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Introduction
This study was initiated to identify non-coding RNAs (ncRNAs)
that might associate with and regulate RNA polymerase II
(RNAPII). During the past decade, numerous ncRNAs have been
identified as regulators of transcription (Prasanth and Spector,
2007; Wilusz et al., 2009). Some of them directly interact with and
regulate components of the transcription machinery (Barrandon et
al., 2008). Examples of such ncRNAs include 6S, B2, Alu RNAs
and U small nuclear RNAs (snRNAs). 6S RNA was the first to be
described; it directly targets bacterial RNA polymerases and
probably binds within the active site (Wassarman, 2007). Binding
of 6S RNA inhibits transcription from several but not all 70-
dependent promoters and might contribute to modifying the gene
expression profile when bacteria enter the stationary phase. Mouse
B2 (Allen et al., 2004; Espinoza et al., 2004) and human Alu
RNAs (Mariner et al., 2008) have been suggested to be the
mammalian counterparts of the 6S RNA; they bind RNAPII and
contribute to the transcriptional shut-off during stress.

A number of unrelated studies have reported that RNAPII co-
purifies with U snRNAs. However, the results were quite variable.
Some studies found that several splicing U snRNAs (U1, U2, U4)
co-immunoprecipitated with RNAPII (Kim et al., 1997; Robert et
al., 2002). Others identified the U1 snRNA as the major RNA
associated with RNAPII (Das et al., 2007; Tian, 2001). One study
did not even observe the U1 small nuclear ribonucleoprotein
(snRNP)-RNAPII association (Listerman et al., 2006). All these
experiments used cell extracts and it was unclear whether U snRNA
would be associated to RNAPII in the absence of splicing in living
cells. This issue is important given the coupling of transcription

and splicing (de Almeida and Carmo-Fonseca, 2008; Hirose and
Manley, 2000; Moore and Proudfoot, 2009; Pandit et al., 2008;
Perales and Bentley, 2009).

In the present work, we first re-examined the ncRNAs that
might co-purify with RNAPII from unstressed cells in the absence
of transcription, using mitotic cell extract. U1 snRNA was found
as a major RNA co-immunoprecipitating with RNAPII. We next
checked its co-recruitment along with RNAPII on an active
transcription unit using an imaging approach. A quantitative image-
processing procedure, ‘radial analysis’, was developed, based on
averaging data from multiple fluorescence images. U1 snRNA was
efficiently recruited to model active transcription units whether or
not they were subjected to splicing. By contrast, recruitment of the
other U snRNAs (U2, U4, U5, U6) was only found on transcription
units subjected to splicing. This finding might partly account for
the previously reported 5�-splice-site stimulation of transcription
(Damgaard et al., 2008; Furger et al., 2002). Alternatively, having
U1 snRNP preloaded on the transcription machinery might facilitate
5�-splice-site recognition on nascent RNAs.

Results
U1 snRNA is a major RNA associated with RNAPII
To look for RNAs that might associate with and regulate RNAPII,
we investigated RNAs that co-immunoprecipitate with RNAPII
from mitotic-enriched cell extract (mitotic index 80%). The choice
of a mitotic cell lysate was based on two considerations: (1) there
is virtually no transcription during mitosis (Gottesfeld and Forbes,
1997; Jiang et al., 2004), hence the amount of nascent transcripts
binding to RNAPII is expected to be minimal; and (2) because the
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Summary
Numerous non-coding RNAs are known to be involved in the regulation of gene expression. In this work, we analyzed RNAs that co-
immunoprecipitated with human RNA polymerase II from mitotic cell extracts and identified U1 small nuclear RNA (snRNA) as a
major species. To investigate a possible splicing-independent recruitment of U1 snRNA to transcription units, we established cell lines
having integrated a reporter gene containing a functional intron or a splicing-deficient construction. Recruitment of U snRNAs and
some splicing factors to transcription sites was evaluated using fluorescence in situ hybridization (FISH) and immunofluorescence. To
analyze imaging data, we developed a quantitative procedure, ‘radial analysis’, based on averaging data from multiple fluorescence
images. The major splicing snRNAs (U2, U4 and U6 snRNAs) as well as the U2AF65 and SC35 splicing factors were found to be
recruited only to transcription units containing a functional intron. By contrast, U1 snRNA, the U1-70K (also known as snRNP70)
U1-associated protein as well as the ASF/SF2 (also known as SFRS1) serine/arginine-rich (SR) protein were efficiently recruited both
to normally spliced and splicing-deficient transcription units. The constitutive association of U1 small nuclear ribonucleoprotein
(snRNP) with the transcription machinery might play a role in coupling transcription with pre-mRNA maturation.
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nuclear membrane breaks down during mitosis, it is possible to
achieve an efficient RNAPII extraction in low-salt non-denaturing
buffers, preserving the salt-sensitive RNA-protein interactions.
Indeed, most RNAPII was found in the clarified supernatant of a
mitotic cell extract, whereas more than half of RNAPII remained
in the nuclear pellet from an asynchronous cell extract (Fig. 1A).

The mitotic cell supernatant was next fractionated on a glycerol
gradient and RNAPII was immunoprecipitated. RNAs retained by
anti-Rpb1 (the largest subunit of RNA polymerase II) were isolated
and 3�-labeled with 3�,5�-cytidine diphosphate (pCp) and T4 RNA
ligase. A major radioactive band of about 160 nucleotides was
observed (data not shown). The size of this RNA prompted us to test
for the presence of U1 snRNA (164 nucleotides) by northern blot.
RNAPII was immunoprecipitated using two distinct antibodies
against the largest subunit of RNAPII (Rpb1): a rabbit polyclonal
against Rpb1 N-terminal domain (N20) and a mouse monoclonal
against the C-terminal domain of Rpb1 (8WG16). A strong
hybridization signal corresponding to U1 snRNA was detected by
northern blot (Fig. 1B, lanes 3 and 6). Other RNAs present in the
extract, such as 7SK snRNA or U2 snRNA, remained within
background levels in both control and anti-Rpb1 immunoprecipitates.

To avoid artifacts that could originate from a reassortment
between RNA and RNA-binding proteins in cell extracts (Mili and
Steitz, 2004), the northern blot experiment was repeated on RNAs
co-immunoprecipitated with Rpb1 from extracts of cells that had
been crosslinked with formaldehyde prior to lysis in a dissociating
buffer (Fig. 1C). Again, U1 but not U2 snRNA was markedly co-
immunoprecipitated from crosslinked mitotic cells (Fig. 1C, lane 3).

Hence, association of U1 snRNA with RNAPII molecules in a
mitotic-enriched population of cells suggests that U1 snRNA
interacts with RNAPII independently of transcription in vivo.

Transcription units with a functional or splicing-deficient
-globin intron
The constitutive association of U1 snRNA with RNAPII suggested
that it might be recruited to a gene independently of splicing. To
evaluate such recruitment, we chose to use microscopy techniques
on artificial transcription units represented by gene cassettes
inserted at a single locus (Misteli and Spector, 1999). We first
constructed plasmid pTet-on–CFP–MS2wt, which drives the
synthesis of a transcript carrying the -globin exon 1 (including
the translation start codon), intron 1 and the beginning of exon 2
fused to the cyan fluorescent protein (CFP) coding sequence
followed by 24 MS2 repeats (Fig. 2A). The 5� and 3� splice sites
of the -globin intron were next mutated for the production of
pTet-on–CFP–MS2mut plasmid deficient in splicing. U2OS cells
were stably transfected with either plasmid pTet-on–CFP–MS2wt
or pTet-on–CFP–MS2mut. Cells that integrated multiple copies of
a plasmid at a single locus were independently isolated and cloned.

To evaluate the splicing profile of the -globin transcripts
produced from the plasmids, RNAs isolated from doxycycline-
induced cells were analyzed by reverse transcriptase (RT)-PCR
using a pair of primers located on each side of the -globin intron
(Fig. 2A). A single major PCR product compatible with the
expected 829-bp size of spliced transcript was detected in BGwt
cells containing constructs with a functional wild-type -globin
intron (Fig. 2B, lane 2). A single larger product compatible with
the expected 958-bp size of unspliced transcript was detected in
BGmut cells containing a mutant splicing-deficient -globin
construction (Fig. 2B, lane 3). The RT-PCR indicated a strong
phenotype: there were very low amounts of unspliced RNAs in
cells carrying the wild-type plasmid as well as no spliced RNAs in
cells harboring the mutated plasmid. Quantification of the reporter
RNA expression levels by real-time RT-quantitative (q)PCR showed
that it was 2.5-fold less expressed in BGmut cells than in BGwt
cells (data not shown). CFP proteins were localized to peroxisomes
owing to a C-terminal peroxisome-targeting sequence (Fig. 2C).

To visualize transcription start sites, the doxycycline-induced
reporter RNAs were analyzed by fluorescence in situ hybridization
(FISH) with antisense probes labeled with different fluorophores
(Darzacq et al., 2006; Darzacq et al., 2007; Femino et al., 1998;
Shav-Tal et al., 2004). Exon 1 and MS2 probes stained cytoplasm
and nuclei of both BGwt and BGmut cells (Fig. 2C). A unique
bright spot was visible in the nucleoplasm of most cells, revealing
accumulation of transcripts at the transcription site (Darzacq et al.,
2007). Such a spot was not seen in cells that had not been exposed
to doxycycline. It was the only structure labeled with the intron-1
probe in BGwt cells, reflecting the co-transcriptional splicing of
this intron (Darzacq et al., 2007). By contrast, the cytoplasm of
BGmut cells was stained by the intron probe, confirming a splicing
deficiency induced by splice-site mutations.

Quantitative analysis of the recruitment of U snRNAs to
transcription sites
To monitor the recruitment of U snRNAs to transcription units,
oligonucleotide probes labeled with distinct colors were first
hybridized to BGwt cells. Colocalization of U1 or U2 snRNA with
the transcription sites was difficult to appreciate by eye as their
respective labeling covered the whole nucleoplasm, with local
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Fig. 1. Detection of U1 snRNA associated with RNAPII in mitotic cells.
(A)Detection of RNAPII in asynchronous (AS) or mitotic-arrested (Mit) HeLa
cells. Western blot using Pol3/3 mAb was performed on 10,000 g supernatants
(S) (lanes 1 and 3) and nuclear pellets (P) (lanes 2 and 4) of cells lysed in a
low-salt buffer (0.15 M NaCl). Hyperphosphorylated (IIo) and
hypophosphorylated (IIa) RNAPII forms are present. (B)Detection of U1
snRNA associated with RNAPII in mitotic cell extracts using different anti-
Rpb1 antibodies. Control mock antibodies (lanes 2 and 5), anti-Rpb1 N20
(lane 3) or 8WG16 (lane 6) antibodies were added to a mitotic cell extract (Ex)
and recovered using protein-A beads. RNAs were probed for U1, U2 or 7SK
snRNAs by northern blot. Western blot for RNAPII was performed using
Pol3/3 antibody (upper part). (C)Detection of U1 snRNA associated with
RNAPII in formaldehyde crosslinked mitotic HeLa cells. RNA was
immunoprecipitated with control mock (–) or anti-RNAPII 8WG16 (+)
antibodies and further probed for U1, U2 or 7SK snRNAs by northern blot.
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enrichment in numerous nuclear speckles (Fig. 3, top and enlarged
nuclear fields #1 to #5). Their putative enrichment at transcription
sites was therefore addressed statistically over many cells in order
to average single-cell differences due to fortuitous proximity of a
speckle, a nucleoli or the nuclear periphery. To this aim, FISH

images of U snRNA were obtained for a collection of cells (50
cells), centered on the MS2 spot (transcription site; TS) and summed
up. The averaged U1 and U2 images () provided central bright
spots, broader than the MS2 ones (Fig. 3, bottom). By contrast,
averaged images () taken at random within the nuclei of the same
cells (random site; RS) provided a rather homogeneous image.
Single random sites also could present strong signals because the
distribution of U snRNA has a speckled pattern (like U1 RS #5 on
Fig. 3B); however, averaging erased signals from positions that
were uncorrelated with the center of the windows (see U1 and U2
RS  on Fig. 3B). A small decrease in light intensity seen on the
border of the averaged windows was probably due to the
contribution of nucleoli and cytoplasm that are not stained and
have an increased probability to contribute with increasing distance
from the center of the windows.

A quantitative statistical procedure was next developed. Light
intensities provided by the U1 FISH were determined as a function
of distance from the transcription-site center: rings were centered
on the transcription site (Fig. 4A) and the light intensity at a given
distance was defined as the ratio of the sum of pixel intensities in
an annulus between two consecutive rings to the area of the same
annulus (Fig. 4B). To define a background reference, the same
analysis was repeated on a site chosen at random in the nucleoplasm
(RS). Data were plotted as the relative enrichment (the difference
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Fig. 2. Characterization of transcription units with a functional or
splicing-deficient -globin intron. (A)Scheme of plasmids used for the
construction of -globin gene cassettes. The plasmid used to make BGwt cell
lines comprises a doxycycline-inducible promoter (Tet-on PR) that drives the
synthesis of an mRNA carrying the -globin exon 1 with AUG initiation
codon, intron 1 and the beginning of exon 2 fused to the CFP coding sequence
terminated with a peroxisome targeting signal. The translation stop codon (*)
is followed by 24 repeats of the MS2 RNA hairpin and a polyadenylation
signal (pA). To make BGmut cell lines, the 5� and 3� splice sites of the -
globin intron were mutated. Mutated nucleotides are indicated below their
wild-type counterparts. A single nucleotide was deleted () in the -globin
intron-1 sequence to maintain the CFP translation frame in the case of splicing
deficiency. Arrows in the top diagram indicate positions of RT-PCR primers
framing the -globin intron. (B)RT-PCR detection of gene reporter mRNA in
BGwt and BGmut cells induced with doxycycline (primers are shown in A).
M, 100-bp DNA ladder; BGwt and BGmut, RNA samples used for the
reaction. PCR product sizes for mRNA containing (BGwt) or not containing
(BGmut) the -globin intron sequences were 958 and 829 bp, respectively.
Tubulin 3 was used as a housekeeping-gene reference (500-bp product size).
(C)Detection of the gene reporter mRNA by FISH. Doxycycline-induced
BGwt and BGmut cells were hybridized with fluorescent DNA probes of
different colors for -globin exon 1 and intron 1 as well as MS2 sequences.
Both cells expressed CFP localized in peroxisomes; nuclei were stained with
DAPI. Transcription sites are pointed with arrows.

Fig. 3. Imaging of snRNA distribution around a transcription site.
(A)Doxycycline-induced BGwt cells were hybridized with fluorescent DNA
probes of different colors for U1 snRNA, U2 snRNA or MS2 sequences. The
transcription site (TS) and a randomly selected site (RS) in the nuclei are
framed by squares. (B)Enlarged pictures (3.25m � 3.25m squares) of the
transcription (TS) and random (RS) sites in the nuclei of five different cells
(numbered #1 to #5). The bottom line shows images resulting from the
summation () of images taken for 50 different cells.
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between light intensity at a given distance and the light intensity
at 1.6 m) (Fig. 4C). There was a trend to observe a higher U1
intensity at the center of transcription sites (Fig. 4C, black symbols)
than at the center of the random sites (Fig. 4C, white symbols). To
increase the reliability of these conclusions, relative enrichment
data were averaged from a collection of cells and found be higher
at the center of transcription sites (TS) than at the random site (RS)
average (Fig. 4D). Highly similar data were obtained for two
clonal BGwt cell lines studied, confirming that enrichment of U1
snRNA is unlikely to be influenced by the plasmid insertion locus
(Fig. 4D). The shape of U1 snRNA enrichment curve was very
similar to that of the averaged transcript intensity detected with the
MS2 probe (Fig. 4E). As a negative control, the distribution of a
nuclear-localized -galactosidase (Bonnerot et al., 1987) was

analyzed by immunofluorescence in BGwt cells transiently
transfected with an expression plasmid (Fig. 4F). This time, the
transcription site and random site curves were indistinguishable.

Recruitment of U1 but not U2, U4 and U6 snRNAs to
transcription sites is splicing independent
U1, U2, U4 and U6 snRNAs were all clearly enriched above
background (in the 30% range) at the transcription site (TS) in
doxycycline-induced BGwt cells (Fig. 5). However, in BGmut cells,
U1 snRNA was the only U snRNA clearly enriched at transcription
sites (22%) (Fig. 5A). By contrast, the U2, U4 and U6 snRNA
curves were slightly below the background random-site curve (RS)
and displayed a characteristic S shape (Fig. 5B-D). This result was
reproducibly observed when averaging a distinct set of cell images,
and suggested that U2, U4 and U6 snRNA concentrations at a
transcription site lacking a functional intron are lower than in the
average nucleoplasm. The same observations were made with another
BGmut clonal cell line (data not shown). Thus, U1 enrichment and
U2, U4 and U6 snRNA absence at a splicing-deficient transcription
site were not associated with the integration locus.

To further confirm these results, we performed the same
experiments with a distinct gene-cassette model using another
promoter, another intron model and another reporter gene. U2OS
cells were stably transfected with a plasmid in which the HIV-LTR
promoter drives the Tat-activated synthesis of an mRNA including
the TAR hairpin fused to the MINX sequence [an artificial
derivative from the adenovirus genome (Zillmann et al., 1988)]

2088 Journal of Cell Science 123 (12)

Fig. 4. Radial analysis of snRNA distribution around a transcription site.
BGwt cells were hybridized with probes labeled with different colors for MS2
and for U1 snRNA. Rings separated by 1 pixel (107.5 nm) were centered on
the transcription site (TS) determined with an MS2 probe image or centered on
a random site (RS). (A)Illustration of ring centering for measuring light
intensity. (B)Light intensities [AI(d)] in annuli between rings were determined
for individual cells and plotted as a function of distance to the center for four
different cells (triangles, diamonds, circles and squares). (C)The difference
[AI(d) – AI(1.6m)] was plotted as in B for the same cells. (D)Averaged data
for U1 snRNA signal enrichment in TS for 92 BGwt cells (clone 1,
WTA9B41; circles) and 95 BGwt cells (clone 2, WTP2; triangles). The
equation [AI (d) – AI(1.6m)]/[AI(1.6m)] was used. (E)Averaged data
for MS2 signal enrichment for the same set of cells as in D. Error bars
represent standard errors. (F)Recruitment of nuclear-localized -galactosidase
to TS was evaluated by immunofluorescence as an independent negative
control. BGwt cells were transfected with NLS–-galactosidase expression
plasmid.

Fig. 5. Splicing-independent recruitment of U1 snRNA to doxycycline-
induced transcription sites. Transcription of the reporter gene in BGwt and
BGmut cells was induced by doxycycline. Transcription sites were determined
by FISH using an MS2 probe. (A)Averaged U1 data from 146 BGwt cells
(circles) and from 129 BGmut cells. (B)Averaged U2 snRNA FISH data from
132 BGwt cells (circles) and 67 BGmut cells (triangles). (C)Averaged U4
snRNA FISH data from 136 BGwt cells (circles) and 157 BGmut cells
(triangles). (D)Averaged U6 snRNA FISH data from 185 BGwt cells (circles)
and 166 BGmut cells (triangles).
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and followed by the -galactosidase coding sequence (Fig. 6A).
The MINX sequence contains two exons flanking an intron. Both
U1 and U2 snRNAs were recruited to transcription sites of the
cells containing a functional MINX intron (Fig. 6B). When the
cells were transfected with a splicing-deficient construction lacking
the whole MINX intron, U1 snRNA but not U2 snRNA was
recruited to transcription sites (Fig. 6C).

Thus, transcription units comprising distinct promoters driving
unrelated sequences recruit U1 snRNA even when they lack
functional introns. It is concluded that U1 recruitment and U2
snRNA exclusion at transcription sites is a characteristic of splicing-
deficient gene cassettes.

Recruitment of RNAPII, U1-70K and ASF/SF2 SR protein to
transcription sites is splicing independent
Following the working hypothesis of constitutive RNAPII–U1-
snRNA association, we investigated the recruitment of Rpb1, the
largest subunit of RNAPII, and U1-snRNP-associated proteins on
the same transcription unit. The radial-analysis method could be
applied either to FISH or immunofluorescence images. However,
some antibodies were incompatible with FISH procedures. In this
case, positions of the transcription sites were determined using
transfection with a plasmid driving the expression of the MS2-YFP
protein that binds the MS2 RNA repeats in vivo (Bertrand et al.,

1998). U1 FISH distributions obtained using transcription-site
determination by either YFP fluorescence or MS2 FISH were
identical (data not shown).

Recruitment of Rpb1 to transcription units in splicing-deficient
BGmut cells was nearly as efficient as in splicing-positive BGwt
cells (Fig. 7A). U1 snRNA is associated with several proteins, such
as U1-70K (also known as snRNP70), that form the U1 snRNP
(Hochleitner et al., 2005; Will and Lührmann, 2001). Similar to U1
snRNA, U1-70K was also enriched on both splicing-positive and
splicing-deficient transcription units (Fig. 7B). The weaker
efficiencies in U1 snRNA, U1-70K and RNAPII recruitments to
splicing-deficient BGmut transcription units compared with splicing-
positive BGwt transcription units were consistent with the hypothesis
of RNAPII–U1-snRNP co-recruitment to transcription sites.

We next investigated the recruitment of serine/arginine-rich
(SR) proteins that are known to interact with both the transcription

2089Recruitment of U1 snRNP without splicing

Fig. 6. Splicing-independent recruitment of U1 snRNA to Tat-induced
transcription sites. Relative enrichment of U1 and U2 snRNA at transcription
(TS) or random (RS) sites was evaluated in cells that integrated the plasmid
containing a functional MINX intron (MINXwt) or no MINX intron
(MINX�in). Transcription was induced by transfection with a Flag-Tat
expression plasmid. (A)Scheme of plasmid used for construction of MINX
gene cassettes. The plasmid comprises the HIV-LTR promoter, which drives
the synthesis of an mRNA that includes the TAR hairpin followed by the
MINX sequence fused to the -galactosidase coding sequence. The translation
stop codon (*) is followed by four repeats of the MS2 RNA hairpin and a
polyadenylation signal (pA). The MINX intron sequence consists of
adenovirus major late gene sequences (AdML): an exon-2/intron-2 sequence
fragment is fused to a fragment of intron-1/exon-2 sequence (Zillmann et al.,
1988). To prepare the plasmid without MINX intron, the fused intron-2/
intron-1 AdML sequences were excised. (B)Averaged U1 snRNA data from
54 MINXwt cells and U2 snRNA from 60 MINXwt cells. (C)Averaged U1
snRNA data from 46 MINX�in cells and U2 snRNA from 57 MINX�in cells.

Fig. 7. Splicing-dependent recruitment of proteins to doxycycline-induced
transcription sites. Relative enrichment of proteins at transcription (TS) or
random (RS) sites was evaluated by radial analysis of immunofluorescence
images in BGwt cells and BGmut cells. (A)Averaged Rpb1 (CTD4H8 Ab)
immunofluorescence data from 85 BGwt cells (circles) and 100 BGmut cells
(triangles). (B)Averaged U1-70K immunofluorescence data from 84 BGwt
cells (circles) and 104 BGmut cells (triangles). (C)Averaged U2AF65 data
from 195 BGwt cells (circles) and 217 BGmut cells (triangles). (D)Averaged
SC35 data from 185 BGwt cells (circles) and 154 BGmut cells (triangles).
(E)Averaged ASF/SF2 data from 109 BGwt cells (circles) and 110 BGmut
cells (triangles). Transcription sites (TS) were determined using transient
transfection with MS2-YFP plasmid.
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and splicing machineries (Long and Caceres, 2009; Zhong et al.,
2009). The U2 snRNP particle auxiliary factor of 65 kDa, U2AF65,
was chosen because it binds the intronic polypyrimidine tract
sequence and has been reported to promote U1 snRNP recruitment
to 5� splice sites (Förch et al., 2003; Hoffman and Grabowski,
1992). Although the polypyrimidine tract sequence had not been
modified in our splicing-deficient -globin construct, recruitment
of U2AF65 was found to be splicing dependent (Fig. 7C). ASF/SF2
(also known as SFRS1) and SC35 proteins were investigated next
because both have been reported to interact with U1-70K of the
U1 snRNP (Cao and Garcia-Blanco, 1998; Ellis et al., 2008;
Golovkin and Reddy, 1999). In agreement with a previous study
(Huang and Spector, 1996), SC35 was only recruited to
transcription units containing a functional intron (Fig. 7D). By
contrast, ASF/SF2 was found to be recruited to both functional-
intron-containing and splicing-deficient transcription units (Fig.
7E). Similar to U2, U4 and U6 snRNA, both U2AF65 and SC35
densities were lower than average at splicing-deficient transcription
sites. ASF/SF2 was the only SR protein found to be recruited on
splicing-deficient transcription units, as were the U1 snRNA and
the U1-70K protein.

Discussion
U1 snRNA is a major ncRNA associated with
non-transcribing RNAPII
Using a mitotic cell extract, the present study shows a highly
significant U1 snRNA association with RNAPII, whereas the other
splicing U snRNAs were not detected. There have been conflicting
reports on U-snRNA–RNAPII association. Some teams found all
the splicing U snRNA associated with RNAPII (Kim et al., 1997;
Robert et al., 2002) and others did not detect significant amounts
of U snRNA (Listerman et al., 2006). Our observations are
consistent with those from Tian (Tian, 2001) and from the Reed
laboratory (Das et al., 2007) who only found U1 snRNP. So much
U1 snRNA was immunoprecipitated by the Reed laboratory that it
was stained by ethidium bromide. Furthermore, for his part, Tian
isolated RNA aptamers that inhibited transcription initiation in a
HeLa nuclear extract and found that four out of eight of these
aptamers contained an 11-nucleotide sequence identical to the 5�
splice site. Furthermore, depletion of U1 snRNA from the extracts
abrogated the aptamer inhibition. It might be speculated that, if U1
snRNP sits close to the transcript exit pore, the linker sequence of
these aptamers bound to U1 snRNP might enter the RNAPII cleft
and inhibit transcription, similar to the FC aptamer (Kettenberger
et al., 2006).

The studies cited above used nuclear extracts. We now find that
U1-snRNA–RNAPII association is maintained in a dissociating
buffer when the mitotic cells were crosslinked prior to lysis. The
in vivo crosslinking technique eliminates a possible reassortment
between RNA and RNA-binding proteins that might occur in cell
extracts. Because there is very little, if any, transcription during
mitosis (Gottesfeld and Forbes, 1997; Jiang et al., 2004), our
finding supports the notion that U1 snRNA is constitutively
associated with non-transcribing RNAPII.

Radial analysis of microscopic images: a sensitive assay
to study colocalizations
Assuming that U1-snRNA–RNAPII association is constitutively
permanent implied that U1 snRNA might be recruited to genes in
the absence of splicing. To verify this prediction, we set up a
quantitative analysis of fluorescence images from cells containing

inserted gene cassettes at a single locus. It was based on averaging
data from many cells. Simple verification of colocalization of
spliceosomal snRNAs with transcription sites was not fully
convincing because of the punctated distribution of U snRNAs.
The variations of averaged light densities as a function of distance
to the transcription center were compared with the variations of
light densities in averaged images chosen at random in the
nucleoplasm of the same cells. This radial-analysis method proved
to be robust, because different clonal cell lines provided identical
results. It was highly reliable and sensitive, because distinct probes
provided distinct results although individual images were hardly
indistinguishable. The radial analysis was also efficient in
processing data from immunofluorescence. It is to be compared
with statistical scoring methods. A major advantage resides in the
lack of observer decision to score a colocalization or not.
Furthermore, the reliability of the enrichments at transcription sites
versus random sites might easily be challenged by statistical tests
based on distribution profiles, bootstrapping and standard errors.

Nucleoplasm heterogeneity
Molecules evenly distributed across the nucleus such as nuclear
localization signal (NLS)–-galactosidase or NLS-YFP (not shown)
were neither enriched nor excluded from the transcription sites. By
contrast, U1 snRNA was recruited to both splicing-positive and
splicing-deficient gene transcription units, and U2, U4 and U6
snRNAs were only recruited to splicing-positive ones. Furthermore,
in the vicinity of splicing-deficient transcription sites, the density
of these RNAs was lower than in the average nucleoplasm. Some
proteins (Rpb1, U1-70K, ASF/SF2) were found to be recruited to
both splicing-positive and splicing-deficient transcription units and
others were only recruited to splicing-positive ones (SC35,
U2AF65). The radial analysis reveals the heterogeneity of the
nucleoplasm, because some molecules are recruited to active
transcription units whereas others seem to be excluded from their
vicinity. The cause of this exclusion remains to be established. Yet,
it might be a size effect because structures such as spliceosomes or
speckles are much larger than -galactosidase.

Splicing-independent U1 snRNP recruitment
U1 snRNA and at least one U1-associated protein (U1-70K) were
found to be recruited to a splicing-deficient gene cassette almost
as efficiently as to its splicing-positive counterpart. Importantly,
U1 recruitment was observed using two totally distinct model
genes. One construct used a Tet-on promoter derived from the
Cytomegalovirus early immediate promoter whereas the other
construct used a promoter derived from the HIV-LTR promoter.
One construct used the -globin first intron and the other one
used the MINX intron derived from the adenovirus genome. One
used the -galactosidase cDNA and the other one used the CFP
cDNA. Recruitment of U1 snRNA to splicing-deficient genes is
consistent with previous reports that U1 snRNP is recruited to the
intronless Drosophila heat-shock puffs (Martin et al., 1987; Matunis
et al., 1993). By contrast, previously reported chromatin
immunoprecipitation experiments using antibodies directed against
either U1-70K or the Smith (Sm) antigen did not detect these
proteins on the intronless heat-shock genes (Listerman et al., 2006;
Metz et al., 2004). The discrepancy between these results and our
observations might rely in the techniques. Efficiencies in chromatin
immunoprecipitation decrease when the target protein is ‘far’ from
DNA. Imaging methods are much less sensitive to the distance
between the protein or RNA probe and its gene target.
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U1 snRNP interacts with multiple components of the
transcription and transcript-maturation machineries
How is U1 snRNP recruited to transcription sites? U snRNPs have
previously been reported to bind transcripts not subjected to splicing.
For example, U2 snRNP binds an RNA sequence in the intronless
histone transcripts (Friend et al., 2007). An assay based on injection
of fluorescently labeled snRNAs into amphibian oocytes showed
that U1 snRNA targets nascent transcripts independently of splicing
(Patel et al., 2007). A central argument in that study was that a U1
snRNA lacking the 5�-splice-site recognition sequence still targeted
the nascent transcripts. However, in discrepancy with our findings,
a U2 snRNA lacking the branch-point recognition sequence was
also targeted to nascent transcripts. An interaction of U1 snRNP
with either the transcription or the post-transcription machineries is
more likely to account for our observations.

The co-immunoprecipitation experiments suggest a direct
interaction of U1 snRNA with RNAPII. Also, a number of specific
factors might bridge U1 snRNP to the transcription machinery. The
human homologue of Prp40 yeast splicing factor, associated with
U1 snRNP (Kao and Siliciano, 1995), binds the phosphorylated C-
terminal domain (Morris and Greenleaf, 2000). Alternatively, U1
snRNA has also been reported to interact with general transcription
factors such as TFIIH (Kwek et al., 2002) and the TBP-associated
factor TAF15 (Jobert et al., 2009). However, it should be mentioned
that, in both examples, U1 snRNA was devoid of its companion
proteins such as U1-70K.

Several SR proteins that are involved in splicing have been
reported to associate to RNAPII and U1 snRNP (Long and Caceres,
2009; Zhong et al., 2009). The splicing-associated factor SC35
plays an active role in the elongation of transcription (Lin et al.,
2008) and interacts with U1 snRNP (Golovkin and Reddy, 1999).
U2AF65 interacts with U1 snRNP (Ellis et al., 2008) and binds
nascent transcripts in an in vitro assay (Ujvári and Luse, 2004).
However, recruitment of both SC35 and U2AF65 factors was
strictly dependent on splicing. By contrast, recruitment of ASF/SF2,
similar to U1 snRNA and U1-70K, was splicing independent.
ASF/SF2 has been found to interact with U1-70K of the U1 snRNP
in vitro and in vivo independently of transcription (Cao and Garcia-
Blanco, 1998; Ellis et al., 2008; Golovkin and Reddy, 1999). It is
noteworthy that ASF/SF2 also displays a crucial splicing-
independent function. It prevents the formation of RNA-DNA
hybrids between transcripts and the template DNA strand that
provoke the appearance of DNA double-stranded breaks (Li and
Manley, 2005). In agreement with our observations, the Reed
group found ASF/SF2 but neither SC35 nor U2AF65 associated
with RNAPII (Das et al., 2007). Protein-RNA interactions
contribute to ASF/SF2 recruitment at transcription sites (Mabon
and Misteli, 2005). It remains to be solved whether ASF/SF2 and
U1 snRNP are co-recruited with RNAPII or whether the nascent
transcript binds ASF/SF2 first and next recruits U1 snRNP.

U1 snRNP has also been shown to interact with pre-mRNA
maturation machineries. The nuclear cap-binding complex
facilitates association of U1 snRNP with the cap-proximal 5� splice
site (Lewis et al., 1996). U1-70K binds the 25-kD cleavage factor
I subunit CF-I m (Awasthi and Alwine, 2003). The U1A protein
interacts with the 160-kD subunit of the cleavage-polyadenylation
specificity factor (CPSF) (Lutz et al., 1996) and CPSF forms a
complex with TFIID of the basal transcription machinery (Dantonel
et al., 1997). Thus, the multiple interactions of U1 snRNP with
transcription and transcript-maturation machineries might contribute
to their coordinated assembly at transcription sites.

U1 snRNP recruitment: a possible role in coupling
transcription to splicing?
The splicing-independent recruitment of U1 snRNP to transcription
units might be understood in the broader context of coupling
between transcription and post-transcriptional maturation of
transcripts (Bentley, 2005; de Almeida and Carmo-Fonseca, 2008;
Hirose and Manley, 2000; Moore and Proudfoot, 2009). Interruption
of transcribed sequences by introns can enhance mRNA expression
of recombinant genes (Lacy-Hulbert et al., 2001; Palmiter et al.,
1991). Some splicing-machinery components seem to stimulate
transcription. Indeed, the splicing-associated factor SC35 has been
shown to play an active role in the elongation of transcription (Lin
et al., 2008). In addition, Tat-SF1, being a U2-snRNA-associated
protein involved in prespliceosome assembly (Perriman et al.,
2003; Yan et al., 1998), cooperates with DSIF to facilitate
elongation (Chen et al., 2009; Li and Green, 1998; Zhou and
Sharp, 1996).

The involvement of U1 snRNA in the regulation of transcription
is suggested by a number of findings. Removal of proximal 5�
splice sites from yeast or mammalian genes decreases their
transcription (Furger et al., 2002). Binding of U1 snRNA stem
loop II to the 5� splice site stimulates transcription from an HIV-
LTR promoter (Alexander et al., 2010). The 5� proximal splice site
can enhance promoter docking of basal transcription factors
(Damgaard et al., 2008). U1 snRNA binding was found to stimulate
the formation of the first phosphodiester bond in an abortive
transcription assay using only purified factors (Kwek et al., 2002).
Furthermore, U1 snRNA stimulated reinitiation of transcription in
this assay. Because U1 snRNP is the key element of the splicing
machinery and it is also associated with other transcript-maturation
mechanisms, one might conceive that it could be an important
player in the coupling of the transcription and transcript-processing
mechanisms. An interaction of U1 snRNP with RNAPII and/or
TFIIH and/or CPSF among multiple other components could favor
the activity of transcription and/or transcript-maturation complexes.
It might also be speculated that having U1 snRNP preloaded on the
transcription complex facilitates the scanning and detection of 5�
splice sites on the nascent transcript.

To summarize, our data confirm the constitutive association of
U1 snRNP with the transcription machinery and show that U1
snRNP is recruited to a transcription unit independently of splicing.
In view of recent reports about the possible role of U1 snRNA in
the regulation of transcription and its association to transcript-
maturation machineries other than spliceosome, our findings are in
accordance with the hypothesis that U1 snRNP could be an
important player in the coupling of different processes related to
gene expression.

Materials and Methods
Plasmids
MS2-YFP protein was expressed from pMS2-YFP plasmid (Fusco et al., 2003).
pTet-on–CFP–MS2wt was generated by sequentially inserting PCR fragments into
pTet–globin–CFP–18MS2-2 (Darzacq et al., 2006). One nucleotide within the -
globin intron-1 sequence was deleted to maintain the translational frame in the
absence of splicing; exon 2 from the -globin cassette was fused to CFP cDNA
followed by MS2 repeats that were brought up to 24. pTet-on–CFP–MS2mut was
derived from pTet-on–CFP–MS2wt by targeted point mutagenesis of 5� and 3� splice
sites (Stratagene mutagenesis kit); both plasmids comprised a puromycin resistance
gene. To obtain pCMV-lacZ-MS2�24, 24 MS2 repeats were ligated into pRSV-gal
(Kislauskis et al., 1993) using SmaI and XbaI enzymes. Subsequently, lacZ-MS2�24
was inserted into pcDNA3.1 (Invitrogen) as a HindIII-NotI fragment. To generate
pHIV-LTR MINX-lacZ-MS2�4, the HIV-LTR (nucleotides 1-734) from plasmid
pEXO-MS2�24 (Boireau et al., 2007) was fused to the MINX sequence (Zillmann
et al., 1988) by PCR and subsequently ligated into NruI-HindIII-digested CMV-
lacZ-MS2�24 as a blunt-end HindIII fragment. Reduction of the MS2 repeats from
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24 to 4 occurred spontaneously during cloning. The MINX construct with deleted
intron (pHIV-LTR MINXin-lacZ-MS2�4) was obtained by stepwise fusion of
MINX exonic sequences with the HIV-LTR by PCR and ligation into pHIV-LTR
MINX-lacZ-MS2�4 as a HindIII fragment replacing the MINX intron.

Cells
U2OS Tet-on cells (Clontech) and HeLa cells were propagated in DMEM (Invitrogen)
with 1 g/l and 4.5 g/l glucose, respectively, supplemented with 10% fetal calf serum.
HeLa cells arrested in mitosis after exposure to nocodazole (50 ng/ml) for 18 hours
were detached by shaking (mitotic index higher than 80%) and pelleted by
centrifugation at 200 g.

To obtain BGwt and BGmut cell lines, U2OS cells were stably co-transfected with
pBABE-puro (Addgene) and pTet-on–CFP–MS2wt or pTet-on–CFP–MS2mut,
respectively. Individual colonies were selected in culture medium containing
puromycin (10 g/ml), screened for CFP expression after doxycycline induction and
subcloned. Expression of reporter gene was induced using 5 g/ml of doxycycline
overnight. FuGene6 (Roche) was used for transient transfection assays. To obtain
cells containing constructs with functional MINX intron or deleted MINX intron,
U2OS cells were transfected with either pHIV-LTR MINX-lacZ-MS2�4 or pHIV-
LTR MINXin-lacZ-MS2�4 plasmids as previously described (Boireau et al., 2007).
Expression of the MINX-fused lacZ gene was induced by transfection with pcDNA3-
Tat(1-101)Flag, a plasmid encoding for a Flag-Tat protein.

Crosslinking, immunoprecipitation and northern blot assays
For protein-RNA crosslinking, formaldehyde (1% final concentration) was added to
the culture medium for 10 minutes and then neutralized with addition of glycine
(125 mM, pH 7) for 5 minutes. Cells were washed in PBS, lysed in RIPA buffer [50
mM Tris (pH 7.9), 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.05% SDS, 1 mM
EDTA, 150 mM NaCl] and sonicated. The lysate was clarified by centrifugation at
10,000 g. Protein-RNA complexes were immunoprecipitated from supernatants and
the crosslink was reversed by incubation for 2 hours at 65°C in a mixture of 50 mM
Tris (pH 7.9), 5 mM EDTA, 10 mM dithiothreitol and 1% SDS. RNAs were isolated
with the RNeasy micro kit (Qiagen). In the experiment without crosslinking, the
immunoprecipitation was performed directly on a clarified extract from mitotic cell
extracts in 50 mM HEPES (pH 7.9), KCl 10 mM, 150 mM NaCl, 1 mM EDTA, 5%
glycerol, 0.5% Nonidet P40 supplemented with protease inhibitors (Sigma) and
Ribolock (Fermentas).

RNAs were electrophoresed in polyacrylamide gels, transferred onto Hybond N
(GE Healthcare) and hybridized to nick-end-translated 32P-labeled DNA probes. The
membranes were washed in 0.1� SSC buffer (0.015 M NaCl, 0.015 M sodium
citrate) at 65°C. Radioactivity was quantified with a Fuji FLA 3000 phosphorimager
using the Image Gauge software.

RT-PCR
Reverse transcription was performed with an oligo-dT primer using Superscript III
reverse transcriptase (Invitrogen). End-point PCR for verification of cryptic splice
sites was performed at 35 cycles using Taq polymerase (Invitrogen). Products were
separated by electrophoresis in 3% agarose gels, stained with ethidium bromide. The
expression levels of reporter RNA for -globin plasmids were evaluated by real-time
RT-qPCR using SYBR Green I (Qiagen) and normalized to the tubulin 3 as a
reference gene.

Antibodies
The following antibodies were used and were supplied from the indicated sources:
8WG16 (Nancy E. Thompson, McArdle Lab., Madison, WI), Pol3/3 (Ekkehard K.
Bautz, Heidelberg, Germany), N20 (sc-899, Santa Cruz Biotechnology), CTD4H8
(Upstate 05-623), U1-70K (Douglas Black, UCLA, CA), U1A (ab55751, Abcam),
U2AF65 (ab37530, Abcam), ASF/SF2 (clone 103, Zymed Laboratories), SC35
(sc-53518, Santa Cruz Biotechnology). Primary antibodies were detected with
horseradish-peroxidase-labeled (Promega) or Cy3- or Cy5-conjugated (GE
Healthcare) secondary antibodies.

FISH and immunofluorescence
Immunofluorescence and FISH were performed as described previously on
paraformaldehyde-fixed cells (Darzacq et al., 2006). Oligodeoxynucleotides (below)
containing 5-amino-allyl thymidines (Eurogentec) were labeled with Cy3 or Cy5
mono-reactive dyes (GE Healthcare) or with Alexa Fluor 488 (Molecular Probes).
In some cases, an immunostaining was performed after FISH using the standard
protocol. The sequences of oligodeoxynucleotides used for FISH are as follows
(shown 5� to 3�; 5-amino-allyl thymidines are noted ‘t’ in the sequences): U1-1,
CtGGGAAAACCACCtTCGTGATCAtGGTATCTCCCCtGCCAGGTAAGtAT; U1-
2, CGAACGCAGtCCCCCACtACCACAAATTAtGCAGTCGAGtTTCCCACAtT;
U2, AGtGGACGGAGCAAGCtCCTATTCCAtCTCCCTGCtCCAAAAATCCATtT;
U4-1, tAGCAATAAtCGCGCCTCGGAtAAACCTCATtGGCTACGATACtGCC -
ACT; U4-2, AGACtGTCAAAAATtGCCAATGCCGACtATATTGCAAGtCGTCA -
CGGCGGtA; U6, CGtGTCATCCTtGCGCAGGGGCCAtGCTAATCTTCtCTGT-
ATCGTtCCAA; beta-glob-E1, AGGAGtCAGGTGCACCAtGGTGTCTGTTtGAG -
GTTGCTAGtGAACACAGtA; beta-glob-I1, tCAGTGCCTAtCAGAAACCCAA -
GAGtCTTCTCTGTCtCCACATGCCCAGtA; MS2 NBX, CtAGGCAATt-

AGGTACCTtAGGATCTAAtGAACCCGGGAATACtGCAGA. U2, U6, beta-glob-
E1, beta-glob-I1 and MS2 NBX were designed as previously published (Shav-Tal et
al. 2005; Darzacq et al. 2006).

Radial analysis of site images
Images were acquired on an Olympus IX 81 epifluorescence microscope equipped
with plan apo 60� 1.4 NA objective and a CoolSNAP HQ camera (Roper Scientific).
Three-dimensional imaging was performed on successive planes separated by 200
nm in the z-axis. Images were processed using the ImageJ software
(http://rsb.info.nih.gov/ij/). MS2 FISH or MS2-YFP fluorescence images were used
to accurately define the transcription-site center. Images in the transcription-site
focal plane were summed up with images in planes immediately above and below
(a stack of 400 nm z depth). For a given probe, averaged intensities [AI(d)] at a
distance ‘d’ from the transcription-site center (TS) were defined as the sum of pixel
intensities in an annulus between rings centered on the transcription site and separated
by 1 pixel (107.5 nm) divided by the area of the same annulus. Assuming that
transcription sites are much smaller than 1.6 m (Shav-Tal et al., 2004), we arbitrarily
chose this distance as representative of the intensity outside the transcription site.
Thus, the difference [AI(d) – AI(1.6)] represents the enrichment of a given factor at
the transcription site. [AI(d) – AI(1.6)]/[AI(1.6)] is the relative enrichment. To test
the significance of the observed enrichments, the same analysis was repeated with a
site (RS) that was selected at random by the ImageJ software within a rectangle of
20 m2 positioned manually within the nucleoplasm but excluding nucleoli. To
average data from different cells on various slides prepared independently and take
into account variations in signal outside the transcription site, we used an averaged
relative enrichments defined as: [AI(d) – AI(1.6)]/[AI(1.6)]. Almost identical
results were obtained when the averaged relative enrichments for n cells were
defined as: 1/n � [AI(d) – AI(1.6)]/[AI(1.6)].
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