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The traffic of proteins between nucleolar
organizer regions and prenucleolar bodies
governs the assembly of the nucleolus at exit
of mitosis
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The building of nuclear bodies after mitosis is a coordinated event crucial for nuclear organization and function. The
nucleolus is assembled during early G, phase. Here, two periods (early G1a and early G1b) have been defined. During these
periods, the nucleolar compartments (DFC, GC) corresponding to different steps of ribosome biogenesis are progressively
assembled. In telophase, rDNA transcription is first activated and PNBs (reservoirs of nucleolar processing proteins) are
formed. The traffic of the processing proteins between incipient nucleoli and PNBs was analyzed using photoactivation.
We demonstrate that the DFC protein fibrillarin passes from one incipient nucleolus to other nucleoli but not to PNBs,
and that the GC proteins, B23/NPM and Nop52, shuttle between PNBs and incipient nucleoli. This difference in traffic
suggests a way of regulating assembly first of DFC and then of GC. The time of residency of GC proteins is high in incipient
nucleoli compared to interphase nuclei, it decreases in LMB-treated early Gla cells impairing the assembly of GC. Because
the assembly of the nucleolus and that of the Cajal body at the exit from mitosis are both sensitive to CRM1 activity, we
discuss the fact that assembly of GC and/or its interaction with DFC in early G1a depends on shuttling between PNBs and

NORs in a manner dependent on Cajal body assembly.

Introduction

At each cell cycle, the nucleus is reorganized from inherited
material as it passes through mitosis. At exit from mitosis, beside
chromosome decondensation and nuclear envelope formation,
the nuclear domains (reviewed in ref. 1) that will be active dur-
ing interphase are reconstituted. This is a crucial period during
which cross talk between different domains is established to
coordinate the nuclear functions. For example, it was proposed
that the assembly of nucleolus and the interchromatin granules
(also called speckles) is linked.??

The multiple steps of ribosome biogenesis occur in the nucle-
olus. They include transcription of ribosomal genes (rDNA),
processing and modifications of precursor ribosomal RNAs
(pre-rRNAs) and assembly with ribosomal proteins.* The nucle-
olar organization in three compartments, fibrillar center (FC),
dense fibrillar component (DFC) and granular component
(GC) reflects the vectorial progression of ribosome biogenesis
from DFC (eatly processing) to GC (late processing), and it is
impaired by blockage at any step of the process.”” The nucleolus

is also a plurifunctional domain involved in assembly of RNPs
and a target for viral proteins and viral RNAs.5!!

The assembly of the nucleolus starts during telophase by
activation of rDNA transcription of several nucleolar organizer
regions (NORs) and by progressive recruitment of early and late
processing proteins on rRNA transcripts. In parallel, prenucleo-
lar bodies (PNBs) are assembled.'>'® The PNBs contain nucleo-
lar processing proteins, pre-rRNAs and snoRNAs."” Even though
PNBs are formed in all animal and plant cells, their role in the
dynamics of DFC and GC assembly is still unknown.

It is possible to observe and measure the motion of proteins
or RNP complexes in living cells. Using these approaches it
was demonstrated that macromolecules within the nucleus are
highly mobile by a combination of passive diffusion and high-
affinity binding sites.'"2° It was also established that the assem-
bly of nuclear bodies after mitosis is strictly ordered.'**24 It is
now important to characterize the dynamics of the complexes
during the building of the functional domains integrated in the
nuclear network. We examined the role of the PNB step in the
kinetics of DFC and GC assembly. Using photoactivation,” we
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demonstrate that traffic between transcription sites and PNBs is
unidirectional for fibrillarin (DFC marker) and is at equilibrium
between these two sites for B23/NPM and Nop52 (GC markers).
It was previously reported that parallels exist in the pathway of
reassembly of Cajal bodies (CB) and nucleoli.?® Here we propose
that CB assembly and/or function is necessary during early G, for
efficient formation of the nucleolar GC and that the assembly of
both nucleolus and CB is CRM1-dependent.

Results

Two periods during nucleolar assembly: early Gla and early
Glb. During nucleolar assembly, the recruitment of GFP-tagged
nucleolar processing proteins on sites of IDNA transcription, i.e.,
in NORs, was analyzed in living HeLa cells. Recruitment in the
6 active NORs starts in telophase concomitantly to the formation
of numerous PNBs. Thirty to 90 minutes later, the fluorescence
in incipient nucleoli increases while PNB fluorescence decreases
(Fig. 1A). Thus proteins are globally transferred from PNBs to
incipient nucleoli. The transfer lasts 15-20 minutes for early
processing proteins localized in DFC (GFP-fibrillarin) while the
recruitment of late processing proteins localized in GC (GFP-
B23/NPM, GFP-Nop52 or GFP-Bopl) lasts at least 90 minutes.
Remarkably, early and late proteins are in the same PNBs'® but
DFC proteins are recruited more rapidly than GC proteins indi-
cating a differential sorting from PNBs and a different steady
state in incipient nucleoli.

After telophase, 20-25 PNBs containing both fibrillarin and
B23/NPM were identified in Z projections. Twenty minutes later,
the number of PNBs containing fibrillarin is reduced while the
number of PNBs containing B23/NPM is stable for 60 minutes
and then decreases during ~50 minutes (Fig. 1B). During this
second period, contact and fusion between incipient nucleoli is
observed in daughter cells still connected by a cytoplasmic bridge
(Fig. 1C). In parallel chromatin decondenses and consequently
the nuclear volume progressively increases. The end of this period
is characterized by the presence of 2 or 3 large nucleoli and the
absence or low number of PNBs. These features reveal two peri-
ods in nucleolar assembly that will be named hereafter early Gla
and early G1b (Fig. 1C).

During nucleolar assembly, late processing proteins shuttle
between sites of rDNA transcription and PNBs. The great
number of PNBs, their persistence for up to 120 minutes after
telophase and the difference between early and late processing
proteins suggest a role of the PNBs in the traffic of nucleolar
proteins. One possibility is that the PNBs are involved in the
progressive delivery of processing complexes onto sites of IDNA
transcription. To analyze the traffic between PNBs and NORs,
the nucleolar proteins were fused to photoactivatable (PA) GFP.»
The position of the region of interest (ROI) for activation is estab-
lished by the presence of a protein partner tagged in red. The
PAGFP-B23/NPM is activated in an incipient nucleolus iden-
tified by the presence of DsRed-Nop52 (Fig. 1D, red). Several
PNBs containing DsRed-Nop52 are also visible in the optical
section. After activation (Fig. 1D and compare pre and post 0 s),
the PAGFP-B23/NPM signal is high in the nucleolus, and then
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decreases as expected of proteins trafficking between nucleolus
and nucleoplasm. Surprisingly, activated PAGFP-B23/NPM is
detected in PNBs 5-10 seconds after activation (Fig. 1D). The
uptake of B23/NPM in PNBs is observed in all PNBs containing
mDsRed-Nop52 visible in the focal plane. This indicates that
feedback of activated molecules occurs between incipient nucleoli
and PNBs. The projection of the Z series of images demonstrates
the presence of activated PAGFP-B23/NPM in each incipient
nucleolus and all PNBs (Fig. 1E). PAGFP-B23/NPM is detected
in all PNBs visible in red (163 in 8 cells) indicating that this
redistribution occurs in the entire nuclear volume. Thus in early
G,, B23/NPM molecules undergo rapid exchanges between the
incipient nucleoli and can still be taken up in PNBs.

Photoactivation of PAGFP-Nop52 in one incipient nucleolus
demonstrates that the uptake of Nop52 in PNBs is similar to that
of B23/NPM. The traffic of PAGFP-Nop52 from the nucleolus
to PNBs was observed in the entire nuclear volume of 8 early
Gla cells, by colocalization with coexpressed DsRed-B23/NPM
in Z series of images (data not shown). On the contrary PAGFP-
fibrillarin was not detected in PNBs containing mDsRed-B23/
NPM (Fig. 2b—d, £~h) or mRFP-Nop56 signal (Fig. 2j-1).
However, the redistribution of PAGFP-fibrillarin was observed in
each incipient nucleolus of early G, cells (verified for 50 nucleoli
in 10 cells). At this period of the cell cycle, while sharing of fibril-
larin between the incipient nucleoli reveals nucleolar-nucleoplasm
traffic, the time of residency of fibrillarin in PNBs does not allow
its detection (Fig. S1).

In conclusion, the recruitment of two late processing proteins
in an incipient nucleolus implies bidirectional traffic between
PNBs and the nucleolus. This indicates that the uptake of the
late rRNA processing proteins in PNBs is still possible in early G,
and could be a way of regulating GC building during nucleolar
assembly. The balance between uptake in incipient nucleoli and
PNBs must ultimately be in favor of nucleoli as nucleolar assem-
bly progresses.

LMB disturbs shuttling between incipient nucleoli and
PNBs. In a screen of drugs capable of modifying the assembly
of nucleoli at exit from mitosis, we discovered that Leptomycin
B (LMB) increases the number of early Gla cells (Fig. 3A and
B). Typically these LMB-treated cells, connected by a cytoplas-
mic bridge with a mid-body, present ~5-6 incipient nucleoli
and PNBs containing GFP-B23/NPM, GFP-Nop52 or GFP-
Bopl (Fig. 3C). On the contrary the presence of fibrillarin-
GFP in PNBs was not observed (not shown) confirming that
PAGFP-fibrillarin activated in incipient nucleoli does not feed
back into PNBs (see Fig. 7 the cap nucleolar distribution of
fibrillarin).

LMB is a potent inhibitor of CRM1-mediated nuclear export
and of CRMI-dependent intranuclear traffic.?”?® Impaired
recruitment of late processing proteins induced by LMB could
be the consequence of a modified traffic, i.e., a modified balance
between uptake in incipient nucleoli and feedback into PNBs. To
verify this possibility, the traffic in incipient nucleoli in control
and LMB-treated early Gla cells was measured (Fig. 3D). The
exchange dynamics was estimated by the t, , of fluorescence decay
(time after activation at which 50% of the initial fluorescence is
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Figure 1. Nucleolar assembly after telophase. (A) Time-lapse observation of living cells expressing GFP-Nop52. Thirty minutes after telophase Nop52
localizes in incipient nucleoli (large structures) and PNBs (small foci). After 90 minutes the incipient nucleoli are fused and the number of PNBs is low.
(B) Number of PNBs evaluated in Z projections on time-lapse images. The presence of fibrillarin is limited in time (green), and the presence of Nop52
(black) is almost stable for nearly 1 hour and then decreases. X axis = time (min); Y axis = number of PNBs. (C) Schematic representation of nucleolar
assembly based on time lapse observations. After telophase and before cytokinesis, 2 periods are observed in early G, cells. Red: incipient nucleoli;
black: PNBs. (D) Photoactivation of PAGFPB23/NPM in incipient nucleolus of an early G, cell. The DsRed-Nop52 (red) shows one incipient nucleolus and
several PNBs; PAGFP-B23/NPM (pre) is hardly visible. After activation (post 0 s), the PAGFP-B23/NPM is visible and then PNBs are labeled (10, 60, 120 sec-
onds). (E) Z projection 2 min after activation showing the distribution of PAGFP-B23/NPM of one incipient nucleolus in all incipient nucleoli and PNBs.

lost). The t,,, of PAGFP-B23/NPM estimated by photoactivation
is 31.79 seconds in incipient nucleoli, compared to 12.30 seconds
in the nucleolus of interphase control cells (Fig. 3E). We pro-
pose that the long time of residency of B23/NPM in incipient
nucleoli is a specific feature of GC formation and of progressive
disappearence of PNBs. The residence time of B23 in incipient
nucleoli is LMB-sensitive as revealed by the t,, of 8.34 seconds
measured in LMB-treated cells compared to control early Gla
cells (Fig. 3D and E). Conversely, the t, , in interphase nucleoli
is not or only slightly LMB-sensitive (t,,, of 9.71 +/- 2.06 seconds
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versus 12.30 +/- 2.83 seconds). We show that LM B modifies the
t,, of B23/NPM in incipient nucleoli and maintains the feedback
towards PNBs for a long period (Fig. 3C-E). Consequently in
control conditions, the residence time of the late processing pro-
teins certainly participates in GC assembly of incipient nucleoli.

The initial target of LMB is not rDNA transcription. To
better understand when LMB interferes with nucleolar assem-
bly, time-lapse imaging was used. After 2 hours of LMB treat-
ment, two couples of cells are analyzed, one in telophase and the
other in early Gla (Fig. 4, left and right cells respectively). The
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Figure 2. Photoactivation of PAGFP-fibrillarin in incipient nucleolus of telophase and early-
G, cells. The DsRed-B23/NPM (c and d) and RFP-Nop56 (k and I) show incipient nucleoli and
several PNBs (arrowheads); PAGFP-fibrillarin (pre) is hardly visible. 2 min after activation (post),
the PAGFP-Fib is visible in activated incipient nucleoli and neighbouring incipient nucleoli (b, f
and j) but not in PNBs (arrowheads). This is confirmed by the superimposition of green and red

signals because only a red signal is visible in PNBs (d, h and |).

telophase cells progress to early Gla in 20 minutes before being
arrested similarly to their neighbors, the arrested eatly Gla vis-
ible at the beginning of the time-lapse imaging. Together, these
observations indicate that LMB-treated cells pass through mito-
sis, that nucleolar assembly is impaired after telophase and the
cells are blocked in early Gla.

Arrest of transcription could explain impairment of nucleolar
assembly and maintenance of PNBs similarly to what happens
when rDNA transcription is blocked by actinomycin D.? In inter-
phase cells, 2 hours of LMB treatment have no effect on BrtUTP
incorporation in nucleoli (Fig. 5 Nu) and treatments prolonged
for up to 6 hours do not induce nucleolar segregation, the typi-
cal reorganization process when rDNA transcription is blocked.?
Thus rDNA transcription is not blocked by LMB during inter-
phase but could be specifically blocked in early G, since IDNA
transcription is activated at telophase.’?32 In LMB-treated early
Gla cells, the BrtUTP incorporation demonstrated that the tran-
scription is activated in NORs (Fig. 5 arrows). However the GC
nucleolar formation is impaired (Fig. 5 B23). This is not because
telophase/early G, cells do not progress beyond early interphase.
Other features of G, nucleus formation occur normally as the
appropriate relocalization of mitotic proteins discussed below.
Thus the blockage of rDNA transcription by LMB is not the
initial cause of the abnormal nucleolar assembly at exit from
mitosis.

Impaired nucleolar assembly could be due to progressive
decrease of rDNA transcription with partial DFC formation.

www.landesbioscience.com

To examine this hypothesis, the nucleo-
lar organization of telophase, early G, and
interphase LMB-treated cells was examined
by electron microscopy. Immediately after
adding LMB, the phases of the cell cycle
were identified and the cells localized on
coverslip grids.” After 2 hours of LMB treat-
ment, the cells were fixed and flat embed-
ded in situ. The grid imprinted on the block
surface permits cell identification. In LMB-
treated interphase cells, the 3 canonical
nucleolar components, i.e., FC, DFC and
GC are similar to those of control cells (Fig.
6A). Cells treated during telophase progress
to early G, but the DFC observed on serial
sections forms a ribbon at the nucleolar
periphery and typical GC-containing gran-
ules are not visible (Fig. 6B—C’). The DFC
is dark, with a texture different from that of
the pseudo GC in close contact. This orga-
nization reflects the nucleolar cap observed
by light microscopy (see Fig. 7A). In cells
treated during early G, the granules are vis-
ible in the GC (Fig. 6D). In addition, the
nucleolar organization visible in Figure 6D
demonstrates that the nucleolar component
can be assembled in LMB-treated cells in
the last part of early G. In conclusion,
the ultrastructural organization suggests a
defect in the coordination between DFC and GC specifically in
LMB-treated telophase cells (compare Fig. 6B-D).

During early Gla, the assembly of the nucleolus is CRM1-
dependent. To characterize the effect of LMB on nucleolar
assembly, several possibilities were considered and tested. We
checked the exit of mitosis by the localization of markers differ-
ently distributed in mitosis and interphase (data not shown). Exit
from mitosis of LMB-treated cells was confirmed by the absence

134,35

of MPM2 mitosis-specific phosphoproteins in the nuclei*** and
by the absence of cyclin Bl in early G, nuclei as expected after
destruction in metaphase.’* We verified that mitotic phosphoryla-
tion of B23/NPM on Thr199,% is released in LMB-treated cells.
GFP-PP1y phosphatase was detected in PN Bs and incipient nucle-
oli in LMB-treated as well as in control cells using the permanent
cell line expressing GFP-PP17y (gift of L. Trinckle-Mulcahy; data
not shown). These localisations and Thr199 dephosphorylation
of B23/NPM indicate that the activity of the phosphatase PP17y is
not inhibited by LMB.?® Thus, it is not a blockage of mitotic exit,
and other players could be involved.

In control early Gla, small foci containing both coilin and
fibrillarin indicate that CB assembly starts at this period as pre-
viously reported.” This early CB formation was also observed
using time-lapse imaging of YFP-coilin.®* In LMB-treated early
Gla cells, coilin is observed in nucleoli of arrested early Gla cells
whereas coilin-foci are not detected in the nucleoplasm (Fig. 7A).
Coilin is localized in the external part of the incipient nucleo-

lus at the border of the fibrillarin cap (Figs. 7A and S2). On
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the contrary in interphase cells treated
with LMB, coilin is not translocated to
the nucleoli (Fig. S2 arrowheads). These
observations confirm that LMB disturbs
CB assembly in early G,.””

To characterize the role of LMB during
early Gla, we analysed the distribution of
its target, the CRM1/exportin, a protein

involved in transport during interphase
and localization of proteins during mito-
sis.”! In early Gla, GIb (long cytoplasm
bridge) and interphase nuclei, CRM1 is
observed in a few nuclear foci (Fig. 7B).
Since, during interphase the presence of
CRM1 in CB is well established,?" 284
CRMI could already be in the CB in early
Gla and b (Fig. 7B). The effect of RNA-
interference-mediated CRM1  depletion
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120 150
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assembly and the presence of CB in early

E

G,. The sequence chosen for siRNAs 10
was previously found efficient.”” CRM1-
depleted cells were identified by the low
level of CRMI signal in the cytoplasm
(Fig. 7C). In these early G, cells, CB
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illustrated for Nop52 (Fig. 7C lower row).
These observations therefore demonstrate
that the assembly of both nucleolus and

CB is CRMI-dependent at this period of
the cell cycle.

Discussion

The nucleolus during interphase. In the

nucleolus the different steps of ribosome | 0t
1/2

biogenesis are linked and include tran-

Figure 3. LMB blocks the cell cycle in early G,. (A) Phase contrast of unsynchronized Hela cells
treated for 2 hours with LMB. The number of early G, cells (doublet linked by a cytoplasm bridge)
is high. (B) Percentage of early G, (black) depending on the duration of the LMB treatment
compared to interphase (grey). The percentage increases with duration of treatment and can

be maintained for up to 6 hours. (C) Cells blocked in early G, after 120 minutes of LMB. In nuclei
several large dark structures (phase contrast) containing B23 (GFP-B23 labeling) correspond to
incipient nucleoli. In addition B23 is observed in many PNBs. The cytoplasmic bridge with the
mid-body is visible in upper image. (D) Traffic of B23/NPM measured by photoactivation in early
Gla for 2 minutes. Relative intensity in the activated incipient nucleoli, in control black curve and
in LMB-treated cells (2 h) red curve (mean of 8 CTR and 10 LMB-treated cells). (E) Comparison of
of B23/NPM traffic in incipient nucleoli of early G, and interphase nucleoli in control (CTR)
and LMB-treated (LMB) cells.

scription by the RNA polymerase 1, the
cleavage steps and the modification of the
transcripts by snoRNA complexes. It is proposed that the produc-
tion of ribosomes depends on a kinetic balance between the rate
of rRNA synthesis and the rates of rRNA folding and matura-
tion.* DFC is generated by elongation of rDNA transcription
and the first cleavage-modification steps of pre-rRNAs. Late
cleavage-processing steps and assembly of the large ribosome sub-
units generate the GC.*” The nucleolar organization is modified
by inhibition of rDNA transcription producing the typical segre-
gated organization.’**¢ It was also demonstrated that the caseine
kinase 2 (CK2) inhibitor DRB and the cyclin-dependent kinase
(CDK) inhibitor roscovitine disrupt the link between DFC and
GC.>¥4 Tt is possible to disturb DFC and GC organization in
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the yeast nucleolus by disrupting the nucleolar trimethyl guanos-
ine synthase 1 (Tgslp) required for pre-rRNA processing.” These
different examples of nucleolar disorganization (not an exhaus-
tive list) are not specific of a particular period of the cell cycle
contrary to the inhibition of CRMI that impairs nucleolar func-
tion only during early Gla. Our results also raise the possibil-
ity that the fibrillar centers combined with the DFC are really a
single domain and are more autonomous from the GC than may
have been appreciated previously, i.e., not in the transit of nascent
rRNAs and pre-ribosomes but rather as architectural design and
assembly sites. Although this concept would require additional
investigation, perhaps in a phyletic/evolutionary context.
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Figure 4. LMB blocks cells in early Gla. Cell cycle progression dur-

ing LBM treatment observed by time lapse (GFP-B23/NPM cells). At

0 minutes, telophase (asterisk) cells are visible after 2 hours of LMB,
and blocked doublet of early G, cells is visible on the right side. After
10 minutes PNB-containing B23/NPM are visible but not the incipient
nucleolus (arrow) that will be visible after 40 minutes. After 60 minutes
the telophase cells are blocked in early Gla.

Nucleolar assembly. After telophase, two sites in nuclei con-
centrate the late nucleolar processing proteins, i.e., the PNBs
and the incipient nucleoli. Based on our observations, feedback
between these two sites appears to control recruitment in GC.
Pre-rRNAs are present in both sites and could therefore explain
the binding affinity of late processing proteins in both sites. The
pre-tRNAs in PNBs are synthesized during prophase and stabi-
lized after one cleavage.”” The link between nucleolar function
and the presence of PNBs was established by inhibiting rDNA
transcription or pre-rRNA processing while maintaining rDNA
transcription.”® In both cases, treatment with either actinomy-
cin D or roscovitine, maintains the PNBs and impairs nucleolar
assembly.

We have observed here that the time of residency of GC mol-
ecules is higher in incipient than in interphase nucleoli (respec-
tively t, , of 31.7 seconds and 12.3 seconds). In incipient nucleoli
the establishment of the vectorial process of ribosome assembly
generated first DFC and then GC as demonstrated in several
models.>*5" The connection between DFC and GC depends on
the pre-rfRNA modifications® and could explain the time of resi-
dency of GC proteins during nucleolar assembly. This hypothesis
is also supported by the decrease of the time of residency (t,, of
8.3 seconds) corresponding to a lower binding affinity and/or
a lower number of binding sites when the LMB blocks GC for-
mation. In this case late processing proteins such as B23/NPM
and Nop52 transit through incipient nucleoli but in a segregated
organization illustrating impaired ribosome assembly.

Nucleolus assembly and CRM1. Two periods are defined
during nucleolar assembly but only one is LMB-sensitive. The
increasing number of arrested early Gla cells with increase in
duration of LMB treatment indicates that cells progress through
the cell cycle before being stopped. Upon CRM1 depletion and
LMB treatment, the PNBs are maintained and the binding of late
processing proteins in incipient nucleoli is decreased. This low
binding inhibits GC assembly blocking pre-rRNA processing as
suggested by the absence of granules in GC. We propose that this
is due to incomplete or absence of modifications of pre-rRNAs
for the following reasons. Normally, CB formation occurs rapidly
after mitosis™* and CRM1 associates with precursor and mature
U3 snoRNAs*? and localizes in CBs.?”?%4? Because we observed
that CBs are not assembled in early Gla undergoing LMB treat-
ment, this absence most probably impairs snoRNA formation’*
and/or the activity of snoRNAs™ preventing pre-rRNA process-
ing. In this case, the presence of unmodified pre-rRNAs in incipi-

ent nucleoli could easily explain the persistence of an equilibrium
between PNBs and incipient nucleoli in LMB-treated cells and
during CRM1 depletion (Fig. S3). Indeed, we previously demon-
strated that the 45S pre-rRNAs present in PNBs are synthesized
during prophase,” when rDNA transcription is maintained but
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the nucleolus is disassembled.” These 45S pre-rRNAs are not
processed and most probably not modified as CB remnants are
described in prophase.?® An alternative could be that lack of tar-
geting of snoRNDPs to nascent rRNAs is involved because this
targeting is CRM1-dependent.”’ In this case, the inhibition of
CRMI should not impaired the nucleolar assembly only during
the first part of early G,. In conclusion we propose that the assem-
bly of both CB and nucleolus is CRM1-dependent and that the
assembly of a functional CB is necessary to coordinate the early
and late steps of ribosome biogenesis and to make GC formation

possible.
Materials and Methods

Cell culture. HeLa cells were cultured without antibiotics in
Minimum Essential Medium (MEM) with GlutaMAX™
(Invitrogen) supplemented with 10% fetal calf serum and non-
essentialamino acidsat37°Cin 5% CO,. Permanently established
HeLa cell lines expressing GFP-Nop52, GFP-B23, GFP-Bop and
GFP-fibrillarin were already described.'*'® The GFP-PP1y cell line
was a gift of Laura Trinckle.* The LMB (Calbiochem) stored at
-80°C in small aliquots, was used at a concentration of 30 nM.

The siRNA sequence (5-TGT GGT GAA TTG CTT ATA
C-3') was used because it is efficient against CRM1 expression.*®
Cells were transfected twice at interval of 24 hours with 10 or 50
nM siRNA duplex using the Effectene transfection kit (Qiagen).
Control cells were treated in parallel with non-specific siRNA
duplex. Cells were fixed 34 hours after the first transfection.

Antibodies and plasmids. The antibodies were used at the
following dilutions: 1/100 CRM1/Exportin (BD Biosciences),
1/400 coilin (BD Biosciences), 1/100 (Thr199) phospho-NPM
(Cell signaling technology), 1/100 cyclin Bl (Santa Cruz
Biotechnology), 1/200 MPM2-mitotic phosphoproteins (Upstate
Biotechnology), 1/100 fibrillarin (Abcam). Secondary antibodies
conjugated to FITC or Texas Red were from Jackson Immuno
Research Laboratories.

To construct B23-PAGFP, Nop52-PAGFP and PAGEFD-
fibrillarin, plasmid pEGFP-N1 or plasmid pEGFP-C1 (Clontech
Laboratory, USA) was used after replacing the EGFP cassette
by the PAGFP sequence, a gift of J. Lippincott-Schwartz.” Full-
length B23 was prepared by PCR amplification from full-length
human cDNA (clone IMAGES 5575414) as described.”® The
full-length fibrillarin cDNA was a gift of ].P. Aris, and the fibril-
larin-GFP and Nop52-GFP constructs have been described."
For colocalization, co-transfections with the constructs already
described DsRed-B23,° DsRed-Nop52,* or mRFP-Nop56,
were used.

Immunofluorescence. The cells were fixed in 4% paraform-
aldehyde for 20 minutes at room temperature (RT) and permea-
bilized with 0.5% Triton X-100 for 5 minutes at RT. They were
then washed with PBS and incubated with primary antibodies at
RT for 60 minutes. The antibodies were revealed with Texas Red-
and/or FITC-conjugated secondary antibodies. Alternatively, the
cells were fixed with methanol for 20 minutes at -20°C, air-dried
for 5 minutes and rehydrated with PBS for 5 minutes before
incubation with antibodies. They were then incubated 5 minutes
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Figure 5. Progressive decrease of rDNA transcription under LMB. Two
doublets of early G1a and one interphase (left) observed in phase
contrast (phase). rDNA transcription (BrUTP) is detected in nucleoli of
an interphase cell (Nu) and in incipient nucleoli indicated by arrows.
GFP-B23/NPM is visible in the nucleolus (Nu), incipient nucleoli (arrows)
and PNBs (small foci).

with DAPI to visualize DNA and mounted with the antifading
solution AF1 (Citifluor). Fluorescent microscopy was performed
using a CCD camera Leitz DMRB.

Run-on transcription was performed as described by Moore
and Ringertz”” and adapted by Roussel et al.?? Briefly, the cells
were prefixed 5 minutes at 4°C in ethanol/acetone (v/v), washed
and incubated in the run-on buffer Tris-HCI pH 7.9 (100 mM),
MgCl, (12 mM), saccharose (150 mM), B-mercaptoethanol
(12 mM) containing ATP, GTP, CTP (0.6 mM, MBI Fermentas)
and Br-UTP (0.12 mM, Sigma-Aldrich) during 15 minutes. They
were postfixed 20 minutes at RT in paraformaldehyde and per-
meabilized 5 minutes with 0.5% Triton X-100. Cells were incu-
bated first with mouse Br-UTP antibodies 60 minutes, then with
Texas Red-conjugated mouse antibodies 60 minutes.

Time-lapse microscopy. The cells were grown on glass cov-
erslips, mounted in a Ludin observation chamber (LIS) filled
with complete medium supplemented with 10 mM Hepes, pH
7.4. Live-cell 4-D microscopy was carried out using a Leica
DM IRBE microscope, equipped with a piezoelectric translator
(PIFOC, PI, Germany). Stacks of 20 to 25 images with a Z-step
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Figure 6. Ultrastructural organization of nucleoli undergoing 2 hours of LMB treatment. (A) Nucleolar organization is not modified during interphase.
Fibrillar centers (asterisks), DFC (arrows) and granular component (GC). Bar: 1 um. (B-C') Nucleolar organization is impaired in telophase. (B and C) cor-
respond to 2 serial sections of the same nucleolus distant by 0.4 um. The DFC is formed but with contrasted aggregates. (C') is the super-imposition of
the DFC contour in black recognized by its dark and fibrillar texture, and in grey the GC without granule and loosely organized. Bar: 0.5 um. (D) The GC
is assembled in early G, cells. Fibrillar centers (asterisks), DFC (arrows). Bar: 1 um.

of 0.3 wm were acquired every 60 seconds with a 100x PlanApo
N.A. 1.4 oil immersion objective in stream mode (Metamorph)
using a 5 MHz Micromax 782Y interline CCD camera (Roper
Instruments, France) as described.’® Fluorescence images were
then deconvolved using iterative deconvolution with a measured
point spread function (PSF).*® Images and movies were mounted
using the free downloadable software Image], and the maximum
intensity projection was chosen in both cases.

Photoactivation. Cells were seeded for 24 hours in a Petri
dish containing a 32 mm coverslip and transfected with the
PAGFP plasmids using the Effectene Transfection Reagent
(Qiagen, USA). Cells were observed 36 hours after transfec-
tion by inserting the coverslip into a cell chamber maintained
at 37°C on a Leica TCS SP2 AOBS confocal microscope. A
63X, 1.32 oil lens was used and pixel sampling was set at 100
nm/pixel. During the observation to avoid background fluo-
rescence, F12 medium without phenol red, vitamin B12, ribo-
flavin, L-glutamine and fetal calf serum was used. LMB (30
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nM) was added to the culture medium before and during the
observation.

Activation of PAGFP was induced by a single laser pulse at
405 nm using 15-20% of the power of a 50 mW laser diode GaN
(Coherent) during 300 mseconds. After activation, the GFP sig-
nal was collected on single sections (0.6 pm thick) at 500 msec-
onds intervals during 2 minutes. Before and after activation, Z
series of GFP and either DsRed or mRFP signals were collected.
To minimize photobleaching when recording the signals at 488
nm, only one image with 10% of the power of a 20 mW argon
laser was used. The focal photoactivation mode was used”*’ and
stacks of images in the Z axis before and after photoactivation
were taken. Recent improvements of the image registration speed
would make it possible in the future, to obtain 3D registration in
the millisecond scale that would be necessary to analyze in 3D
protein movements in nuclei.

Electron microscopy. HeLa cells were grown on microgrid
coverslips (CELLocate, Eppendorf), the alphanumeric labeling
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Figure 7. Knock-down of CRM1 reproduces the LMB effect. (A) In early
G, cells, LMB induces the localization of coilin in the cap (arrow) at the
periphery of the incipient nucleoli. In control (CTR) cells, coilin (arrow-
head) is localized in small foci. Bar: 5 um. (B) Immunodetection of CRM1
as small nuclear foci already visible in early G1a nuclei. (C) Early G, cells
in which siRNAs against CRM1 were efficient (A CRM1): low CRM1 signal
with antibodies compared to CRM1 positive cell in upper right corner
(yellow arrow). Fibrillarin is in the cap (enlargment) at the periphery of
the incipient nucleoli (white arrow); Nop52 is found both in incipient
nucleoli and in PNBs (white arrow and enlargment).

of the grids facilitating the location of individual cells by light
microscopy. Immediatly after adding the LMB, the phases of the
cell cycle (interphase, telophase and early G,) were identified and
then the cells were allowed to progress in the cell cycle, at 37°C.
After 2 hours, the cells were treated in situ according to published
procedures.” Briefly, cells were fixed in 2% (w/v) paraformalde-
hyde, 2.5% (v/v) glutaraldehyde in 0.1 M sodium cacodylate buf-
fer, pH 7.4 at 4°C for 30 minutes, rinsed, post-fixed in 1% (w/v)
osmium tetroxide in the same buffer, dehydrated and embedded
in Epon 812. After resin polymerization, the embedded cells were
separated from the microgrid coverslips carrying the imprint of the
alphanumeric labeling. The cell cycle phases previously located by
light microscopy were serially sectioned parallel to the plane of
the growing cells. Ultrathin sections were conventionally con-
trasted with uranyl acetate (10 minutes) followed by lead citrate
(5 minutes) and examined in a Philips CMI2 electron

microscope.
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