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The Cajal body (CB) is a nuclear structure closely associated with import and biogenesis of small nuclear ribonucleo-
protein particles (snRNPs). Here, we tested whether CBs also contain mature snRNPs and whether CB integrity depends
on the ongoing snRNP splicing cycle. Sm proteins tagged with photoactivatable and color-maturing variants of fluorescent
proteins were used to monitor snRNP behavior in living cells over time; mature snRNPs accumulated in CBs, traveled
from one CB to another, and they were not preferentially replaced by newly imported snRNPs. To test whether CB
integrity depends on the snRNP splicing cycle, two human orthologues of yeast proteins involved in distinct steps in
spliceosome disassembly after splicing, hPrp22 and hNtrl, were depleted by small interfering RNA treatment. Surpris-
ingly, depletion of either protein led to the accumulation of U4/U6 snRNPs in CBs, suggesting that reassembly of the
U4/U6-U5 tri-snRNP was delayed. Accordingly, a relative decrease in U5 snRNPs compared with U4/U6 snRNPs was
observed in CBs, as well as in nuclear extracts of treated cells. Together, the data show that particular phases of the

spliceosome cycle are compartmentalized in living cells, with reassembly of the tri-snRNP occurring in CBs.

INTRODUCTION

Pre-mRNA splicing is a two-step transesterification reaction
catalyzed by the spliceosome, a large complex assembled
from preformed subcomplexes, called spliceosomal small
nuclear ribonucleoprotein particles (snRNPs) and hundreds
of additional proteins (Jurica and Moore, 2003). In turn, the
five major spliceosomal snRNPs, U1, U2, U4, U5, and Us,
each consist of a single small nuclear RNA (snRNA) and
specific set of proteins. Among the shared protein compo-
nents of snRNPs are the seven Sm proteins, which are as-
sembled as a stable, heteroheptameric ring on the RNA
polymerase II-transcribed snRNAs: Ul, U2, U4, and US.
After transcription, these snRNAs are transported to the
cytoplasm, where the Sm ring is assembled on snRNAs by
the SMN complex. Subsequently, the 5 ends of the snRNAs
are hypermethylated to generate the trimethyl-guanosine
cap, which together with SMN, promotes snRNP nuclear
import (reviewed in Will and Luhrmann, 2001; Matera and
Shpargel, 2006, Tycowski et al., 2006). Because snRNPs do
not shuttle between the nucleus and cytoplasm (Anké and
Neugebauer, unpublished data), Sm ring assembly seems to
occur early and only once in the lifetime of each snRNP. A
related heteroheptameric ring, consisting of seven “like-Sm”
(LSm) proteins, is assembled on U6, an RNA polymerase III
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transcript, which is thought to remain in the nucleus for all
assembly steps (Achsel et al., 1999; Mayes et al., 1999; Kiss,
2004; Listerman et al., 2007).

Once back in the cell nucleus, snRNPs first accumulate in
CBs before distributing throughout the nucleoplasm, where
splicing occurs (Sleeman and Lamond, 1999; Sleeman et al.,
2001; Neugebauer, 2002). This suggests a role for CBs in
nuclear steps of snRNP maturation, a prediction borne out
by the following set of observations. First, posttranscrip-
tional modifications of the snRNAs themselves occur in CBs
after snRNP reimport from the cytoplasm (Darzacq et al.,
2002; Kiss, 2002; Jady et al., 2003). These modifications, in-
cluding pseudouridinylation and 2’-O-methylation, are
guided by small Cajal body-specific RNAs. Second, CBs are
the site of complex assembly steps that involve RNA-RNA
annealing and the sequential addition of proteins. For ex-
ample, the U4/U6 snRNP is formed when the U4 and U6
snRNAs anneal, a step catalyzed by U6-specific LSm pro-
teins and SART3 (also named hPrp24 or p110) (Ghetti et al.,
1995; Raghunathan and Guthrie, 1998; Achsel et al., 1999;
Bell et al., 2002). Subsequently, the U4/U6:U5 tri-snRNP
assembles when U5 snRNP associates by protein—protein
interactions with the U4/U6 snRNP (Makarova et al., 2002;
Schaffert et al., 2004). Both U4/U6 and U4/U6:U5 tri-snRNP
assembly occur in CBs (Schaffert et al., 2004; Stanek and
Neugebauer, 2004). Recently, mathematical modeling of
U4/U6 snRNP formation in the cell nucleus revealed that
accumulation of U4 and U6 snRNPs in CBs should greatly
increase the efficiency of U4/U6 assembly (Klingauf et al.,
2006). An additional role of CBs in U2 snRNP formation
(Nesic et al., 2004) further points to CBs as the key site of
nuclear steps in snRNP assembly. The observation that
depletion of coilin, a protein required for snRNP concen-
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tration in CBs, impairs cell proliferation (Lemm et al.,
2006) is consistent with the proposal that snRNP assembly
is inefficient in the absence of CBs.

snRNPs must not only assemble de novo but also may
regenerate after splicing to complete the so-called spliceo-
some cycle. During spliceosome assembly and activation,
snRNPs undergo structural rearrangements, including U4/U6
snRNA unwinding and release of the U4 snRNP from the
spliceosome (Staley and Guthrie, 1998). After splicing,
mRNA is released from the spliceosome by the DEAH-box
helicase hPrp22 /HRH1 and snRNPs remain associated with
the excised intron lariat (Company et al., 1991, Ohno and
Shimura, 1996). In Saccharomyces cerevisine, a complex of
three proteins (Prp43/Ntrl/Ntr2) was shown to be essential
for release of individual snRNPs from the lariat (Arenas and
Abelson, 1997; Martin et al., 2002; Tsai et al., 2005; Boon et al.,
2006; Tanaka et al., 2007; Tsai et al., 2007). If these released
snRNPs are to participate in subsequent rounds of splicing,
they have to be reassembled into the active U4/U6-U5 tri-
snRNP. Several studies provide genetic and biochemical
evidence for snRNP reassembly (Raghunathan and Guthrie,
1998; Bell et al., 2002; Verdone et al., 2004; Chen et al., 2006).
Although snRNPs are highly expressed, the long half-lives
of snRNAs suggests that they likely recycle and function
again (Yu et al., 1999).

In the present study, we address the hypothesis that
snRNPs cycle more than once through CBs. We show in
living cells that CBs contain mostly mature snRNPs, which
are capable of exchanging with nucleoplasm and visiting
multiple CBs. Targeted knockdown of proteins involved in
spliceosome recycling, hPrp22, and the human homologue
of the recently identified yeast Ntrl, led to a dramatic accu-
mulation of the U4/U6 snRNP in CBs. These data demon-
strate that the CB is a vital way station in the spliceosomal
cycle.

MATERIALS AND METHODS

Cells and Antibodies

HeLa cells were cultured in DMEM supplemented with 10% fetal calf serum,
penicillin, and streptomycin (Invitrogen, Carlsbad, CA). To create a stable
HeLa cell line expressing human Prp8 tagged with green fluorescent protein
(GFP) at the C terminus and expressed under the control of its own promoter,
a bacterial artificial chromosome (BAC) harboring the human Prp8 gene was
obtained from the BACPAC Resources Center (http://bacpac.chori.org).
Neo/Kanr-dsRed and EGFP-IRES-Neo cassettes were polymerase chain reac-
tion (PCR) amplified with primers carrying 50 nucleotides of homology to the
targeting sequence. Recombineering of the BACs was performed as described
previously (Zhang et al., 2000) (Gene Bridges, Dresden, Germany); and after
transduction, neo-resistant cells were sorted by fluorescence-activated cell
sorting (FACS) to obtain single colonies. Inmunoprecipitation using anti-GFP
antibodies showed that hPrp8-GFP is properly incorporated into the U5
snRNP and the tri-snRNP (data not shown).

The following antibodies were used: rabbit anti-SART3/p110 antibodies
(Stanek et al., 2003); monoclonal antibody (mAb) anti-coilin (5P10) (Almeida
et al., 1998), kindly provided by M. Carmo-Fonseca (Institute of Molecular
Medicine, Lisbon, Portugal); rabbit antibodies against LSm4 (Achsel ef al.,
1999); hPrp31 (U4/U6-61K) (Makarova et al., 2002); hPrp4 (U4/U6-60K)
(Lauber et al., 1997); and hSnul14 (U5-116K) (Fabrizio et al., 1997), kindly
provided by R. Lithrmann (Max Planck Institute, Gottingen, Germany).
Monoclonal antibodies against U2B"" and U1-70K were purchased from Pro-
gen (Heidelberg, Germany). Rabbit anti-mouse Ntrl was raised against a
peptide, LONEFNPNRQRHWQ (amino acids 32-45; Zymed Laboratories,
South San Francisco, CA), and was provided by Michael Paine (University of
Southern California, Los Angeles, CA).

Protein Tagging

SART3-cyan fluorescent protein (CFP), coilin-CFP, and hPrp31-CFP were
described previously (Stanek and Neugebauer, 2004). SMN-yellow fluores-
cent protein (YFP) was kindly provided by M. Dundr (Chicago Medical
School, North Chicago, IL; Dundr et al., 2004) and SmB-YFP and SmD1-GFP
by A. Lamond (University of Dundee, United Kingdom; Sleeman and Lam-
ond, 1999). SmB was subcloned into ECFP-C1 (Clontech, Mountain View,
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CA), photoactivatable (PA)-GFP-C1 (Patterson and Lippincott-Schwartz,
2004) and E5-red fluorescent protein (RFP)-C1 by using HindIII/KpnlI sites.
SmD1 was recloned into ECFP-C1, PA-GFP-C1, and E5-RFP-C1 by using
BamHI/Pstl sites. E5-RFP-C1 vector was created by replacing GFP sequence
in GFP-C1 plasmid (Clontech) with E5-RFP sequence from pTimer-1 plasmid
(Clontech) by using Agel/BglII restriction sites. SART3-HcDiRed construct
was created by cloning SART3 sequence into the HcDiRed-N1 vector, which
originated from the H2B-HcDiRed-N1 plasmid obtained from J. Ellenberg
(European Molecular Biology Laboratory, Heidelberg, Germany; Gerlich et
al., 2003).

Live Cell Imaging

Cells were plated on glass bottomed Petri dishes (MatTek, Ashland, MA), and
after 20-24 h, they were transfected with appropriate DNA constructs by
using FUuGENE 6 (Roche Diagnostics, Mannheim, Germany). The cells were
imaged 22-24 h after transfection by using either a Zeiss 510 microscope
equipped with water immersion objective (63X 1.2 numerical aperture [NA])
or a Leica SP2 confocal microscope equipped with water immersion objective
(63X 1.2 NA) and an environmental chamber controlling CO, level and
temperature. PA-GFP was activated by short pulses of 405-nm laser line, and
images of activated PA-GFP (excitation with 488-nm laser line) and either CFP
(excitation with 458-nm laser line) or HcDiRed (excitation with 594-nm laser
line) were acquired at 15-s intervals in activation of one CB or every 2 min in
activation of the whole nucleus. The raw images were analyzed using Image]J
software (http://rsb.info.nih.gov/ij/). For publication, fluorescent levels
were linearly adjusted using Adobe Photoshop (Adobe Systems, Mountain
View, CA).

For E5-RFP experiments, cells were transfected with SmB-E5-RFP or
SmD1-E5-RFP, fixed at different times after transfection with 4% parafor-
maldehyde/piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES) and em-
bedded in glycerol containing 4',6-diamidino-2-phenylindole and 2.5%
1,4-diazabicyclo[2.2.2]octane (DABCO; Sigma Chemie, Deisenhofen, Ger-
many) as an anti-fade reagent. Alternatively, cells were treated for 2 h before
fixation with 30 ng/ml leptomycin B (LC Laboratories Woburn, MA). Images
were collected using the DeltaVision microscope system (Applied Precision,
Issaquah, WA) coupled with Olympus IX70 microscope equipped with oil
immersion objective (60X 1.4 NA) by using the same settings for each sample.
Stacks of 25 z-sections with 200-nm z-step were collected per sample and
subjected to mathematical deconvolution by using measured point spread
function (SoftWorx; Applied Precision). Mean intensities in green and red
channel were quantified using SoftWorx.

Fluorescence Resonance Energy Transfer (FRET)
Measurement

Cells were transfected with fluorescent protein-tagged constructs using
FuGENE 6, grown for 24-26 h, and fixed in 4% paraformaldehyde/PIPES
(Sigma-Aldrich) for 10 min at room temperature. After rinsing with Mg-
phosphate-buffered saline (PBS) (PBS supplemented with 10 mM Mg?*) and
water, cells were embedded in glycerol containing DABCO. FRET was mea-
sured by acceptor photobleaching method as described previously (Stanek
and Neugebauer, 2004) by using the Leica SP2 confocal microscope. Intensi-
ties of CFP (excited by 405-nm laser set to 5-10% of maximum power) and
YFP (excited by 514-nm laser line set to 2% of maximum power) were
measured. Then, YFP was bleached in a region of interest by three to five
intensive (30% maximum power) pulses of 514-nm laser line and CFP and
YFP fluorescence measured again. Apparent FRET efficiency calculated ac-
cording to the equation FRET.giciency[%] = (CFPagier — CFPpefore) X 100/
CFP ,¢ier- Unbleached regions of the same cell were used as a negative control.
Ten cells were measured per each FRET pair, and average and SE were
calculated.

Small Interfering RNA (siRNA) Transfection

Preannealed siRNA duplexes were obtained either from Ambion (Austin, TX)
or QIAGEN (Hilden, Germany). Three independent siRNA duplexes were
used against hNtr1, and five duplexes were used to target hPrp22. The sequences
of sense siRNAs were as follows: from Ambion: hNtr1-27-5'-CCUGUUAAG-
CAGGACGACUtt, hNtr1-28-5'-GCAGGACGACUUUCCUAAGtt, hNtr1-29-5'-
GGAUUAGCAAGAAGCUCACtt; hPrp22-55-5'-GCUUUAAUGCCCAGCG-
CAGtt; hPrp22-56-5'-GGAAUAAAGUGAAGUCUAGtt; and hPrp22-57-5'-
CCCAAAUAGACGGCGAAAULt; from Qiagen: hPrp22-3-5'-GGGAC-
AGGACAAAGAAGAALt and hPrp22-4-5'-CAGAGAAGUGGGAGAUCAALt.

The negative control 1 siRNA from Ambion was used as a negative control.
Oligofectamine (Invitrogen) was used for siRNA transfection. Cells were
incubated 48 h before further treatment. Within this incubation period we did
not observe any extensive cell death with respect to the treatment with the
negative control siRNA.

Reverse Transcription (RT)-PCR

Total RNA was isolated 48 h after siRNA transfection by using TRIzol reagent
(Invitrogen). cDNA was synthesized using a gene-specific reverse primer and
SuperScript IIT (Invitrogen). Taq polymerase was used to amplify cDNA (25
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cycles). Controls without RT reaction were performed to verify that there was
no residual DNA contamination. The following primers were used for RT-PCR
and quantitative PCR: hPrp22-For, CAAGAGGTGGGCTACACCAT; hPrp22-
Rev, 5'-TGATCGCGTACTGAGTGAGG; hNtrl-For, 5-TGTCTTCACTCCTG-
GCTCCT; hNtrl-Rev, 5-AAGCCACTTGGGGAAGAAGT; 18S-For, 5'-TTGTT-
GGTTTTCGGAACTGAG; 185-Rev, 5'-GCAAATGCTTCGGCTCTGGTC; c-myc-
mRNA-For, 5-GCGACTCTGAGGAGGAACAAGAAG; c-myc-mRNA-Rev,
5'-ACTCTGACCTTTTGCCAGGAGC; c-myc-pre-mRNA-For, 5-TGCTCCCT-
TTATTCCCCCAC; c-myc-pre-mRNA-Rev, 5-GGTCATAGTTCCTGTTGGT-
GAAGC; LDHA mRNA-For, 5'-AGAACACCAAAGATTGTCTCTGGC; LDHA
mRNA-Rev, 5'-TTTCCCCCATCAGGTAACGG; LDHA pre-mRNA-For, 5'-
CCTTTCAACTCTCTTTTGGCAACC; LDHA pre-mRNA-Rev, 5'-AATCTTAT-
TCTGGGGGGTCTGTTC; Tubulin mRNA-For, 5-GCTGCTTTGTGGAGTG-
GATTCC; Tubulin mRNA-Rev, 5-CCGTGTTGTTGCCAATGAAGG; Tubulin
pre-mRNA-For, 5-GACCTTCCTCCTGCTTTCAGTTC; and Tubulin pre-
mRNA-Rev, 5-TCTGCTTGTGTTCCCAGTTGC.

Quantitative PCR was done as described previously (Listerman et al., 2006),
and ratio of pre-mRNA to mRNA was calculated for each siRNA treatment
according to Rygya = 2(CtPre-mRNA = CmRNA) “normalized to NC siRNA
treated cells (R, = Rgrna/Rncsirna), and plotted.

Glycerol Gradient Ultracentrifugation

Nuclear extracts were prepared according to Dignam ef al. (1983), diluted in
gradient buffer (20 mM HEPES/KOH, pH 8.0, 150 mM NaCl, 1.5 mM MgCl,,
and 0.5 mM dithiothreitol), and fractionated in a linear 10-30% glycerol
gradient by centrifugation at 32,000 rpm for 17 h by using the SW-41 rotor
(Beckman Coulter, Fullerton, CA). Individual fractions (700 ul) were col-
lected, and RNA was extracted from each fraction with phenol:chloroform:
isoamylalcohol, separated on 10% urea-polyacrylamide gel electrophoresis
(PAGE), and silver stained. In parallel, proteins were precipitated from the
phenol phase by acetone, dissolved in SDS-PAGE sample buffer, and ana-
lyzed by immunoblotting.

Indirect Immunofluorescence

Forty-eight hours after the siRNA transfection the cells were fixed in 4%
paraformaldehyde/PIPES for 10 min, permeabilized for 5 min with 0.2%
Triton X-100 (Sigma Chemie), and incubated with appropriate primary anti-
bodies. Secondary anti-rabbit antibodies conjugated with fluorescein isothio-
cyanate (FITC) and anti-mouse antibodies conjugated with tetramethylrho-
damine B isothiocyanate (TRITC) (Jackson ImmunoResearch Laboratories,
West Grove, PA) were used. Images were collected using a DeltaVision
microscope system and subjected to mathematical deconvolution as described
above. Mean fluorescence intensities in CBs and the nucleoplasm were deter-
mined in individual optical sections by using Image] as described previously
(Stanek and Neugebauer, 2004).

In Situ Hybridization

Digoxigenin-labeled DNA probes directed against human U2, U4, and U5
snRNAs were obtained by PCR as described previously (Bell et al., 2002) by
using pSP65U2H, pSPU4b, pSP64U5 (Black and Pinto, 1989) as templates.
Forty-eight hours after siRNA transfection cells were fixed in 4% paraformal-
dehyde/PIPES for 10 min, permeabilized with 0.5% Triton X-100 for 5 min,
and incubated with anti-SART3 antibodies as a marker of CBs followed by
incubation with secondary antibody conjugated with FITC (Jackson Immu-

Time after transfection

noResearch Laboratories). Cells were again fixed in 4% paraformaldehyde/
PIPES for 5 min, quenched for 5 min in 0.1 M glycine/0.2 M Tris, pH 7.4, and
incubated with digoxigenin-labeled probe in 2X SSC/50% formamide/10%
dextran sulfate/1% BSA for 60 min at 37°C. After washing in 2X SSC/50%
formamide, 2X SSC and 1X SSC, the probe was detected by mouse anti-
digoxigenin antibody (Roche Diagnostics) followed by incubation with goat
anti-mouse antibody coupled with TRITC (Jackson ImmunoResearch Labo-
ratories). Images were collected using a DeltaVision microscope system, and
fluorescence intensities in CBs and the nucleoplasm were determined as
describe above.

RESULTS

Accumulation of Mature snRNPs in Cajal Bodies

It is not known whether the pool of snRNPs in CBs consists
of only newly imported and incompletely assembled
snRNPs, or whether mature snRNPs that have already par-
ticipated in splicing accumulate in CBs as well. We probed
the relative “age” of snRNPs in CBs, by tagging SmB and
SmD1 proteins with a “fluorescent timer,” a mutant of red
fluorescent protein drFP583 (E5-RFP) that changes its fluo-
rescence emission properties during maturation, converting
from green-to-red emission within the course of 3 h (Ter-
skikh et al., 2000). Changes in the red-to-green ratio over
time are therefore indicative of relative shifts in the age of
the molecules present in a given subcellular location. Be-
cause there is no evidence of Sm protein exchange once the
Sm ring has been assembled on snRNA (Wang and Meier,
2004; Shpargel and Matera, 2005), we assume that Sm pro-
teins remain stably associated with nuclear snRNPs after
assembly and import; thus, Sm protein dynamics likely re-
flect those of mature snRNPs. In addition, fluorescently
tagged Sm proteins efficiently incorporate into snRNP par-
ticles, and their expression is comparable with endogenous
Sm proteins (Supplemental Figure 1). HeLa cells expressing
SmB- or SmD1-E5-RFP were fixed at different times after
transfection, and E5-RFP fluorescence intensities in the
green and red spectra were measured (Figure 1A). Note that
both Sm-E5-RFP constructs localized properly in CBs. Sur-
prisingly, both green and red forms of E5-RFP were clearly
present in CBs at the earliest time point (11 h) that CBs were
detectable, indicating that a portion of E5-RFP had already
matured to the red form before fluorescence reached the
detection threshold. Absolute intensities of green fluores-
cence did not change over the time, indicating a constant
influx of new snRNPs that must reside for a consistent
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Figure 1. Mature snRNPs accumulate in Cajal bodies. To determine the age of snRNPs in CBs, SmB and SmD1 proteins that are stable
components of snRNPs were tagged with E5-RFP. During maturation, E5-RFP changes its fluorescence from green to red in a time course of
a couple hours. (A) HelLa cells were transfected with SmB-E5-RFP or SmD1-E5-RFP and fixed at different times after transfection. Ratio of
red to green was measured in CBs (bars are SD) and in the nucleoplasm (lines). Red fluorescence in CBs increased ~3 times over 22 h,
indicating that mature snRNPs accumulate in CBs. (B) Cells were transiently transfected with SmB-E5-RFP, and 2 h before fixation they were
treated with leptomycin B (LMB) that inhibits biogenesis of new snRNPs by blocking export of new snRNA from the nucleus. A 45% increase
of red-to-green ratio after 38 h indicates import inhibition of the green (new) variant of SmB-E5-RFP. Bars are SE.
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period in the CB. An increase in red fluorescence and the
red-to-green fluorescence ratio was observed, and over the
period of 22 h it increased ~2 times in the nucleoplasm and
3 times in CBs. If CBs selectively recruited only newly im-
ported snRNPs, we would have expected the red-to-green
ratio to remain the same or even decrease in CBs, despite the
fact that more of the red variant accumulates in the nucleus.

To test whether Sm-E5-RFP proteins are imported to the
cell nucleus within snRNP particles, cells were treated for
2 h before fixation with leptomycin B that efficiently inhibits
export of newly synthesized snRNAs to the cytoplasm and
consequently also import of newly formed snRNPs. A 45%
increase in the red-to-green ratio observed 38 h after trans-
fection (Figure 1B) indicates impairment of green SmB-E5-
RFP import, indicating that SmB-E5-RFP is indeed imported
together with snRNAs beginning the biogenesis pathway in
the cytoplasm. The finding that CBs accumulate more old
snRNPs in CBs compared with the nucleoplasm indicates
that the pool of snRNPs concentrated in CB contains not
only fresh snRNPs but also relatively older, presumably
mature snRNPs.

A complementary experiment was suggested by the fact
that, although they are highly concentrated in CBs, snRNPs

A SART3-HcDiRed SmD1-PA-GFP B
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Figure 2. snRNPs newly imported from the cytoplasm represent
only a minor fraction in CBs. (A) The SmD1 protein was tagged with
PA-GFP and coexpressed in HeLa cells with SART3-HcDiRed as a
marker of CBs. To distinguish between nuclear and cytoplasmic
pool of snRNPs, nuclear snRNPs were specifically activated by short
pulse of 405-nm laser line. Images were taken every 2 min for total
20 min. (B) Quantification of CB fluorescence. To avoid photo-
bleaching effects, the ratio of fluorescent signals CB:nucleoplasm
were determined immediately after activation and 20 min later.
Values for individual CBs are plotted. Mean value is indicated by a
solid line SD by a box. A small decrease in CB fluorescence indicates
that within 20 min, snRNPs imported from the cytoplasm represent
only small fraction of snRNPs in CBs.

Vol. 19, June 2008

snRNP Regeneration in Cajal Bodies

exchange rapidly with the surrounding nucleoplasm and
only reside in CBs for few seconds on average (Dundr et al.,
2004; Sleeman, 2007). We tagged Sm proteins with PA-GFP
to determine whether the snRNPs that exit CBs at any given
moment are replaced by new or old snRNPs. SmB- or SmD1-
PA-GFP was expressed and the entire nucleus was photo-
activated (Figure 2). If CBs contain exclusively new (nonac-
tivated) snRNPs imported from the cytoplasm, fluorescence
would be lost from these CBs over time. On the contrary,
SmB-GFP fluorescence CBs remained high 20 min after pho-
toactivation (Figure 2), 100 times longer than the residence
time of snRNPs in CBs. Measurement of fluorescence inten-
sities in CBs and nucleoplasm revealed a 0-25% decrease
(average 6%) in fluorescence intensity in CBs relative to
nucleoplasm. These data show that the exchanging popula-
tion of snRNPs in CBs consists largely of “older” nuclear
snRNPs.

To further examine the assembly status of snRNPs in CBs
and in the cytoplasm, we probed snRNP interactions with
the SMN protein, which is localized both in the cytoplasm
and in CBs. The SMN protein is a part of the SMN complex,

SMN-YFP

SMN-YFP

SMN-YFP/
[ ]sms-crp [] sme-YFPismD1-CFP

] smb1-cFp
W

10
o]

cytoplasm

)
((

FRET efficiency [%]

Cajal bodies cyt. dots

Figure 3. The SMN protein interacts with Sm proteins in the
cytoplasm. To compare SMN-snRNP complexes in CBs and the
cytoplasm, SMN-YFP was coexpressed with SmD1-CFP, SmB-CFP,
or CFP alone as a negative control, and FRET was measured in the
cytoplasm and in CBs by acceptor photobleaching method. The
SMN-Sm FRET signal was two- to threefold higher over negative
control in the cytoplasm but not in CBs. The SmB-SmD1 pair used
as a positive control exhibited high FRET signal both in the cyto-
plasm and in CBs. In some cells, we observed cytoplasmic accumu-
lation of SmB and SMN proteins (arrows) and high FRET signal was
measured in these cytoplasmic inclusions. Ten measurements for
each pair are averaged and are shown in the graph with SE bars.
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which ensures proper assembly of Sm rings on snRNPs in
the cytoplasm (Terns and Terns, 2001; Meister et al., 2002;
Paushkin et al., 2002; Matera and Shpargel, 2006). The sig-
nificance of SMN accumulation in CBs is not known. Be-
cause SMN is required for the import of newly assembled
snRNPs (Narayanan et al., 2002, 2004), it is hypothesized that
SMN is coimported into CBs with new snRNPs (Matera and
Shpargel, 2006). Interactions between snRNPs and the SMN
protein were measured by FRET. Because Sm proteins and
SMN are present in the cytoplasm and in CBs, a FRET signal
could indicate the presence of snRNP-SMN complexes,
changes in their structure and composition in the different
cellular compartments, or both. SmD1-CFP or SmB-CFP
were coexpressed with SMN-YFP in HeLa cells, and FRET
was measured by the acceptor photobleaching method in
the cytoplasm and CBs of the same cell (Figure 3). As a
negative control, SMN-YFP was coexpressed with CFP only.
As expected, FRET between SMN and the Sm proteins was
detected in the cytoplasm, but no FRET signal above the
negative control was observed in CBs. Overall higher FRET

SmD1-PA-GFP

Figure 4. snRNPs cycle between CBs. To ob-
serve movement of snRNPs between CBs and
the nucleoplasm, SmB-PA-GFP was coex-
pressed with SART3-CFP and SmD1-PA-GFP
with coilin-CFP. Sm-PA-GFPs were specifi-
cally activated in one CB (circle) by short
pulse of 405-nm laser, and movement of acti-
vated molecules was observed for 5 min (also
see Supplemental Videos). Activated mole-
cules moved throughout the whole nucleo-
plasm and accumulated in other CBs in the
same nucleus (arrows). The detection system
was adjusted to detect very low signals of
PA-GFP, but by using this setup we also de-
tected cell autofluorescence in the cytoplasm
(stars).

values in CBs are likely caused by local accumulation of
SMN. In some cells, Sm proteins and SMN accumulated in
cytoplasmic bodies, presumably due to coexpression of ex-
ogenous SMN and Sm proteins (Shpargel et al., 2003); these
aggregates resembled recently identified U bodies (Liu and
Gall, 2007) and contained similar amounts of fluorescent
proteins as nuclear CBs. High FRET signals detected in these
cytoplasmic inclusions indicate accumulation of SmB-SMN
complexes. In addition, FRET between SmB-YFP and SmD1-
CFP were robust in the cytoplasm as well as in CBs. Preas-
sembled Sm subcomplexes are used during assembly of the
Sm-ring; SmB and SmD1 proteins are not part of the same
Sm subcomplexes, but they lay next to each other in the ring
(Raker et al., 1996; Kambach et al., 1999). Thus, detection of
FRET between these two components represents a good
marker for Sm-ring assembly and further indicates that fluo-
rescently tagged Sm proteins are correctly incorporated into
mature snRNPs. These results show that snRNPs in CBs
differ from snRNPs localized in the cytoplasm; snRNPs in
CBs either do not interact with SMN or snRNP-SMN com-
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hPrp22 and hNtrl were determined by RT-PCR. RT-
PCR of 185 rRNA served as a loading control. (B) Ex-
tract from cells treated for 48 h with siRNAs was loaded
on gel, and hNtrl and hPrp22 protein levels were de-
termined. Anti-tubulin antibody used as a loading con-
trol.
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plexes in CBs have an altered structure that does not support
FRET detection.

Cycling of snRNPs between CBs

Because Sm proteins exchange rapidly between CBs and the
nucleoplasm (Dundr ef al., 2004; Sleeman, 2007), our finding
that CBs contain predominantly mature snRNPs implies that
snRNPs cycle constantly between CBs and the nucleoplasm,
visiting CBs repeatedly. To test this directly, SmD1 or SmB
proteins tagged with PA-GFP were coexpressed with CFP-
tagged markers of CBs (SART3, coilin). The Sm-PA-GFP
proteins were activated by a short pulse of 405 nm laser in
one CB and the movement of activated molecules monitored
every 15 s over a 5-min time period (Figure 4, Supplemental
Videos). Activated SmB- and SmD1-PA-GFP proteins moved
from the activated CB, diffused throughout the nucleoplasm
and accumulated in another (nonactivated) CB within the
time course of the experiment. This behavior was not af-
fected by coexpression of any of the CB markers used and no
movement of activated molecules was observed in fixed

A hprp22

SART3

LSm4

hPrp31

hSnut14

snRNP Regeneration in Cajal Bodies

cells (Supplemental Figure 2). These data show directly that
snRNPs repeatedly visit CBs.

Accumulation of U4/U6 snRNPs in CBs after Inhibition of
Spliceosome Disassembly

Previous reports showed that ongoing snRNP biogenesis is
necessary for structural integrity of CBs (Shpargel and Ma-
tera, 2005; Girard et al., 2006; Lemm et al., 2006). However,
our data show that the CB contains mainly mature snRNPs.
We therefore aimed to test whether an ongoing supply of
mature snRNPs is important for maintaining the CB struc-
ture as well. Two proteins implicated in spliceosome disas-
sembly were depleted, with the expectation that inhibition
of snRNP recycling after splicing would reduce the supply
of mature snRNPs. Three different siRNA duplexes were
used to target the human homologue of Ntrl (also named
TFIP11; Wen et al., 2005) and five duplexes for hPrp22. After
48 h, total RNA and proteins were isolated and mRNA and
protein levels tested (Figure 5).
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Figure 6. U4/U6-specific markers accumulate in CBs after hPrp22 and hNtrl knockdown. (A) Cells treated with siRNA against hPrp22
(22-3) and hNtrl (Ntr-27) for 48 h were fixed, and localization of snRNP-specific proteins was determined by antibody staining. To avoid
distortion of CB morphology due to changes in intensity, the intensities of the images shown were adjusted to an equal maximum. This results
in apparent fluorescent reduction in the nucleoplasm after siRNA treatments, which was not observed at raw images. NC, negative control
siRNA. hSnull4, green; coilin, red. (B) Quantification of fluorescence is shown in the graph. Fluorescence ratio CB:nucleoplasm was
calculated for each CB, and average with SE bars is shown (number of measured CBs indicated inside bars). *p < 0.0001 as determined by

Student’s t test with respect to cells treated with control siRNA.
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Figure 7. Assembled U4/U6 snRNP accumulates in Cajal bodies after hPrp22 and hNtrl knockdown. (A) Cells treated with siRNA against
hPrp22 (22-3) were transfected with SART3-YFP and hPrp31-CFP, and FRET was measured by acceptor photobleaching in the nucleoplasm
and CBs. (B) Quantification of SART3-YFP/hPrp31-CFP FRET measurements in cells treated with control (NC), hPrp22-3, or hNtr1-27

siRNAs. Average values of 10 measurements with SE bars are shown.

To address the effects of hNtrl and hPrp22 knockdown on
CB structure, CBs were immunodetected after the siRNA
treatment with anti-coilin and anti-SART3 antibodies. Coilin
is a universal marker of CBs; SART3 interacts with the
U4/U6 snRNP and its presence in the CB is sensitive to
transcription/splicing inhibition (Stanek ef al., 2003). Sur-
prisingly, CBs remained intact and accumulated SART3 af-
ter either treatment (Figure 6A; data not shown). In fact, the
detection of SART3 fluorescent signal in CBs was enhanced
by treatment, and an elevated accumulation in CBs of other
U4/U6 snRNP components was also observed upon deple-
tion of hPrp22 or hNtrl (Figure 6B). The CB accumulation of
U4/U6-specific markers was not due to a decrease in nucle-
oplasmic fluorescence, which remained mostly unaffected
by the siRNA treatment. Partial effects on the U2-specific
U2B” protein were observed after hPrp22 but not hNtrl
knockdown, and no significant changes in CB localization of
the U2 snRNA or the Ul-specific U1-70K protein were de-
tected. In contrast, CB localization of the three tested U5
snRNP components—hSnul14, hPrp8-GFP, and the U5
snRNA—decreased after siRNA treatment. The hPrp8-GFP
protein was expressed from a human BAC under the control
of the endogenous promoter and was properly incorporated
into the U5 and tri-snRNPs (data not shown).

Depletion of hPrp22 or hNtrl caused the dramatic and
specific accumulation of U4/U6 snRNP components in CBs.
To determine whether bona fide U4/U6 snRNP particles
had formed in CBs, we used FRET to measure interactions
that are specific for the SART3-U4/U6 complex, a transient
intermediate en route to tri-snRNP formation that was pre-
viously localized to CBs (Stanek and Neugebauer, 2004).
Cells were incubated for 24h with the indicated siRNA,
cotransfected with hPrp31-CFP and SART3-YFP, incubated
additional 24 h and fixed. FRET was measured as described
previously in the nucleoplasm and CBs by acceptor photo-
bleaching (Stanek and Neugebauer, 2004). No significant
changes were observed in CBs after treatment with anti-
hPrp22 or anti-hNtrl siRNAs (Figure 7), showing that
U4/U6 components accumulating in CBs are assembled into
the U4/U6 snRNP. These data indicate that inhibition of
spliceosome recycling leads to specific accumulation of the
U4/U6 snRNPs in CBs. To test whether U4/U6 snRNP
accumulation in CBs resulted from an inhibition of splicing,
three different genes (c-myc, LDHA, and tubulin) were
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tested for splicing efficiency by RT-quantitative PCR. Partial
increases in pre-mRNA-to-mRNA ratios were detected after
treatment with anti-hPrp22 siRNAs, but no substantial inhi-
bition of splicing was observed after hNtrl depletion (Sup-
plemental Figure 3) indicating that U4/U6 snRNP concen-
tration in CBs is not likely a general result of splicing
inhibition and a lack of expression of necessary snRNP
components.

Enhanced accumulation of the U4/U6 snRNPs in CBs had
been previously observed after inhibition of U4/U6-U5
snRNP assembly (Schaffert et al., 2004). If depletion of hNtr1l
and hPrp22 inhibits spliceosome recycling and thus reduces
the amount of the free U5 snRNP, assembly of the functional
tri-snRNP might be delayed. To assess the influence of
hPrp22 or hNtrl knockdown on snRNP assembly and recy-
cling, nuclear extract was prepared from cells treated for
48 h with anti-hPrp22-3 or anti-hNtr1-27 siRNAs and
snRNPs analyzed by glycerol gradient ultracentrifugation.
RNA and proteins were isolated from individual fractions
and Ub5-specific hSnul14 and U4/Ué6-associated hPrp4 pro-
teins detected by immunoblotting (Figure 8). To determine
the position of individual snRNP complexes in the gradient
snRNAs from each fraction were resolved on denaturing
gels and silver stained (data not shown). hPrp4 sedimented
in two distinct peaks that reflect U4/U6 snRNPs (fractions
6-8) and U4/U6-U5 tri-snRNPs (fractions 11-13). The U5
marker hSnull4 fractionated with the tri-snRNP and with
the mono-U5 snRNP (fractions 8-10). In addition to the
mono-U>5 and the tri-snRNP, hSnul14 accumulated in faster
sedimenting complexes (fractions 15 and 16) in anti-hPrp22
siRNA treated cells, which might correspond to post-spli-
ceosomal complexes (Makarov et al., 2002) that were not
recycled properly after hPrp22 knockdown. Importantly,
decreases in the mono-U5 snRNP relative to the U5 in the
tri-snRNP fractions were observed in both hPrp22 and hNtrl
siRNA-treated cells, consistent with the reduced U5 snRNP
concentration in CBs after both knockdowns (Figure 6).

DISCUSSION

It was previously shown that U2, U4/U6, and U4/U6-U5
tri-snRNP assembly steps occur in CBs (Nesic et al., 2004;
Schaffert et al., 2004; Stanek and Neugebauer, 2004); how-
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Figure 8. Mono-U5 snRNP is reduced after hPrp22 and hNtrl
knockdowns. HeLa cells were treated with 22-3 or Ntr-27 siRNA for
48 h, and nuclear extracts were centrifuged on 10-30% glycerol
gradients. Parallel RNA gels were used for determination of snRNP
complexes position in gradients. Proteins from individual fractions
were isolated, and hSnul1l4 (marker of the U5 snRNP) and hPrp4
(marker of the U4/U6 snRNP) were detected. In siRNA-treated
cells, the level of the free U5 snRNP decreased (fractions 8§-10).

ever, it was not known whether the assembly events re-
flected de novo snRNP assembly or reassembly after splic-
ing. In this study, we present data showing that in addition
to de novo snRNP assembly, CBs could serve as the snRNP
recycling center. These conclusions are based on three inde-
pendent lines of evidence. First, we show by several exper-
imental means, that the snRNPs concentrated in CBs include
a substantial “mature” snRNP pool. Second, we show di-
rectly that snRNPs visit multiple CBs within the same nu-
cleus and do so frequently; thus, there is no reason to sus-
pect that CBs preferentially contain newly imported
snRNPs. Third, targeted depletion of two factors required
for spliceosome disassembly and snRNP release, hPrp22 and
hNtrl, leads to an accumulation of U4/U6 snRNPs in CBs.
We argue below that this accumulation likely reflects a
failure of U5 snRNP recovery from spliceosomes; in the
absence of sufficient U5 snRNP flux through CBs, tri-snRNP
formation is blocked. These observations provide novel in-
sights into how phases of the spliceosome cycle are com-
partmentalized in living cells.

Experiments establishing the relative maturity of snRNPs
in CBs relied on three different fluorescence microscopy
techniques. The E5-RFP fluorescent protein tag, which
changes emission spectra from green to red as it matures,
and PA-GFP were both used to tag Sm proteins (B and D1;
see Figures 1 and 2) and to monitor snRNP movements. Both
approaches proved that the snRNP pool in CBs largely
consists of mature snRNPs that have visited CBs already
multiple times. In agreement with these data, snRNP move-
ments between CBs were observed, in which snRNPs pho-
toactivated in one CB reappeared within a time course of
minutes in another distant CB. A similar movement of
snRNPs between CBs was described recently (Sleeman,
2007).

In the third approach, we sought to compare snRNPs in
CBs and in the cytoplasm by measuring FRET signals be-
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tween Sm proteins and SMN, which plays a role in the
cytoplasmic phase of snRNP biogenesis. SMN is coimported
with new snRNPs to the nucleus, and it is highly concen-
trated in CBs; because SMN binds coilin, it has been pro-
posed that SMN delivers the newly imported snRNPs to CBs
(Stanek and Neugebauer, 2006). However, although we de-
tected SMN-snRNP interactions in the cytoplasm, we did
not observe any significant interaction in CBs. This indicates
that either 1) the SMN-snRNP complex falls apart immedi-
ately after the import of snRNPs, 2) that a conformational
change occurs within the CB that is unfavorable for FRET, or
3) newly imported snRNP-SMN complexes form only a
small fraction of snRNPs and SMN in CBs, and these are
below the detection limit of the FRET assay. At present, we
cannot distinguish among these possibilities; if sSnARNP-SMN
complexes are present in CBs, they must differ at least con-
formationally from the complexes found in the cytoplasm.
Perhaps SMN protein accumulates in the CB as a result of
binding coilin after snRNP import and dissociation in the
CB. Presumably, SMN eventually returns to the cytoplasm
for further rounds of Sm ring assembly.

The conclusion that CBs contain not only new snRNPs
imported from the cytoplasm but also mature snRNPs
agrees with findings that the concentration of snRNPs in
CBs is transcription dependent (Carmo-Fonseca et al., 1992;
Blencowe et al., 1993; Stanek et al., 2003); in the absence of
new intron-containing transcripts (i.e., under conditions of
transcriptional blockade), the splicing process provides
fewer “used” snRNPs for recycling. This highlights a para-
dox emerging in the field, because it has been proposed that
snRNP biogenesis and import from the cytoplasm is re-
quired for snRNP accumulation in CBs and for integrity of
CBs themselves (Carvalho et al., 1999; Shpargel and Matera,
2005; Girard et al., 2006; Lemm et al., 2006). If only a small
proportion of snRNPs in CBs are newly imported, how can
this fraction be required for CB integrity? The simplest ex-
planation is that experimental reduction of snRNP biogene-
sis at various stages has long-term effects on the overall
concentration of snRNPs in the nucleus, not just an acute
effect on import. A reasonable proposal stemming from our
present study and consistent with prior work of others is
that CB integrity depends on the cellular level of splicing
activity and the absolute concentration of nuclear snRNPs
(Carmo-Fonseca et al., 1992; Blencowe et al., 1993; Sleeman
et al., 2001; Stanek et al., 2003).

Our data show that mature snRNPs repeatedly visit CBs.
To test whether this cycling through CBs correlates with
snRNP regeneration after splicing, proteins involved in spli-
ceosome disassembly were depleted, and localization of dis-
tinct snRNPs in CBs was examined. Surprisingly, depletion
of two tested proteins involved in spliceosome disassembly
resulted in accumulation of U4/U6 snRNPs in CBs. Because
transcription/splicing inhibition by a-amanitin leads to op-
posite effects—the snRNPs and SART3 leave CBs (Carmo-
Fonseca et al., 1992; Blencowe et al., 1993; Sleeman et al., 2001;
Stanek et al., 2003)—it seems unlikely that U4/U6 snRNP
accumulates in CBs as a result of splicing inhibition. In
addition, splicing of c-fos and c-myc pre-mRNAs was only
slightly reduced after siRNA treatment (Supplemental Fig-
ure 3). Instead, the phenotype more closely resembles the
situation after inhibition of U4/U6-U5 snRNP formation,
when accumulation of U4/U6 snRNPs in CBs was also
observed (Schaffert ef al., 2004). Why does inhibition of spli-
ceosome disassembly and inhibition of tri-snRNP assembly
have the same phenotype? According to current models of
spliceosome recycling, inhibition of this process should trap
U5 and U6 snRNPs in the late spliceosome (Will and Luhr-
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mann, 2006) and thus decrease levels of free U5 and U6
snRNPs in the nucleoplasm. In contrast, the U4 snRNP
leaves the spliceosome at an earlier step, just as the tri-
snRNP joins the assembling spliceosome (Makarov et al.,
2002; Chan et al., 2003). Thus, the level of free U4 mono-
snRNP in the nucleoplasm should be unaffected by Prp22 or
Ntrl depletion. Early studies showed that there is two- to
threefold excess of the U6 snRNP over the U5 and U4
snRNPs (Tycowski et al., 2006), making it unlikely that U6
snRNP levels are limiting. In contrast to U4 and U6; how-
ever, levels of free U5 snRNP are likely decreased and
formation of the U4/U6-U5 tri-snRNP inhibited, as was
shown after Ntrl depletion in yeast (Boon et al., 2006). Con-
sistent with this, we observed a decrease in U5 snRNP levels
both in CBs and nuclear extracts after knockdown. Thus,
inhibition of spliceosome disassembly leads to a similar
situation as inhibition of tri-snRNP assembly—accumula-
tion of the U4/U6 snRNPs in CBs. Apparently, the supply of
new U5 snRNPs from the cytoplasm is not sufficient to keep
up with tri-snRNP assembly, underscoring the importance
of the recycled U5 snRNP for assembly and regeneration of
tri-snRNDPs.

Together, these observations suggest that snRNP reassem-
bly after splicing may obey similar rules to de novo snRNP
assembly, even though the assembly of new snRNPs in-
cludes additional steps that need not be repeated (e.g., post-
transcriptional RNA modification). This implies that snRNP
assembly in CBs at any stage of their life cycle must be
independent of snRNA posttranscriptional modifications or
any other steps in snRNP biogenesis. Finally, it has been
shown by mathematical modeling that CBs increase the rate
of U4/U6 snRNP assembly, by providing a local environ-
ment with elevated snRNP concentrations (Klingauf et al.,
2006). Thus, the localization of snRNPs to CBs likely pro-
motes the assembly of new as well as regenerating snRNPs
by the same mechanism, because snRNPs from either source
will meet elevated concentrations of their potential partners
in the CB.
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