Molecular Biology of the Cell
Vol. 18, 1282-1292, April 2007

Subnuclear Localization and Dynamics of the Pre-mRNA

3" End Processing Factor Mammalian Cleavage Factor 1
68-kDa Subunit™

Stefano Cardinale,** Barbara Cisterna,* Paolo Bonetti,* Chiara Aringhieri,*
Marco Biggiogera,* and Silvia M.L. Barabino*

*Department of Biotechnology and Biosciences, University of Milano-Bicocca, 1-20126 Milan, Italy; and
Department of Animal Biology, Laboratory of Cell Biology and Neurobiology, and Institute of Molecular
Genetics, Consiglio Nazionale delle Ricerche, University of Pavia, 27100 Pavia, Italy

Submitted September 22, 2006; Revised January 3, 2007; Accepted January 22, 2007
Monitoring Editor: Karsten Weis

Mammalian cleavage factor I (CF 1) is an essential factor that is required for the first step in pre-mRNA 3’ end processing.
Here, we characterize CF 1,68 subnuclear distribution and mobility. Fluorescence microscopy reveals that in addition to
paraspeckles CF 1,68 accumulates in structures that partially overlap with nuclear speckles. Analysis of synchronized
cells shows that CF 1,68 distribution in speckles and paraspeckles varies during the cell cycle. At an ultrastructural level,
CF 1,68 is associated with perichromatin fibrils, the sites of active transcription, and concentrates in interchromatin
granules-associated zones. We show that CFI,,68 colocalizes with bromouridine, RNA polymerase II, and the splicing
factor SC35. On inhibition of transcription, endogenous CF I, 68 no longer associates with perichromatin fibrils, but it can
still be detected in interchromatin granules-associated zones. These observations support the idea that not only splicing
but also 3’ end processing occurs cotranscriptionally. Finally, fluorescence recovery after photobleaching analysis reveals
that the CF 1,68 fraction associated with paraspeckles moves at a rate similar to the more dispersed molecules in the
nucleoplasm, demonstrating the dynamic nature of this compartment. These findings suggest that paraspeckles are a

functional compartment involved in RNA metabolism in the cell nucleus.

INTRODUCTION

Most functional mRNAs of eukaryotic genes are generated
from their primary transcripts (pre-mRNAs) through RNA
splicing and 3’ end polyadenylation. Removal of introns occurs
in the spliceosome, a complex composed of five small ribonu-
cleoprotein particles (U1, U2, U4/U6, and U5 small nuclear
ribonucleoprotein particles [snRNPs]) and many non-snRNPs
splicing factors, including members of the arginine-serine (SR)
family of proteins. The mature 3’ ends of mRNAs are gener-
ated by endonucleolytic cleavage of the pre-mRNA followed
by polyadenylation of the upstream cleavage product. Bio-
chemical studies have identified six factors required for effi-
cient processing in vitro: the cleavage and polyadenylation
specificity factor (CPSF), the cleavage stimulation factor (CstF),
and two cleavage factors, mammalian cleavage factor I, [CF
I.] and CF II,,,, are necessary for the cleavage reaction. Poly-
adenylation requires in addition to CPSF, poly(A) polymerase,
and the nuclear poly(A) binding protein 1 (PABPN1, previ-
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ously called PAB II, for review, see Wahle and Riiegsegger,
1999). Other proteins involved in either transcription, such as
the carboxy-terminal domain of RNA polymerase II, or cap-
ping (nuclear cap-binding complex) and splicing (U2AF65)
have been shown to greatly enhance the efficiency of the first
step of the reaction (Flaherty et al., 1997; Hirose and Manley,
1998; Millevoi et al., 2002).

The mammalian cell nucleus is a highly structured and
dynamic compartment. Many nuclear factors are localized in
morphologically well-defined structural units that include
the nucleolus and several “nuclear bodies,” such as the Cajal
body (Gall, 2000), and the promyelocytic leukemia body
(Zhong et al., 2000). Splicing factors (including SR proteins
and snRNPs) were shown by fluorescence microscopy stud-
ies to localize to the nucleus in 20-50 highly concentrated,
punctuate regions referred to as nuclear speckles, which
correspond at the electron microscope level to interchroma-
tin granules clusters (IGCs) and perichromatin fibrils (PFs;
for review, see Lamond and Spector, 2003). Studies to char-
acterize the polypeptide sequences responsible for speckle
localization have identified two motifs that can target pro-
teins to this compartment: the Sm domains of core snRNP
proteins and the arginine-serine-rich (RS) domains of SR
proteins. SR proteins constitute a family of pre-mRNA splic-
ing factors that play multiple important roles in both con-
stitutive and alternative splicing of pre-mRNAs (for reviews,
see Manley and Tacke, 1996; Valcarcel and Green, 1996). The
primary structure of SR proteins is composed of one or two
N-terminal RNP-type RNA recognition motif (RRM), and a
C terminus that consists largely of repeating arginine-serine
dipeptides (RS domain).
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The 3’ end processing factor CF I, is a heterodimer com-
posed of a small subunit of 25 kDa and one of two larger
subunits of 59 and 68 kDa (Riiegsegger et al., 1996). Both
larger subunits seem to be highly related in amino acid
sequence and have a domain organization that is reminis-
cent of SR proteins: an N-terminal RNA-binding domain is
followed by a proline-rich region, and by a C-terminal,
degenerated RS domain in which the RS repeat itself con-
tains RD/E dipeptides. The RD/E dipeptide motif is similar
to a phosphorylated RS domain, because the serine residue
in the RS repeat is replaced with a negatively charged as-
partic acid or glutamic acid residue. Consistent with this
observation, the CF I, 68-kDa subunit was identified as a
component of isolated IGCs (Saitoh et al., 2004).

We previously reported that all three CF I, subunits (25,
59, and 68 kDa) are nuclear at steady state. Specific antibod-
ies detect the proteins in the nucleoplasm and in discrete foci
(Dettwiler et al., 2004). These foci correspond to paraspeck-
les, a recently described nuclear compartment (Fox et al.,
2002). Paraspeckles contain at least three RNA binding pro-
teins that all interact dynamically with the nucleolus in a
transcription-dependent manner. In the present study, we
have examined the subnuclear distribution of the 68-kDa
subunit of CF I_,. We have observed that in addition to
paraspeckles, CF 168 can also concentrate in enlarged,
speckle-like structures that partially colocalize with nuclear
speckles. Using domain deletion mutants fused to the green
fluorescent protein (GFP), we have identified sequences that
are important for CF I, 68 subnuclear localization in speck-
les and paraspeckles. Electron microscopy demonstrates that
CF 1,68 is absent from IGCs but that it can be found associated
with PFs and interchromatin granules-associated zones (IGAZs;
Puvion-Dutilleul et al., 1995). However, upon treatment with
5,6-dichlorobenzimidazole 1-B-p-ribofuranoside (DRB), endog-
enous CF I 68 no longer associates with PFs but it can still be
detected in IGAZs. Finally, we have examined the movement
of GFP-CF 1,68 by using fluorescence recovery after photo-
bleaching (FRAP). We find that the CF I, ,68 moves at rates up
to 100 times slower than free diffusion. Moreover, CF 1,68
mobility in and out of paraspeckles is virtually identical to its
mobility in the nucleoplasm. These observations imply that CF
L,68 is involved in frequent but transient interactions with
other nuclear components.

MATERIALS AND METHODS

Cell Culture and Transfection

HelLa cells were cultured in Dulbecco’s modified essential medium (DMEM)
to 80% confluence and then transfected with 3 ug of either pEGFP-CF 1,,,68,
pEGFP-68RRM/RS, or pEGFP-68RS (Dettwiler et al., 2004) by using Effectene
transfection reagent (QIAGEN, Valencia, CA) according to the manufacturer’s
instructions.

At 20-24 h posttransfection, the cells were fixed for 10 min in 4% (wt/vol)
paraformaldehyde in 1X phosphate-buffered saline (PBS) at room tempera-
ture, mounted on to glass slides, and imaged under microscopes as described
below. For all constructs, these cells were transient transfections. Thus, there
was variation in the expression levels of the fusion proteins, resulting in
variation in the number and intensity of CF I, foci observed, with overex-
pressing cells showing numerous (>20) very bright nuclear foci and with low
expressors resembling the anti-CF I,,,68/59 antiserum stain (Dettwiler et al.,
2004). Actinomycin D treatment (5 ug/ml; Sigma-Aldrich, St. Louis, MO) was
carried for 2 h followed by fixation and fluorescence microscopy.

Cell Synchronization and Cell Cycle Analysis

HelLa cells were grown on coverslips in 60-mm Petri dishes and treated according
to different synchronization protocols. Serum starvation was carried out for 48 h.
Synchronization at the G, /S transition was performed with a double thymidine
block protocol (first 19 h of incubation with 2 mM thymidine, an interval of
normal medium incubation for 9 h, and second incubation with 2 mM thymidine
for 16 h). To enrich for cells in S phase, cells were released from the thymidine
block and incubated for 5 h before fixation. G,/M arrest was obtained with a
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nocodazole protocol (0.3 uM nocodazole incubation for 20 h). Mitotic cells were
then removed by tapping on the cell culture dish. After synchronization, cover-
slips were removed, and the remaining cells were trypsinized, stained with
propidium iodide, and analyzed by flow cytometry. Flow cytometric analysis
was performed with FACSCalibur (BD Biosciences, San Jose, CA) and with the
ModFit LT 3.0 software (Verity Software House, Topsham, ME).

To determine the most frequent subnuclear localization pattern at each cell
cycle stage, sequential section of 35-45 cells that had been double labeled for
CFIL,,,68 and either SC35 or PSF was recorded on a DM IRE2 confocal micro-
scope (Leica, Wetzlar, Germany).

Preparation of Cell Lysates and Immunoblotting

Confluent 6-cm dishes of cells HeLa were washed with 1X PBS and lysed
using radioimmunoprecipitation assay buffer (20 mM Tris-HCI, pH 7.4, 150
mM NaCl, 5 mM EDTA, 0.3% Triton, and protease inhibitor cocktail [Roche
Diagnostics, Mannheim, Germany]). Lysates were fractionated on a 10%
SDS-PAGE. Proteins were subsequently transferred onto nitrocellulose mem-
brane (Whatman Schleicher and Schuell, Dassel, Germany). The membranes
were incubated with rabbit anti-CF 1.,59/68 antiserum (Riiegsegger et al.,
1998) or mouse anti-GFP antibody (1:1000 dilution; Roche Diagnostics).

Immunofluorescence Microscopy, Cell Imaging, and
Quantification

RNA precursor incorporation was carried out by adding 10 mM bromouri-
dine or 10 mM iodouridine or 2 mM fluorouridine to the medium for 10 min
at 37°C.

Cells were washed in 1XPBS and fixed (as described above) at room temper-
ature. Permeabilization was performed with 0.2% Triton X-100 and 0.2% bovine
serum albumin (BSA) in 1X PBS for 10 min at room temperature. Immunofluo-
rescence staining was carried out according to standard techniques. Antibodies
used were anti-CF 1,68 rabbit polyclonal (1:500; Riiegsegger et al., 1998),
anti-PSP1 rabbit peptide antibody (dilution 1:500), anti-PSF mouse monoclo-
nal antibody (mAb) (dilution 1:500; Sigma-Aldrich), anti-fibrillarin mouse
monoclonal 72b9 (dilution 1:50; Reimer et al., 1987), anti-SC35 mouse mono-
clonal (dilution 1:1000; Sigma-Aldrich), anti-SR proteins mouse monoclonal
16H3 (dilution 1:250; Zymed Laboratories, South San Francisco, CA), anti-p80
coilin monoclonal 5P10 (dilution 1:50), mouse monoclonal anti-CPSF100 (J1-
27, Jenny et al., 1994), chicken anti-CstF64 (1:500), and fluorescein isothiocya-
nate (FITC)- and tetramethylrhodamine B isothiocyanate-conjugated second-
ary antibodies (FITC and Cy3, 1:500; Jackson ImmunoResearch, West Grove,
PA). Before mounting on slides, coverslips were sometimes soaked in 1
pg/ml 4',6-diamidino-2-phenylindole (in 1X PBS for 10 min) to stain DNA
and/or followed by soaking in pyronin Y (0.66 mM in distilled H,O for 2 s)
to stain RNA. Cells were mounted in either Mowiol/Dabco (for confocal
microscopy) or with Vectashield (Vector Laboratories, Burlingame, CA, for
the DeltaVision system).

Fluorescence microscopy of fixed cells was carried out either with a Zeiss
DeltaVision restoration microscope (Applied Precision, LLC, Issaquah, WA) or
with a Leica DM IRE2 confocal microscope equipped with an argon/krypton
laser (488 nm) to excite GFP fluorescence and Alexa 594 fluorocrome, and (543
nm) to excite Cy3 fluorescence and a 63X, 1.4 oil HCX Plan-Apochromat objec-
tive. For double-labeling experiments, images from the same focal plane were
sequentially recorded in different channels and superimposed.

Immunoelectron Microscopy

HeLa cells were grown in DMEM medium in 25-cm? flasks, with the addition
of 10% fetal calf serum, 2 mM glutamine, and 100 units/ml streptomycin and
penicillin. In some cases, cells were treated with 20 pug/ml DRB (Sigma-
Aldrich) for 5 h; other cells were incubated in DMEM containing 1 mM
Br-uridine (Sigma-Aldrich) for 15 min and then processed as described below.

For electron microscope immunocytochemistry, the cells were trypsinized,
fixed with 4% paraformaldehyde in DMEM at 4°C for 2 h, and rinsed in
phosphate buffer, pH 7.2). The specimens were then embedded in 2% low-
gelling agarose and placed into 0.5 M NH,Cl solution in buffer for 30 min at
4°C to block free aldehyde groups. Finally, specimens were dehydrated in
ethanol at room temperature and embedded in LR White resin.

Ultrathin sections on Formvar-carbon-coated nickel grids were incubated on
a drop of normal goat serum (NGS) diluted 1:100 in PBS for 3 min. The following
antibodies were used: rabbit polyclonal anti CF 1,68, 1:50 (Riiegsegger et al.,
1998); mouse monoclonal anti-SC35, 1:30 (Sigma-Aldrich); mouse monoclonal
anti-proliferating cell nuclear antigen (PANA), undiluted (ICN Biochemicals,
Cleveland, OH); mouse monoclonal anti-RNA polymerase II H5, 1:50 (Research
Diagnostic, Concord, MA); mouse monoclonal anti-5-bromo-2'-deoxyuridine
(BrdU) B-44 (dilution 1:20; Sigma-Aldrich). The incubation with the antibodies
(in PBS, 0.05% Tween, and 0.1% BSA) was performed at 4°C for 17 h. After
rinsing with PBS-Tween and PBS, the grids were incubated with NGS as
described above. The grids were incubated with goat anti-rabbit IgG (Jackson
ImmunoResearch) coupled with 12-nm colloidal gold, diluted 1:20 in PBS.
Triple immunolabeling was carried out by incubating thin sections with rabbit
anti-CF I, (1:50), chicken anti-CstF (1:200), and mouse anti-BrdU (1:5). The
grids were then incubated with goat anti-rabbit (12 nM) goat anti-mouse (6
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CF Im68

GFP-CF Im68 GFP-CF Im68

Figure 1. CF I, 68-kDa subunit is concentrated in speckle-like
structures as well as in discrete foci. HeLa cells were either immu-
nolabeled with a polyclonal antibody directed against CF 1,68 (a) or
transiently transfected with GFP-CF 1,68 (b-d). Confocal micro-
scope sections show that CF 1,68 is detected in the nucleus, exclud-
ing the nucleoli; the protein is diffused in the nucleoplasm with
additional concentration in speckled enlargements (broken arrows)
and in bright foci (arrowheads). Bar, 10 um.

nM), and donkey anti-chicken (18 nM). All the incubations were carried out
for 30 min at room temperature. As a control, some grids were floated on the

SR proteins

GFP-CF Im68

incubation mixture without the primary antibody, treated as described above,
and incubated with the appropriate secondary antibody. All the grids were
rinsed with PBS and distilled water and finally stained with the EDTA
regressive technique of Bernhard (1969) preferential for RNP-containing nu-
clear components. Some grids with the sections were floated onto 0.2 M
terbium citrate, prepared according to Biggiogera and Fakan (1998), for 1 h at
room temperature, and then rapidly rinsed with water and dried. Stained
specimens were observed with a Zeiss EM900 electron microscope equipped
with a 30-um objective aperture and operating at 80 kV.

Photobleaching Analysis

Live-cell microscopy was performed on a Leica SP2 AOBS confocal laser-
scanning microscope by using the 488-nm line of an argon/krypton laser. All
experiments were done at 37°C. A laser power of 2.5% was used in image
acquisitions, and 100% was used for photobleaching. Routinely, four single
scans were acquired, followed by a single bleach pulse. After the bleach,
20-40 images were taken at intervals of 0.86 s, and any remaining fluores-
cence in the bleached area was normalized to zero. For quantitative analysis
of fluorescence recovery, data were doubly normalized as described by Phair
et al. (2004). Determination of mean values, SD, and Student’s t test were
performed using Microsoft Excel (Microsoft, Redmond, WA).

RESULTS

CF 1,68 Concentrates in Speckle-like Structures and

in Paraspeckles

We previously reported that fluorescence microscopy of
HeLa cells expressing a GFP-CFI,,68 fusion protein shows,
in addition to a diffuse nucleoplasmic staining, localization
in few discrete foci (Figure 1b) that correspond to paraspeck-
les (Dettwiler et al., 2004). However, a careful examination of
a large number of cells revealed that differences exist be-
tween cells. Although in some cells a more punctuate pat-
tern with five to 15 foci/nucleus could be observed, other

Figure 2. Interconnection of CF I, 68 speckles and nuclear speckles. Confocal microscope sections of HeLa cells that were transiently transfected
with pEGFP-CF [,,68, and subsequently immunostained with antibodies against SC35 (a’), SR proteins (b’), or PSP1 (c’). The images of the green
fluorescence of pEGFP-CF I,,68 (a—c) and the red fluorescence of the antibodies are merged in a”, b", and ¢". Three sequential planes of two different
high magnification images (IV-VI, and VII-IX) that were taken from different cells demonstrate the degree of overlap between different
compartments. Broken arrows indicate CF 1,68 foci. Arrowheads indicate colocalization in paraspeckles. Bar, 10 pm.
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Subnuclear Localization of CF I,

Figure 3. CF 1,68 localization is regulated during the cell cycle. HeLa cells were arrested in G, by serum deprivation, at the G,/M phase
using nocodazole, or at the G, /S transition using the double thymidine block procedure (as indicated in A). Cells were then fixed and used
for fluorescence-activated cell sorting analysis or double-stained with anti-CF 1,68 antiserum as described in Materials and Methods (B, a—c)
and anti-SC35 antibody (B, a'-c’). After serum deprivation, CF I ,68 concentrated in speckles in 64% of the cells (B, a-a"). In 55% of the cells
arrested at G,/M, CF 1,68 localized in speckles as well as in one to three foci (B, b—b"). At the G,/S transition and in S-phase CF 1,68 was
concentrated in foci in ~60% of the cells (B, c—c”"). Quantification of the cellular localization pattern was performed as described in Materials
and Methods. The images of the green fluorescence of CF 1,68 and the red fluorescence of SC35 are merged in panels a”, b”, and ¢”. Broken

arrows indicate foci.

nuclei showed speckle-like enrichments and only one or two
foci/nucleus (Figure 1, compare b and c). The size of the foci
ranged between 100 and 300 nm. The speckled enrichments,
instead, varied in number and size from cell to cell within
the same preparation, ranging from one to eight per nucleus
and measuring from 400 nm to 1.5 um along their widest
length. Both structures could also be observed in cells
stained with an antiserum that recognizes all CF I, large
subunits (Riegsegger et al., 1998; Figure 1a).

Many, although not all, splicing factors are enriched in nu-
clear speckles, and the RS domain of SR proteins has been
proposed to be a speckle-targeting signal (Lamond and Spec-
tor, 2003). Because the CF I, 68-kDa subunit has a C-terminal
region enriched in RD, RE, and RS dipeptides that resembles a
phosphorylated RS domain, it could be predicted that it may
localize to nuclear speckles. Initially, to identify these enlarged
enrichments, double-labeling experiments were performed
with the anti-CF I 68 antiserum and several different antibod-
ies that identify nuclear speckles (Supplemental Figure S1).
However, the polyclonal anti-CF I,,68 antiserum recognizes, in
addition to the 68-kDa subunit, also the 59- and 72-kDa
polypeptides (Riiegsegger et al., 1998). Therefore, to more care-
fully examine the position of CF I 68-enlarged enrichments
relative to nuclear speckles, colabeling experiments were per-
formed with GFP-CF I,,68 (Figure 2). For these experiments,
we used an antibody to SC35 and an antibody directed against
SR proteins that detects SRp75, SRp55, SRp40, and SRp20 but
not SRp30a or b (ASF/SF2, SC35). Colocalization experiments
of the GFP-CF 1,68 fusion protein with the anti-SC35 anti-
body showed that some of the enlarged enrichments par-
tially coincide with SC35 speckles (Figure 2, a—a”). A similar
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result was obtained with the anti-SR antibody (Figure 2,
b-b"). Analysis of these structures in several different cells
revealed that the overlap between GFP-CF I 68 and nuclear
speckles was partial and limited to the periphery of the
nuclear speckles, as it can be appreciated from the magnifi-
cations in Figure 2 (IV-IX, top and middle rows). Perichro-
matin fibrils have frequently been observed at the periphery
of IGC; consequently, localization of CF 1,68 at the periph-
ery of nuclear speckles as well as in the nucleoplasm sug-
gests that it may be associated with nascent transcripts. In
addition, CF 1,68 enrichments were also seen that did not
contain SR proteins. In contrast, complete colocalization of
GFP-CF 1,68 foci with the paraspeckle protein PSP1 was
observed in at least 80% of the cases (Figure 2, c-c”). GFP-CF
1,68 foci were often found at the edge of nuclear speckles,
but they could also be seen in isolation. To determine
whether some of the foci could correspond to the previously
characterized “cleavage bodies” (Schul et al., 1996), we per-
formed double immunolabeling with CF 1,68 antiserum
and antibodies that recognize two other essential 3’ end
processing factors, CPSF and CstF. However, neither CPSF nor
CstF is present in paraspeckles (Supplemental Figure S2).

The variability in CF 1,68 distribution in foci and speckles
suggests that the formation of these structures may be reg-
ulated during the cell cycle. To monitor endogenous CF I, 68
expression during the cell cycle, we examined cell fractions
derived from different synchronization methods: serum de-
privation that force cells into quiescence (G,), double thy-
midine block at G,/S transition, and nocodazole arrest at
G,/M. The efficiency of synchronization was monitored by
flow cytometry (Figure 3A). Immunofluorescence staining
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showed a cell cycle-dependent variation in the distribution
of CF I,,68. Three main phenotypes were observed with
variable frequency: diffuse nucleoplasmic staining with
speckled enrichments, speckled enrichments with one to
three bright foci, diffuse nucleoplasmic staining with several
bright foci (Figure 3B, a—c, respectively). Foci-containing
cells were enriched at the G, /S transition and in S phase. In
contrast, CF 1,68 seemed to concentrate in speckles partic-
ularly in the nuclei of quiescent cells. In cells arrested at
G,/M, CF 1,68 localized in speckles as well as in one to
three foci. To help with the identification of these structures,
cells were double labeled with monoclonal antibodies for SC35
to highlight nuclear speckles, or for PSF, with a protein that
was recently shown to colocalize with PSP1 in paraspeckles
(Fox et al., 2005). As shown in Figure 3B, the CF I,,,68-speckled
enrichments colocalized with nuclear speckles, whereas the
bright foci were often observed adjacent to nuclear speckles
(Supplemental Figure S3), and they partially colocalized with
the paraspeckles labeled by the anti-PSF antibody (see Figure
7C). These experiments demonstrate that CF I 68 intranuclear
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Figure 4. Inhibition of transcription results in
the relocalization of CF 1,68 to perinucleolar
caps. (A) CF 1,68 relocalizes in cap structures
upon inhibition of transcription. Confocal mi-
croscope sections through HeLa cells transiently
transfected with GFP-CF 1,68 (green) either un-
treated (a—b) or incubated with 5 ug/ml actino-
mycin D for 2 h (a’-b"). Cells were stained with
pironin Y to show cellular RNA, including nu-
cleoli (red, b and b’). Broken arrows indicate the
perinucleolar cap-like structures. (B) CF I,,,68 co-
localizes with PSP1 also after transcription inhi-
bition. Fluorescence micrographs of sections
through HeLa cells transiently transfected with
GFP-CFI,,,68 (green) either untreated (a—c) or
incubated with 5 ug/ml actinomycin D for 2 h
(@’=c"). Cells were then stained with DAPI to
show DNA (blue). Cells were double labeled
with antibodies to fibrillarin (red, a and a”), to
P80 coilin (red, b and b”), or to PSP1 (red, ¢ and
c"). Broken arrows indicate relocalized GFP-CF
I,,,68 at the nucleolar periphery after treatment
with actinomycin D; arrowheads indicate relo-
calized fibrillarin (a and a"), coilin (b and b"),
and PSP1 (c and ¢”), respectively. The sections
were obtained using the DeltaVision system,
and the images were deconvolved using soft-
WoRx (Applied Precision).

distribution is regulated during the cell cycle and suggest that
nuclear speckles may represent storage compartments not only
for spliceosomal SR proteins but also for the SR-like large
subunits of the pre-mRNA 3’ end processing factor CF I ..

CF I,,,68 Localization Is Dependent on Ongoing
Transcription

After inhibition of transcription, nuclear speckles become
more prominent (Carmo-Fonseca et al., 1992; Spector et al.,
1993), whereas paraspeckles’ markers, such as PSP1 or PSF,
relocalize to perinucleolar caps (Fox et al., 2002; Shav-Tal et
al., 2005). We therefore went on to determine the effect of
transcription inhibition on CF 1,68 localization. HeLa cells,
transiently transfected with GFP-CF I, 68, were incubated in
the presence of 5 ug/ml actinomycin D for 2 h. High acti-
nomycin D concentrations are known to block all nuclear
transcription by preventing RNA elongation. As shown in
Figure 4A, upon actinomycin D treatment GFP-CF I 68
relocalized, forming very large nucleoplasmic enrichments
and distinct “rosettes” (Figure 4A, top row, a’). Staining of

Molecular Biology of the Cell
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Figure 5. Ultrastructural localization of CF [, 68. HeLa cells were embedded in LR White resin, sectioned, and immunogold labeled with
a polyclonal antiserum that recognizes CF I, large subunits (Riiegsegger et al., 1998). Bar, 0.2 um. (A) At low magnification, a large zone
labeled for CF I, (large arrow) is present nearby a cluster of interchromatin granules (ig). The labeling is visible also on perichromatin
granules (small arrows) and on PFs (arrowheads). Inset, group of labeled PGs. (B) At higher magnification, the labeled area (large arrow) is
recognizable as an IGAZ and is associated with ig. Inset, a single PF is labeled by CFI,, (arrowhead). (C) Double immunolabeling for CFL,,
(large grains, arrowheads) and SC35 (small grains, broken arrows). Labeling for SC35 is present on the IG cluster, whereas CFI,, mostly

localizes at the periphery of the IGCs.

cells with pyronin Y that specifically labels RNA demon-
strated that the relocalization in cap structures occurred
around the nucleoli (Figure 4A, bottom row, b’). The pattern
observed for CF [,68 is reminiscent of the relocalization to
nucleolar caps of other nuclear proteins, including coilin,
and PSP1, after treatment with transcription inhibitors
(Raska et al., 1990; Carmo-Fonseca et al., 1992; Andersen et
al., 2002). Coilin and PSP1 are known to relocalize to differ-
ent perinucleolar cap structures (Fox et al., 2002). We there-
fore performed double-labeling experiments in actinomycin
D-treated HeLa cells expressing GFP-CF 1,68 with anti-
fibrillarin, anti-coilin, or anti-PSP1 antibodies (Figure 4B,
top, middle, and bottom, respectively). These experiments
showed that only CF 1,68 and PSP1 were present in the
same perinucleolar cap structures upon inhibition of tran-
scription. This result is consistent with the observation that
all other paraspeckle proteins known so far (PSP1, PSP2,
PSF, and p54nrb; Fox et al., 2002, 2005; Shav-Tal et al., 2005)
relocalize in perinucleolar caps upon RNA polymerase II
inhibition where they can be found in the concave caps
(Shav-Tal et al., 2005).

Nuclear speckles correspond to PFs and IGCs at the elec-
tron microscopy level. PFs are fibrillar structures measuring
3-5nm in diameter, and they are found distributed through-
out the nucleoplasm and also at the periphery of IGCs
(Monneron and Bernhard, 1969). In contrast to IGCs, PFs are
labeled rapidly after short pulses with [*H]uridine, suggest-
ing that they represent nascent transcripts (for review, see
Fakan, 1994). Recently, CF 1,68 was found in purified IGCs
(Saitoh ef al., 2004). Therefore, to study CF 1,68 localization
at an ultrastructural level, immunoelectron microscopy was
performed on HeLa cells with anti-CF 1,68 polyclonal anti-
serum. As shown in Figure 5A, the gold particles that local-
ized CF I,, large subunits accumulated mainly over PFs and
perichromatin granules (PGs). Interestingly, PGs were often
labeled on their short, emerging tail. Gold particles were
also present over compact fibrillar masses that were contig-
uous with clusters of interchromatin granules (IGs), which
in turn were always devoid of labeling. At higher magnifi-
cations the dense areas labeled by CF I, that are contiguous
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with IGCs can be recognized as IGAZs (Visa et al., 1993;
Figure 5B). Exclusion of CF I, from IGCs was confirmed by
a double-immunolabeling experiment with an anti-PANA
antibody (data not shown) that recognizes a marker protein
of IGs (Clevenger and Epstein, 1984). This is further con-
firmed by double labeling with anti-SC35. As shown in
Figure 5C, SC35 localized within IGCs as well as on the PFs
present at the periphery of the granules and in the nucleo-
plasm, whereas CF I, could only be found on PFs.

Previous studies have shown that PFs are the in situ form
of nascent transcripts and have suggested that they also
represent sites of pre-mRNAs processing (Cmarko et al.,
1999). The association of CF I, with PFs was tested by
colocalization with an anti-RNA polymerase II antibody,
which recognizes the active form of the enzyme (Figure 6A).
Association of CF I, with nascent transcripts was further
verified by labeling newly synthesized RNA with Br-UTP.
Both CF 1,68 and the 64-kDa subunit of CstF, another es-
sential 3" end processing factor, colocalized to some extent
with BrU-labeled PFs (Figure 6B, inset I and II). Finally, the
distribution of CF I, and SC35 was determined in HeLa cells
that had been stained with terbium. Terbium staining can be
used to specifically visualize RNA-containing nuclear com-
partments (Biggiogera and Fakan, 1998). As shown in Figure
6C, gold labeling for CF I, colocalized with SC35 over
terbium-stained RNA fibrils. In contrast, when RNA poly-
merase II transcription is inhibited by DRB treatment, im-
munogold particles were almost exclusively detected on
IGAZs (Figure 6D). The weak, residual labeling on PFs
disappeared at higher DRB concentrations (data not shown).
Together, these results show that both the diffuse nucleo-
plasmic staining and the overlap of CF I, staining with the
periphery of nuclear speckles reflect CF I, association with
sites of ongoing transcription and with pre-mRNA mole-
cules. These results confirm and extend previous ultrastruc-
tural observations and support the idea that not only splic-
ing (Cmarko et al., 1999; Lamond and Spector, 2003) but also
3" end processing of pre-mRNAs may occur on PFs.

In addition, our data suggest that paraspeckles observed
by immunofluorescence may correspond to IGAZs. To clar-
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Figure 6. CF I, colocalizes with nascent transcripts. (A) RNA
polymerase II (small grains) colocalizes with CFI,, (large grains) on
some PFs (arrowhead). Inset I, at higher magnification, the double
labeling is shown on a single, nascent PF. Bar, 0.1 um. (B) Newly
incorporated BrU (small grains) colocalizes with CFI,,, (large grains)
on PFs (arrowhead). Inset, a single, double-labeled PF. Nc, nucleo-
lus. Inset II, a single PF, labeled with anti-BrU antibody (6-nm gold),
anti-CF 1,68 antiserum (12-nm gold), and anti-CstF antibody
(18-nm gold). Bar, 0.1 um. (C) Newly incorporated BrU (small
grains) colocalizes with CFI,, (large grains) on PFs (arrowhead).
Inset, a single, double-labeled PF. N¢, nucleolus. Bar, 0.1 um. (D)
Immunolabeling for CFI,, after selective staining of RNA with ter-
bium. Inset, double immunolabeling for CFI,, (large grains) and
SC35 (small grains) of terbium-stained RNA. The arrowhead indi-
cates labeling on PFs, whereas interchromatin granules (ig) are
unlabeled. Bar, 0.1 um. (E) HeLa cells treated with DRB. The label-
ing is decreased on PFs, but still intense on IGAZs (large arrow).
Inset, another IGAZ labeled for CFI,,, after DRB treatment. Ig, in-
terchromatin granules; nc, nucleolus. Bar, 0.1 um.

ify this point, we examined by immunoelectron microscopy
the localization pattern of PSF, a protein that was recently
localized to paraspeckles (Fox et al., 2005). This showed gold
labeling for PSF concentrated in dense fibrillar domains
often associated to IGCs corresponding to IGAZs (Figure 7,
A and B). Because double labeling of HeLa cells with anti-CF
I,,68 and anti-PSF antibodies confirmed that these proteins
partially colocalized at the ultrastructural level (Figure 7B),
and by confocal laser scanning microscopy (Figure 7C), we
conclude that paraspeckles visualized by immunofluores-
cence microscopy are seen by electron microscopy as IGAZs.

The CF I,,68 RNA Recognition Motif Is Required for the
Localization in Paraspeckles

The domain structure of CF I,,,68 includes an RNA recogni-
tion motif of the RNP type at the N terminus (RRM) fol-
lowed by a proline-rich region and a charged C-terminal
domain (“RS-like” domain; Figure 8A). To delineate the
sequence requirements for CF 1,68 localization to both nu-
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clear speckles and paraspeckles, we analyzed the intranu-
clear distribution of several domain deletion mutants fused
to GFP (Dettwiler et al., 2004). We previously reported that
fusion of the C-terminal RS-like domain to the GFP (GFP-
68RS, residues 404-552) is sufficient to promote complete
nuclear localization of the chimeric protein (Dettwiler ef al.,
2004). Already at low magnification, the GFP-68RS fusion
protein showed, within the nuclear staining, clear speckled
enrichments (data not shown). The speckled pattern was
much more prominent than that observed with the wild-
type protein. To determine whether these structures coin-
cided with nuclear speckles, we performed colocalization
experiments with anti-SC35 and anti-PSP1 antibodies (Fig-
ure 8). Western blot analysis with an antibody to GFP veri-
fied expression in HeLa cells of the full-length protein
(GFP-CF 1,,,68), the N-terminal domain (GFP-68RRM, resi-
dues 1-211), the C-terminal RS-like domain (GFP-68RS, res-
idues 404-552), and of a fusion of the RRM and the RS
domains (GFP-68RRM/RS; Figure 8B). As shown in Figure
8C, the GFP-68RS enrichments were adjacent to PSP1
paraspeckles (bottom row) and completely colocalized with
SC35 (Figure 8C, top row). This pattern differs from that
observed with the full-length GFP-CF 1,68 protein, for
which colocalization with SC35 was limited to the periphery
of the speckles (Figure 2, top row).

The GFP-68RRM/RS chimeric protein instead showed a
more punctuate pattern. In this case, staining with anti-SC35
showed at best only a partial overlap (Figure 8D, top row),
whereas colocalization with PSP1 was complete (Figure 8D,
bottom row). To determine whether the RRM domain is
sufficient for paraspeckle localization, we wanted to analyze
the intranuclear distribution of GFP-68RRM. Because RRM
does not contain a nuclear localization signal, a canonical
simian virus 40 nuclear localization signal (NLS) was intro-
duced between the GFP and the RRM sequence (GFP-
68RRM/NLS). This fusion protein, however, showed a dif-
fuse nuclear staining with concentration in irregularly
shaped enrichments that were similar to those observed
with GFP alone and did not colocalize with any of the
markers (data not shown).

As we reported previously, the C-terminal RS-like domain
contains a putative NLS and is sufficient to promote nuclear
import of the GFP (Dettwiler et al., 2004). Here, we show that
in addition this region is sufficient to direct the protein to
nuclear speckles, whereas the N-terminal RRM is needed for
paraspeckle localization. Because both the C-terminal region
of CF 1,68 and its N-terminal RRM are protein interaction
domains (Dettwiler et al., 2004), the distribution of the two
mutants may reflect protein interactions with components of
these subnuclear compartments.

Localization and Mobility of CF 1,68 in Living Cells

Inhibition of RNA polymerase II by DRB treatment does not
seem to disrupt the association of CF I, large subunits with
the interchromatin granules-associated zones. At the fluo-
rescent microscopy level, IGAZs most likely correspond to
the paraspeckles, the discrete foci in which GFP-CF 1,68
concentrates. Therefore, the question arises whether these
structures may be storage compartments from which CF
1,68 is recruited to the nascent pre-mRNA molecules that
have to be processed.

To probe the degree to which CF 1,68 is mobile both
within the nucleoplasm and in paraspeckles, we carried out
FRAP-based experiments in HeLa cells transiently trans-
fected with GFP-CF 1,68 (Figure 9A). We analyzed recovery
from nucleoplasmic regions, and paraspeckles by bleaching
only cells expressing a low level of proteins to avoid over-
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Figure 7. CF 1,68 and PSF colocalize in
IGAZs and paraspeckles. (A) Immunolabeling
for PSF concentrates on dense fibrillar areas.
Bar, 0.1 um. (B) HeLa cells were double la-
beled with a rabbit antiserum that recognizes
CF I,,,68 and with mouse mAb that recognizes
PSE. PSF (small grains) colocalizes with CFI,
(large grains) on IGAZ (arrow) nearby a clus-
ter of interchromatin granules (ig). Bar, 0.1
pm. (C) Fluorescence micrographs of three se-
quential planes sections through HeLa cells
that were double labeled for CF 1,68 and for
PSE. The images of the green fluorescence of
CF 1,,68 and the red fluorescence of PSF are
merged in ¢'-c”. Broken arrows indicate colo-
calization in paraspeckles. Bar, 10 pm.

expression artifacts. Recovery after photobleaching of a nu-
cleoplasmic area was very fast, and the percentage of recov-
ery was high, suggesting the virtual absence of immobile
molecules. Recovery of GFP-CF 1,68 was almost complete
within 20 s, with a half-time of less then 3 s (Figure 9A, top
row, and B). GFP-CF 1,68 recovery after selective bleaching
of a single focus occurred within ~30 s (Figure 9A, bottom
row, and B). An immobile fraction of ~10% was detected in
the paraspeckle, indicating the interaction, or complex for-
mation, of CFI,,,68 with other components of this subnuclear
compartment.

The mobility of the nucleoplasmic pool of CF 1,68 is
~100-fold lower than that of GFP and slightly but signifi-
cantly faster than that of paraspeckles-associated CF 1,68
(p < 0.01). This may reflect the association of nucleoplasmic
CF 1,68 with transcripts in perichromatin fibrils and
perichromatin granules. These experiments indicate that the
CF 1,68 fraction that is concentrated in the foci moves at a
rate similar to the more dispersed molecules in the nucleo-
plasm, and they suggest a continuous exchange between the
two pools. However, paraspeckles contain a small pool of
apparently immobile CF 1,68 molecules. Paraspeckles are
RNA-protein structures that depend on the RNA for their
integrity (Fox et al., 2005). It has been proposed that
paraspeckles form as a result of the interaction between
paraspeckle proteins and RNA polymerase II transcripts.
Therefore, the small immobile pool possibly reflects the
engagement of CF I 68 in specific protein—protein interac-
tions that increase its residence time in these structures.

DISCUSSION

In addition to chromatin, the nucleus contains a still increas-
ing number of specific subnuclear compartments (Lamond
and Sleeman, 2003). It has recently become clear that some of
these compartments are dynamic structures that are capable
of moving within the nucleus and of physically interacting
with each other. It is also now known that there is a constant
flux of molecules into and out of these mobile structures as
well as exchange of molecules between them. This is partic-
ularly evident for RNA-processing components.
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The 68-kDa subunit of the pre-mRNA 3’ end processing
factor CF I, CF 1,68, is a modular protein characterized by
an N-terminal RRM and a C-terminal-degenerated RS do-
main in which the RS repeat contains RD/E dipeptides
(RS-like domain). We reported previously that the RRM
binds CF I, 25-kDa subunit, whereas the RS-like domain
interacts with a subset of SR proteins (Dettwiler ef al., 2004).
In the present study, we show that CF [, ,68 is found in the
nucleoplasm in a diffuse pool, at the periphery of nuclear
speckles, and in few discrete foci that correspond to paraspeck-
les. However, when we examined the localization of the
single RS-like domain fused to GFP (GFP-68RS), we ob-
served that it concentrates exclusively in nuclear speckles
(and in the nucleoplasm) but not in paraspeckles (Figure
8C), indicating that the C-terminal region is sufficient for the
localization in this compartment. Fusion of CF I, .68 RRM to
the RS-like domain leads to the relocalization of the chimeric
protein from nuclear speckles to paraspeckles (Figure 8D).
Therefore, the distribution of the full-length protein between
nuclear speckles and paraspeckles seems to result from the
combination of the protein interactions in which the single
domains are engaged.

The RS-like Domain: A Speckle-targeting Signal

Splicing factors show a speckled pattern referred to as the
“splicing factor compartment” or “nuclear speckles” (for
review, see Lamond and Spector, 2003). The RS motif is the
most prominent feature shared by the majority of proteins
that have been localized to speckles. For SR proteins that
have a single RRM, the RS domain is both necessary and
sufficient as speckle-targeting signal (Caceres et al., 1997).
Within the nucleus, full-length CF I 68 partially colocalized
with SC35, a marker for nuclear speckles. The overlap was
generally limited to the periphery of the speckles (Figure 2).
At the ultrastructural level, nuclear speckles can be divided
into PFs, which contain nascent transcripts and are usually
at the periphery of speckles, and IGCs. In contrast to the
full-length protein, localization of the isolated RS-like do-
main was completely overlapping with nuclear speckles,
possibly because of the lack of other regions of the protein
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Figure 8. CF 1,68 deletions mutants identify regions important for the localization in speckles and in paraspeckles. (A) Domain structure
of CF I,, 68-kDa subunit. CF 1,68 contains an N-terminal RNA recognition motif of the RNP type (RRM, amino acids [aa] 81-130), a central
proline-rich region (Prorich, aa 217-403), and a C-terminal charged domain similar to the RS domain of SR proteins (aa 404-552) with a
putative NLS (black box, aa 506-509). (B) Western blot analysis verifies the expression of GFP-fusion constructs in HeLa cells. Lane 1 is the
nontransfected control lysate, lane 2 is GFP (expected molecular weight [MW] 27), lane 3 is GFP-CF 1,68 (expected MW 86.1), lane 4 is
GFP-68RRM /RS (expected MW 67), lane 5 is GFP-68RRM (expected MW 50.4), and lane 6 is GFP-68RS (expected MW 44.4). (C) The RS-like
domain is sufficient for localization in speckles. In the left column are GFP images of HeLa cells transiently transfected with the RS fusion
construct. The middle column shows fluorescence images of cells stained with antibodies that recognize either SC35 (a’) or PSP1 (b’). The
right column shows the overlays of the GFP images (green) and the antibodies (red). Arrowheads indicate areas of colocalization (yellow).
Broken arrows indicate paraspeckles. (D) The RRM is necessary for paraspeckles localization. In the left column are GFP images of HeLa cells
after transient transfection of the RRM/RS fusion construct. The middle column shows fluorescence images of cells stained with antibodies
that recognize either SC 35 (a’) or PSP1 (b’). The right column shows the overlays of the GFP images (green) and the antibodies (red).

Arrowheads indicate areas of colocalization (yellow). Broken arrows indicate SC35 speckles.

that are required for CF 1,68 function in the maturation of
nascent pre-mRNAs (see below).

Recently, 31 proteins with RS motifs, including CF 1,68,
were identified in isolated IGCs (Saitoh et al., 2004). CF 1,68
belongs to a group of four of these proteins that is charac-
terized by RE/RD domains. RE repeats were found in the
splicing factor YT521-B that was shown to localize to tran-
scriptionally active sites and was suggested to play a role in
grouping genes into higher order structures (Nayler et al.,
2000). Thus, proteins with both RS and RD/E motifs may
bridge sites of active transcription with IGCs. Our electron
microscopy data add support to this hypothesis. We show
that CFI,,68 is present on nascent PFs that were shown to be
the in situ form of nascent transcripts (Cmarko et al., 1999;
Trentani et al., 2003) and on the tail of PGs (Figure 5).
Moreover, it colocalizes with BrU, RNA polymerase II, the
splicing factor SC35, and the 3’ end processing factor CstF
(Figure 6). These ultrastructural observations are in agree-
ment with biochemical data indicating that not only splicing
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but also polyadenylation occurs cotranscriptionally (for re-
view, see Bentley, 2002) and allows the definition of the
polarity of the nascent transcript.

Paraspeckles: Storage Compartments or Sites of RNA
Posttranscriptional Processing?

Paraspeckles were originally described by immunofluo-
rescence microscopy as the compartment in which the
paraspeckle protein 1 (PSP1) accumulates, a novel protein
identified in a proteomic study of purified human nucleoli
(Fox et al., 2002). In addition to PSP1, four other proteins
have been found in paraspeckles: PSP2, p54nrb, PSF, and CF
I,,68. All these proteins contain RNA-binding motifs, and it
was recently shown that PSP1 requires a functional RRM to
localize to paraspeckles (Fox et al., 2005). Proteins that bind
the RRM might be important in targeting CF 1,68 to the
paraspeckles and/or in the recruitment of CF I 68 away
from nuclear speckles, thus affecting CF I, activity and in
turn the level of pre-mRNA 3’ end processing within the
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cell. Identification of such additional interaction partners
will certainly provide better insight into the function of
paraspeckles, which is at present ill characterized.

A number of observations suggest that paraspeckles may be
involved in RNA metabolism. Paraspeckles are located in the
interchromatin nucleoplasmic space, often adjacent to splicing
speckles. In this study, we demonstrate that paraspeckles cor-
respond at the electron microscope level to the IGAZ, a nuclear
domain consisting of weakly contrasted, densely packed fibril-
lar material often associated with clusters of IGs (Figure 7; Visa
et al.,, 1993). It was recently shown that some paraspeckles
contain S5-phosphorylated RNA polymerase II (Xie et al., 2006).
However, only a little of the S2-P RNA polymerase II form or
newly made Br-UTP-labeled RNA was found in this compart-
ment, indicating that paraspeckles are not a major site of tran-
scription.

Our FRAP experiments show that the CF I, 68 fraction
associated with paraspeckles is mobile and is in a constant
flux with the nucleoplasmic pool (Figure 9). Therefore,
paraspeckles may represent storage compartments from
which CFL 68 is recruited to sites of active transcription.
Localization of CF I, at the periphery of nuclear speckles
and in the nucleoplasm, as well as its association with PFs,
may thus reflect its function in cotranscriptional 3’ end
cleavage and polyadenylation. Alternatively, localization of
CF 1,68 in nuclear speckles and in paraspeckles may reflect

Vol. 18, April 2007

Subnuclear Localization of CF I,

Figure 9. Recovery of GFP-CF 1,68 fluorescence after photobleach-
ing in living cells. (A) Cells expressing GFP-CF 1,68 were imaged
before or after bleaching of a nucleoplasmic area (top row) or of
paraspeckles (bottom row). Images were taken at the indicated times
after the bleach pulse. The area of the bleach spot is indicated with a
square. a, FRAP of nucleoplasmic regions. b, FRAP of paraspeckles.
Bar, 5 um. (B) Kinetics of recovery after spot bleaching of a nucleo-
plasmic region (closed circles) and of a paraspeckle (open diamonds).
Recovery curves are plotted as normalized fluorescence intensity
versus time. Each point is the mean value from eight cells. The error
bars indicate the SD.

different roles in the cell nucleus. Interestingly, Spector and
colleagues have recently identified a polyadenylated tran-
script (CTN-RNA) that is diffusely distributed in nucleus
and is also localized to paraspeckles in a complex with PSP1
and p54nrb (Prasanth et al., 2005). Under stress conditions,
this RNA is posttranscriptionally cleaved at its 3’ untrans-
lated region, releasing a protein-coding mRNA. These ob-
servations may point to a role of paraspeckles and of CF I,
in the posttranscriptional processing of RNA molecules that
are retained in the nucleus. Our immunofluorescence data,
however, do not support this hypothesis, because they show
that two other essential component of the pre-mRNA 3’end
processing complex, CPSF100 and CstF64, do not localize in
paraspeckles (Supplemental Figure 3). In contrast, foci en-
riched in these factors can be found in the vicinity of
paraspeckles. One possible explanation for these observa-
tions is that paraspeckles and cleavage bodies may represent
storage sites for factors, such as CF I, CPSF, and CstF, from
which they are recruited to the nucleoplasm where they
participate in mRNA metabolism.
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