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The F-actin filament capping protein CapG is a bona fide nucleolar protein
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Actin works in concert with myosin I to regulate the transcription of ribosomal genes in the nucleolus.
Recently, nucleolar actin has been shown to be active in its polymeric form raising the question how actin
dynamics is regulated in the nucleolus. Here, we show that the actin capping protein CapG localizes in the

nucleolus of cultured cells. CapG transport to the nucleolus is an active and ATP-dependent process. Asso-

ciation of CapG with the nucleolus requires active RNA Polymerase I transcription. In addition, we show

iey,"vords" that activated Ran GTPase, an interaction partner of CapG, is also transported to the nucleolus. A consti-
C;tlg tutively active Ran mutant promotes CapG accumulation in the nucleolus indicating that CapG transport
Nuileolus to the nucleolus can be supported by Ran. Our results suggest that filamentous actin in the nucleolus
Ran might be regulated by actin binding proteins such as CapG.

GTPase © 2008 Elsevier Inc. All rights reserved.

The nucleolus is the cellular compartment where rDNA genes are
transcribed, rRNA is processed and ribosome subunits are assembled
[1]. Besides additional recently discovered functions such as cell-cy-
cle progression, proliferation and stress response, ribosome biogen-
esis remains the primary function of the nucleolus. Indeed, the
nucleoli are specifically formed around clusters of rDNA genes at
the end of mitosis. Moreover, the structure of the nucleolus is spe-
cially organized in concentrically arranged domains for the produc-
tion, processing and assembly of ribosome components [2].

Nuclear actin has been reported to bind directly to all three RNA
polymerases and to regulate their transcriptional activity [3].
Nuclear actin binding proteins such as N-WASP and Arp2/3 are
associated, in combination with actin, to RNA Polymerase II and
modulate its transcriptional activity [4,5]. Furthermore, it has been
suggested that the actin polymerization function of these proteins
plays an important role in this process [4,5]. In the nucleolus, actin
and myosin I act cooperatively to regulate RNA Polymerase
[-mediated transcription [6]. Importantly, actin in its filamentous
form and the motor function of myosin I are required for proper
functioning of this complex [7].

CapG is an actin filament capping protein of the gelsolin family
[8]. Its capping activity is activated by calcium and inhibited by
membrane polyphosphoinositides but unlike Gelsolin, CapG does
not sever actin filaments [8]. CapG also localizes to the nucleus
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[9] and we recently showed that CapG is imported in the nucleus
by the transport receptor NTF2 and Ran GTPase, a major regulator
of nucleo-cytoplasmic transport [10]. The nuclear form of CapG has
specifically been shown to promote cell invasion [11]. Interest-
ingly, CapG interacts with both the cytoplasmic (GDP-loaded)
and nuclear (GTP-loaded) form of Ran [10]. The nucleotide cycle
of Ran is responsible for directionality of transport across the
nuclear envelope [12]. Additionally, Ran has been predicted to
localize in the nucleolus by a nucleolar proteome study [13].
Proteins involved in ribosome biogenesis, including rDNA tran-
scription, rRNA processing and ribosome assembly, rapidly shuttle
between the nucleoplasm and the nucleolus [14]. To evaluate the
energy requirements of transport between the nucleoplasm and
the nucleolus, an in vitro system has been conceived analogous
to the in vitro import assay used for nucleo-cytoplasmic transport
analysis [10,15]. In contrast to the in vitro import assay where dig-
itonin is used to selectively permeabilize the plasma membrane,
leaving the nuclear membrane intact, this assay includes CHAPS
in the import reaction mix, which additionally results in permeabi-
lization of the nuclear envelope [16]. Addition of recombinant
protein under different energy conditions allows detailed analysis
of the energy requirement of transport to the nucleolus. Using a
comparable assay, it has been demonstrated that p53 translocates
to the nucleolus in an ATP hydrolysis-dependent manner [17].
Here, we demonstrate that endogenous CapG is a nucleolar
protein. This localization is dependent on active transcription of
ribosomal genes by RNA Polymerase I. In detergent-permeabilized
cells, exogenously added CapG translocates to the nucleolus upon
addition of ATP but not GTP, revealing that CapG transport to the
nucleolus is an active process. Importantly, the localization of CapG
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in the nucleolus, at the center of emerging transcripts, suggests a
role for CapG in transcription. Finally, our results suggest that
Ran GTPase, a factor directly involved in CapG nuclear import,
may assist CapG in nucleolar translocation. Altogether, we propose
that actin binding proteins such as CapG might regulate the actin
polymerization status in the nucleolus.

Materials and methods

Plasmids and antibodies. CapG was subcloned in the pEGFP-N1
vector (Clonetech) [9] and in the pcDNA3.1/V5-His vector (Invitro-
gen). Ran and RanQ69L were subcloned in the pEGFP-C1 vector
(Clonetech). EGFP-RanT24N was obtained using the Quikchange
mutagenesis kit (Statagene). Hisg-tagged RanQ69L was a kind gift
of D. Gorlich (ZMBH Heidelberg, Germany). Ran wild-type was
generated from RanQ69L using the Quikchange site-directed muta-
genesis kit (Stratagene, La Jolla, CA). Rabbit anti-V5 antibody and
mouse monoclonal anti-B23 antibody were obtained from Sig-
ma-Aldrich (St. Louis, USA), mouse monoclonal anti-V5 antibody
was obtained from Invitrogen (Merelbeke, Belgium), mouse mono-
clonal anti-bromouridine antibody, Alexa 488-conjugated goat
anti-mouse antibody, Alexa 488-conjugated goat anti-rabbit anti-
body and Alexa 594-conjugated goat anti-mouse antibody were
from Molecular Probes, mouse anti-Ran antibody was from BD Bio-
sciences. Rabbit polyclonal anti-CapG antibody was affinity puri-
fied [11]. Rabbit anti-gelsolin antiserum has been described
previously [18].

Cell culture and transfection. MCF-7 cells were maintained at
37°C in a humidified 10% CO, incubator and grown in RPMI
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1640 (Gibco BRL Life Technologies) supplemented with 10% fetal
bovine serum, 100 pg/ml streptomycin and 100 [U/ml penicillin.
HeLa, MDCK and HEK293T cells were grown in DMEM with 10% fe-
tal bovine serum, 100 pg/ml streptomycin and 100 [U/ml penicil-
lin. HeLa cells were transiently transfected using lipofectamine
reagent (Invitrogen) according to the manufacturer’s instructions.
HEK293T cells, seeded on rat tail collagen-coated coverslips, were
transfected using calcium phosphate. For actinomycin D (actD; Sig-
ma-Aldrich) and a-amanitin (Sigma-Aldrich) treatment, HEK293T
cells were plated on collagen-coated coverslips, allowed to recover
for 24 h and stimulated with 0.05 pg/ml actinomycin D or 25 pg/
ml o-amanitin in DMEM for 3 h before processing for immunoflu-
orescence microscopy. For bromouridine incorporation, cells were
incubated with DMEM containing 20 mM bromouridine (Sigma-
Aldrich) for 1 h at 37 °C.

Recombinant proteins. Purification of Myc-CapG-V5-Hisg has
been previously described [10]. Human Hisg-RanQ69L and Hisg-
Ran wild-type were expressed and purified as described [19]. Gel-
solin was purified as described [20]. RanQ69L protein was GTP-
loaded by incubation with 1 mM GTP in the presence of 15 mM
EDTA for 60 min at room temperature. Magnesium chloride was
added to a final concentration of 30 mM. The loading reaction
was performed immediately prior to the import reaction.

In vitro import assay. Cell permeabilization and in vitro import
reactions were carried out as described [15]. Briefly, MDCK-AZ
cells were grown on glass coverslips for 48 h. Cells were washed
in transport buffer (20 mM Hepes, pH 7.3, 110 mM potassium
acetate, 5 mM sodium acetate, 2 mM magnesium acetate, 2 mM
DTT, 0.5 mM EGTA and protease inhibitors) and then treated
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Fig. 1. CapG localizes in the nucleolus of cultured cells. (A) HEK293T, MCF-7 and HelLa cells were fixed and stained for CapG and the nucleolar marker B23. (B) Live cell

imaging of HEK293T cells expressing CapG-EGFP. Scale bar = 10 pum.
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with digitonin (20 pg/ml) for 4 min on ice. After permeabiliza-
tion, the cells were washed twice with transport buffer and in-
verted on top of 50 ul import reaction mix containing 4 pM
transport substrate and an energy-regenerating mixture (energy)
(1 mM ATP, 0.1 mM GTP, 5 mM creatine phosphate and 20 U/ml
creatine phosphokinase) and incubated at 30 °C for 30 min. Per-
meabilization of the nuclear envelope was accomplished by add-
ing one-tenth volume of 20 mM Tris, pH 7.0, containing 10%
glycerol and 1% CHAPS to the import reaction. In the condition
where extra ATP or GTP was present, 8 mM ATP or GTP was
additionally added to the import mixture. Cells were washed
twice in transport buffer and further processed for immunofluo-
rescence microscopy.

Immunostaining and immunofluorescence microscopy. Cells were
washed with PBS, fixed with 3% paraformaldehyde for 20 min
at room temperature and permeabilized with 0.2% Triton X-
100 in PBS for 5 min. Paraformaldehyde was neutralized with
0.75% glycine for 20 min. Cells were then blocked in 1% BSA
in PBS for 30 min and incubated with primary antibody for
1h at 37°C or overnight at 4°C. Cells were washed in PBS,
then incubated with secondary antibody (Alexa 488-conjugated
goat anti-rabbit or Alexa 594-conjugated goat anti-mouse;
Molecular Probes) and 4,6-diamidino-2-phenylindole (DAPI; Sig-
ma) for 30 min at room temperature. Following immunostain-
ing, samples were analyzed using a Carl Zeiss Axiovert 200 M
Apotome epifluorescence microscope (63 x 1.4NA oil objective)
equipped with an Axiocam cooled CCD camera and processed
using Axiovision software (Zeiss).
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Results
CapG localizes to the nucleolus

Immunofluorescence microscopy of paraformaldehyde-fixed
cultured cells revealed that in addition to the previously reported
cytoplasmic and nuclear localization, endogenous CapG also local-
izes in the nucleolus (Fig. 1A). Costaining with B23, a marker for
the nucleolar boundary, showed CapG staining inside the nucleo-
lus. To examine the specificity of the CapG staining, we analyzed
several cell lines, including HEK293T, HeLa and MCF-7 cells
(Fig. 1A). In addition, imaging of EGFP-tagged CapG revealed CapG
localization in the nucleoli of live HEK293T cells, excluding a pos-
sible fixation artifact (Fig. 1B). Interestingly, CapG-EGFP assembled
in compact intranucleolar dots, suggesting that CapG is targeted to
a specific compartment of the nucleolus (Fig. 1B).

CapG localization in the nucleolus is dependent on RNA Polymerase |
activity

To further develop these findings, we used bromouridine incor-
poration and immunofluorescence to visualize nascent transcripts
in the nucleoplasm and nucleolus. CapG localization in the nucleo-
lus coincided with a region that is depleted in bromouridine-la-
beled transcripts (Fig. 2A, upper panel, arrowhead), which is
characteristic for the nucleolar fibrillar center [21]. Low concentra-
tions of the transcriptional inhibitor of RNA Polymerase I actino-
mycin D caused CapG to relocalize to perinucleolar sites (Fig. 2A,

CapG

merge

Fig. 2. Nucleolar CapG localization is dependent on RNA Polymerase I activity. (A) HEK293T cells were allowed to incorporate bromouridine in nascent transcripts for 1 h.
Subsequently, cells were fixed and stained for CapG and bromouridine. RNA Polymerase I activity was inhibited by incubation with 0.05 pg/ml actinomycin D (actD) for 3
hours. RNA Polymerase II activity was inhibited by incubation with 25 pg/ml o-amanitin for 3 h. Note the intensity of transcript labeling in the nucleolus and the relative
position of the CapG staining. (B) HEK293 T cells were incubated with 0.05 pg/ml actinomycin D for 3 h, fixed and stained for CapG and B23. Scale bar = 10 pm.
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middle panel and Fig. 2B). In contrast, inhibition of RNA Polymer-
ase Il using a-amanitin did not influence CapG localization in the
nucleolus (Fig. 2A, lower panel). As a result of reduced RNA Poly-
merase Il activity, nucleolar transcripts visualization was improved
and CapG was occasionally detected at the center of a ring-shaped
pool of nucleolar transcripts (Fig. 2A, lower panel, arrowhead).
Thus, the specific localization of CapG in the nucleolar interior is
consistent with the rDNA transcription sites.

CapG is actively transported to the nucleolus

We next used an in vitro assay to analyze the energy require-
ments for CapG transport to the nucleolus [17,22]. The plasma
membrane of MDCK cells was permeabilized with digitonin. Sub-
sequently, recombinant CapG was added to the permeabilized cells
under several energy conditions in an import reaction mix contain-
ing CHAPS. Under low energy conditions, CapG did not accumulate
in the nucleolus (Fig. 3A, upper panel), indicating that CapG trans-
port to the nucleolus is an active process and not the result of pas-
sive diffusion. When ATP was added, CapG strongly accumulated in
the nucleolus (Fig. 3A, lower panel). By contrast, GTP did not stim-
ulate CapG localization to the nucleolus (Fig. 3A, middle panel). As
a control, Gelsolin did not accumulate in the nucleolus upon addi-
tion of either GTP or ATP (Fig. 3B).

In a previous study, we reported that CapG interacts directly
with Ran GTPase [10]. Since Ran is predicted to localize in the
nucleolus by a proteome study (http://www.lamondlab.com/NOP-
db/) and has been reported to accumulate in the nucleolus in
in vitro experiments [23], we also tested Ran in our experiments
(Fig. 3C). Under low energy conditions, GTP-loaded RanQ69L but

Fig. 3. CapG is actively transported to the nucleolus. GTP- but not GDP-loaded Ran
accumulates in the nucleolus. (A) MDCK cells were permeabilized with digitonin
and CHAPS and recombinant CapG was added under different energy conditions:
0.1 mM GTP + 1 mM ATP (upper panel), 8 mM GTP (middle panel), 8 mM ATP (lower
panel). The localization of the nucleoli was visualized by a B23 staining. (B) As a
negative control, recombinant Gelsolin was added to permeabilized MDCK cells
with 8 mM ATP. (C) GDP-loaded Ran or GTP-loaded RanQ69L were added to
permeabilized MDCK cells with 0.1 mM GTP + 1 mM ATP. Scale bar = 10 pm.

not GDP-loaded Ran strongly accumulated in the nucleolus
(Fig. 3C), suggesting that the nucleoplasmic but not the cytoplas-
mic Ran form is able to enter and accumulate in the nucleolus.

RanGTP induces CapG accumulation in the nucleolus

Since CapG and GTP-loaded Ran accumulate in nucleoli (Fig. 3)
and the two proteins interact directly [10], we explored the local-
ization of overexpressed CapG and Ran in function of the nucleo-
tide status of Ran. Therefore, CapG was expressed in HeLa cells in
combination with either wild-type Ran, the GTPase-deficient Ran
Q69L mutant or the GTP-binding deficient Ran T24N mutant.
Wild-type Ran and CapG were uniformly distributed between
nucleoplasm and nucleolus (Fig. 4, upper panel). Interestingly,
the GTP-loaded Ran Q69L mutant and CapG synergistically accu-
mulated in the nucleolus (Fig. 4, middle panel), suggesting that
GTP-loaded Ran is able to target CapG to the nucleolus. In contrast,
both the GDP-loaded Ran T24N mutant and CapG were absent from
the nucleolus in cells expressing both proteins (Fig. 4, lower panel).

Discussion

Although filamentous actin in the nucleus has been reported in
several occasions, its functional significance has only recently been
demonstrated [7,24,25]. Indeed, polymeric actin and the motor
activity of nuclear myosin I have been shown to be necessary for
the transcription of rDNA genes in the nucleolus [7]. The length
of nucleolar actin filaments is probably tightly regulated as are
the cytoplasmic filaments. Consequently, one might expect that ac-
tin binding proteins regulate the polymerization status of actin in
the nucleolus. In this study, we demonstrate that CapG is a likely
candidate to fulfill this role. Intriguingly, although actin and myo-
sin I localization on rDNA do not require active RNA Pol I transcrip-
tion [7], the presence of CapG in the nucleolus does correlate with
nucleolar transcriptional activity. This could imply that polymeric
actin on rDNA genes needs to be regulated by actin binding pro-
teins in order to be active in transcription.

Since CapG directly interacts with Ran [10] and Ran has been
predicted to localize to the nucleolus [13], we tested Ran as well
in the permeabilized cell assay (Fig. 3C). As expected, RanGDP,
the cytoplasmic form of Ran, was not imported into the nucleolus.
In contrast, RanGTP, the nucleoplasmic form of Ran, did accumu-
late into the nucleolus. Selective entry of GTP-bound Ran into the
nucleolus could be confirmed in intact cells by expressing mutants
of Ran. Remarkably, CapG and Ran behaved in a similar manner
when expressed simultaneously in HeLa cells. A Ran mutant that
cannot bind GTP (Ran T24N) was excluded from the nucleolus
and in these cells CapG was not localized to the nucleolus either.
A Ran mutant that cannot hydrolyze GTP (Ran Q69L) and that is al-
most exclusively GTP-loaded did accumulate in the nucleolus, as
did CapG. These results indicate that CapG can enter the nucleolus
together with the GTP-loaded form of Ran.

Our results also confirm that CapG can interact with both RanGDP
and RanGTP[10]. This is understandable assuming that Ran is neces-
sary for both CapG entry in the nucleus and CapG import into the
nucleolus. Indeed, active transport of CapG to the nucleus requires
cytoplasmic GDP-loaded Ran [10,23] whereas active transport to
the nucleolus is enhanced by nucleoplasmic GTP-loaded Ran. How-
ever, how the interaction between CapG and Ran is regulated irre-
spective of the nucleotide status of Ran remains unclear. Moreover,
the results from the permeabilized cell assay suggest an alternative
ATP-dependent translocation pathway to the nucleolus. Clearly,
residual Ran in permeabilized cells and addition of GTP are not suf-
ficient for CapG import. Thus, in addition to RanGTP, additional fac-
tors may be involved in CapG transport to the nucleolus.
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Fig. 4. GTP- but not GDP-loaded Ran causes CapG accumulation in the nucleolus in vivo. Hela cells expressing CapG-V5-His and EGFP-Ran (upper panel), EGFP-RanQ69L

(middle panel) or EGFP-RanT24N (lower panel). Scale bar = 10 pum.

It is puzzling that RanGTP enters the nucleolus because virtually
no endogenous Ran was observed in the nucleolus (data not
shown). However, Exportin1/CRM1, an export receptor for nuclear
cargos, is predicted to localize in the nucleolus by a proteome
study [13]. CRM1 has also been shown to bind Rev (cargo) in the
nucleolus [26] and to target other cargos to the nucleolus [27]. In
view of these data, and since CRM1 acts in concert with RanGTP
to bind cargo, it may not be surprising to detect Ran in the nucleo-
lus. Possibly epitope masking, permeabilization conditions or para-
formaldehyde-based fixation of cells prevents Ran staining of the
nucleolus. Furthermore, our finding that a Ran mutant which can-
not hydrolyze GTP (Ran Q69L) strongly accumulates in the nucleo-
lus suggests that the Ran GTP/GDP cycle is required for Ran to exit
from the nucleolus. GTP hydrolysis by Ran is required for cargo to
be released from nuclear import complexes [12]. Therefore, in
analogy with its role in nucleo-cytoplasmic exchange, it is likely
that Ran operates in different modes to support transport of mac-
romolecules between the nucleoplasm and the nucleolus.
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