, 
Cambridge, MA), RNA polymerase II (H5 antibody, mIgM; IF, 1:100), 
RNA pol II (H14 antibody, mIgM; IF, 1:100), Cdk9 (rIgG; IF, 1:100; 
Santa Cruz Biotechnology, Santa Cruz, CA), MEK (rIgG; WB, 1:2000), 
T7 (mIgG; IF, 1:1000, WB, 1:5000; Novus Biologicals, Littleton, CO), 
α-tubulin (mIgG; WB, 1:5000; Sigma-Aldrich), GFP (mIgG; WB, 
1:500; Covance, Berkeley, CA), mRFP (WB, 1:500; Chemicon Inter-
national, Temecula, CA), and HA tag (clone 12CA5, mIgG; WB, 
1:500).

RNA-FISH and immunofluorescence staining
RNA-FISH to detect MALAT1, U1 and U2 snRNAs, poly(A)+ RNA, 
and β-tropomyosin reporter RNA was conducted as described 
previously (Huang et al., 1994; Sacco-Bubulya and Spector, 2002; 
Prasanth et al., 2005; Tripathi et al., 2010). Cells were fixed in 4% 
formaldehyde in phosphate-buffered saline (PBS; pH 7.4) for 15 min 
at room temperature. Hybridization was performed using either 
nick-translated cDNA probe (for MALAT1 and β-tropomyosin re-
porter; Abbott Molecular, Des Plaines, IL) or fluorescently labeled 
oligonucleotide probes (for U1 and U2 snRNAs and oligo dT probes 
for poly(A+) RNA) in a moist chamber at 37°C for 12–16 h as de-
scribed earlier (Prasanth et al., 2005).

Immunofluorescence was performed as described previously 
(Prasanth et al., 2003). Briefly, cells were fixed in 2% formaldehyde 
for 15 min at room temperature and permeabilized in 0.5% Triton 
X-100 in PBS for 10 min on ice. One percent normal goat serum in 
PBS was used as blocking agent. Cells were incubated with primary 

studies revealed that SRSF2-depleted cells showed reduced asso-
ciation of Cdk9 to the body of specific genes. This indicates that the 
SR proteins might modulate transcription elongation either by re-
cruiting key factors to transcription sites or by stabilizing the associa-
tion of specific transcription factors with core transcription machin-
ery (Fong and Zhou, 2001; Pandit et al., 2008; Zhong et al., 2009). 
We observed decreased association of Cdk9 to the transcription site 
in the SRSF1-depleted cells. Our in vivo localization studies further 
confirm the role of SR proteins in the recruitment of Cdk9 to the 
transcription sites. Our results support a model in which SR proteins 
initially associate at the transcription sites through their interaction 
with RNA pol II and transcription factors. This enables efficient re-
cruitment of pTEFb components to the nascent pre-mRNA and 
positively regulates the phosphorylation of RNA pol II CTD by 
pTEFb complex to facilitate transcription elongation.

MATERIALS AND METHODS
Cell culture and treatment
U2OS and HeLa cells were grown in DMEM containing high glu-
cose (Invitrogen, Carlsbad, CA) supplemented with penicillin–strep-
tomycin and 10% fetal bovine serum (FBS; Hyclone, Logan, UT). 
The U2OS 2-6-3 CLTon cells were grown in DMEM high-glucose 
media containing 10% Tet-free FBS (Clontech, Mountain View, CA) 
and G418 and hygromycin. SRSF1 and SRSF2 KO-MEFs were grown 
in DMEM high-glucose media containing 10% Tet-free FBS. The 
SRSF1 and SRSF2 KO MEFs stably express a Tet-responsive, he-
magglutinin (HA)-tagged SRSF1 and SRSF2, respectively (Lin et al., 
2005; Xiao et  al., 2007). To deplete the exogenously expressed 
SR proteins in the SR KO MEFs, we added DOX (10 μg/ml) in the 
media for 3–4 d.

To inhibit translation, cells were incubated with cycloheximide 
(50 μg/ml; Sigma-Aldrich, St. Louis, MO) for 2–4 h. Nascent tran-
scription sites were detected using Br-UTP incorporation assays us-
ing a previously published protocol (Prasanth et al., 2003).

cDNA constructs and transfection
The T7-tagged plasmids used in the present study include pCGT 
vector, pCGT-SRSF1, pCGT-SRSF1ΔRRM1, pCGT-SRSF1ΔRRM2, 
pCGT-SRSF1ΔRS (a kind gift from Adrian Krainer, Cold Spring Har-
bor Laboratory, Cold Spring Harbor, NY), pCGT-SRSF1-FFDD, and 
pCGT-SRSF1-RD. Fluorescent protein–tagged plasmid DNAs used 
in the present study include pCMV-eGFP [GFP], eYFP [YFP], or eCFP 
[CFP]–tagged SF1, U2AF65, U2AF35, and UAP56 (gift from 
M. Carmo-Fonseca, Lisbon, Portugal); SRSF3 and U170K (gift from 
J. Caceres, MRC, University of Edinburgh, UK); SON (gift from 
P. Bubulya, Wright State University, Dayton, OH); and SRSF1 and 
SRSF2, MS2-BP, rTa, and Cdk9. The coding region of human SRSF1 
FL and mutant cDNAs and SRSF2 full-length cDNA was PCR ampli-
fied and cloned into eYFP or eCFP-LacI (Kaiser et al., 2008) vectors. 
The pSV2-MS2-mMALAT1 FL and mutant constructs were gener-
ated by cloning the 24X MS2 repeats at the 5′ end of the mMALAT1 
FL and mutant cDNAs.

For transient transfection experiments, plasmid DNA (1–2 μg) 
was transfected into cells using Lipofectamine 2000 (Invitrogen) ac-
cording to the manufacturer’s instructions. After transfection, cells 
were processed for siRNA treatment, followed by immunofluores-
cence (IF) localization or RNA–fluorescence in situ hybridization 
(FISH; Prasanth et al., 2005). For the tethering assays in U2OS 2-6-3 
CLTon cells, 500 ng of YFP- or CFP-LacI constructs were used along 
with 1 μg of the desired protein cDNA constructs. Cells were fixed 
in 2% formaldehyde 16–18 h posttransfection and processed for 
RNA-FISH or immunostaining. DNA was stained with 4′,6-diamid-
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antibodies in a humidified chamber for 1–2 h and further with sec-
ondary antibody for 45 min and finally stained with DAPI and 
mounted in PPD. For 3C5 antibody staining, cells were fixed and 
permeabilized in chilled methanol for 5 min.

Image acquisition and processing
Fluorescence images were acquired using an Axio Imager Z1 
(63×/1.4 numerical aperture [NA] oil objective, Carl Zeiss, Jena, Ger-
many), DeltaVision RT (Olympus, 60×/1.42 NA oil objective; Applied 
Precision, Issaquah, WA), or Zeiss LSM510 confocal microscope 
(100×/1.4 NA Plan Apochromat oil objective). Images were col-
lected as vertical z-stacks spanning the entire nuclei and were pro-
cessed using either AxioVision (Axio Imager), SoftWoRx (DeltaVi-
sion), or Zeiss software.

Immuno-EM analysis
Control and SRSF1 siRNA–treated cells were grown on Thermanox 
coverslips (Electron Microscopy Sciences, Fort Washington, PA), 
fixed with 2% formaldehyde and 0.2% glutaraldehyde in PBS, and 
then dehydrated with ethanol by the progressive lowering of tem-
perature, followed by embedding and polymerization in Lowicryl 
K4M (Electron Microscopy Sciences) at –35°C. Thin sections col-
lected on nickel grids were first incubated with anti–phospho-SR 
antibody (3C5) for 1 h at room temperature, washed in PBS, and 
incubated for 15 min at 37°C in secondary antibody conjugated to 
10-nm colloidal gold (Amersham Biosciences Piscataway, NJ). The 
grids were further washed, air dried, and then counterstained with 
aqueous uranyl acetate.

RNA Isolation and RT-PCR
Total cellular RNA was isolated using TRIzol reagent (Invitrogen) 
according to the manufacturer’s instructions, DNase I treated (ampli-
fication grade; Invitrogen), and further reverse transcribed into 
cDNA using Multiscribe Reverse Transcriptase and Random 
Hexamers (Applied Biosystems, Foster City, CA). Semiquantitative 
RT-PCR was performed using gene-specific primers in the Eppen-
dorf Thermal Cycler (Eppendorf, Hauppauge, NY). Glyceraldehyde-
3-phosphate dehydrogenase was used as an internal control for all 
the experiments.

PCR Primers
GAPDH: forward primer (FP), TCACCAGGGCTGCTTTTAAC; GAPDH 
reverse primer (RP), TTCTAGACGGCAGGTCAGGT. RFP: FP, CGAG-
GACGTCATCAAGGAGT; RP, GGTACAGCTTCTCGGTGGAG. SRSF2: 
FP, TTAAAGCTGCGGTCTCCTGT; RP, TTCCTGGCCAAATAAC-
CAAG. KLF6: FP, TGCTCCCCATGTGCAGCATC; RP, TTCAGTTCG-
GATTCCTCC. Rabbit β-globin: FP, GTTCATTAGATCCTGAGAACT-
TCAG; RP, AAAGATCTCAGTGGTATTTGTGAGC.
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