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Abstract. The subcellular location of several nonribo- Introduction

somal nucleolar proteins was examined at various stages | o _

of mitosis in synchronized mammalian cell lines includ-Puring mitosis the cell nucleus undergoes extensive
CMT3 cells. Nucleolar proteins B23, fibrillarin, nucleo- C€SSINg cease, the nuclear skeleton depolymerizes, DNA
lin and p52 as well as U3 snoRNA were located partia”)ﬂetaches from the nuclear matrix, interphase chromatin
in the peripheral regions of chromosomes from prometa¢ondenses into chromosomes, the nuclear envelope
phase to early telophase. However, these proteins wef§€aks down and nuclear components disassemble. Al-
also found in large cytoplasmic particles, 48 in di- though it is established that the nucleoli disintegrate dur-
ameter, termed nucleolus-derived foci (NDF). The NDFNg €early prophase (Goessens 1984), the fate of various
reached maximum numbers (as many as 100 per Cemucl_eo[ar components during the mitotic cycle is only
during mid- to late anaphase, after which their numbePeginning to be understood. The location of nucleolar
declined to a few or none during late telophase. The de&somponents during the phases of mitosis appears to be
cline in the number of NDF approximately coincided highly variable, with each component following its own
with the appearance of prenucleolar bodies and refornathway back to the reforming nucleolus. However, a
ing nucleoli. The HIV-1 Rev protein and a mutant Revgeneral pattern has begun to emerge suggesting that the
protein defective in its nuclear export signal were alsducleolar components fall into one of a few classes in
found in the NDF. The mutant Rev protein precisely fol-their distribution during mitosis. , _
lowed the pattern of localization of the above nucleolar The first class of nucleolar proteins remains associat-
proteins, whereas the wild-type Rev did not enter nucle®d With the nucleolar organizer regions (NORs) through-
until G1 phase. The nucleolar shuttling phosphoproteiffut mitosis. These include RNA polymerase (pol) |
Nopp140 did not follow the above pattern of localization{Scheer and Rose 1984; Haaf et al. 1988; Gilbert et al.
metaphase through early telophase and was not found #P91; Rendon et al. 1992; Roussel et al. 1993), the
the NDF. Although the NDF and mitotic coiled bodies /ATA-binding protein and TATA-binding protein-associ-
disappeared from the cytoplasm at approximately th&ted factor for RNA pol I (Jordan et al. 1996; Roussel et
same time during mitosis, protein B23 was not found irgl- 1996). There is evidence that the RNA pol | transcrip-
mitotic coiled bodies, nor was p80 coilin present in thelion complex remains assembled on the rDNA promotor
NDF. These results suggest that a class of proteins it the chromosomal NORs during mitosis (Roussel et al.
volved in preribosomal RNA processing associate witht996). DNA topoisomerase | (Guldner et al. 1986) and
chromosome periphery and with NDF as part of athe NOR protein pp135 (Pfeifle et al. 1986) are also as-

system to conserve and deliver preexisting componengociated with the NORs during mitosis. _
to reforming nucleoli during mitosis. A second group of nucleolar proteins is located in the

chromosome periphery from late prophase to early telo-
phase. This group includes fibrillarin (Yasuda and Maul
1990; Azum-Gélade et al. 1994; Weisenberger and
Scheer 1995), perichromonucleolin (Shi et al. 1987),
I proliferation-associated Ki-67 antigen (Verheijen et al.
Edited by:S.A. Gerbi 1989; Starborg et al. 1996), protein B23/No38 (Ochs et
Correspondence tdvl.0.J. Olson al. 1983; Schmidt-Zachmann et al. 1987), nucleolin
(e-mail: molson@fiona.umsmed.ei’u) (Weisenberger and Scheer 1995), p52, p68 and pl103



408

(Gautier et al. 1992), ribocharin (Hugle et al. 1985a), rilasmid that confers hygromycin resistance and they were cul-
bosomal protein S1 (Hiigle et al. 1985b), protein No55ured in hygromycin B containing DMEM (2Q@g/ml). The cell
(Ochs et al. 1996), and HIV-1 Rev protein (Dundr et al lines were synchronized at the G1/S transition by a double thymi-

' | . : dine block with 2.5 mM thymidine (Bootsma et al. 1964) and then
1996). U14 snoRNA has also been localized in the peri

chromosomal region (Beven et al. 1996).

A.thlrd group of nl_JCk?O'ar proteins and RNAs are eSimmunofluorescenc:Cells grown on coverslips were washed in
sentially uniformly distributed in the cytoplasm during PBS and fixed with 3% paraformaldehyde for 20 min at room
prophase to telophase. Included in this group aréemperature. After washing in PBS, the cells were permeabilized
180 kDa nucleolar protein (Schmidt-Zachmann et alwith 0.2% Triton X-100 in PBS on ice for 5 min and then washed
1984), ribosomal protein S6 (Jiménez-Garcia et alextensively with 1% BSA in PBS. Immunofluorescence was per-

: : rmed as previously described (Dundr et al. 1996). Fibrillarin
1994) and phosphoprotein p130 (Pai et al. 1995). Sever s detected with human autoimmune serum S4 and nucleolar

investigators have detected U3 snoRNA during prophasgiotein Nos5 with human autoimmune serum (kindly provided
to anaphase distributed in the cytoplasm and in a nucle®r. R.L. Ochs). Nopp140 was labeled with rabbit polyclonal anti-
lar remnant but not associated with the condensed chrdedy (RF11). Protein B23 was detected using anti-B23 monoclo-
mosomes (Azum-Gélade et al. 1994; Jiménez-Garcia &gl antibody (mAb) (kindly provided by Dr. P.K. Chan). Nucleolin

al. 1994). However, other research groups have founyas labeled using a polyclonal antibody against the N-terminal

: ; ; . end of nucleolin. A 52-53 kDa nucleolar ribonucleoprotein was
U3 snoRNA enriched in the perichromosomal regio isualized with G04 autoimmune serum (kindly provided by Dr.

(Gautier et al. 1994; Weisenberger and Scheer 199% emandez-Verdun). The Rev protein was detected using anti-
Beven et al. 1996). U8 snoRNA has been detected onlgey mAb (Repligen) and rabbit polyclonal antibody (American
in the cytoplasm during mitosis (Matera et al. 1994).Biotechnologies). Coilin was detected using rabbit polyclonal an-
Jiménez-Garcia et al. (1994) and Weisenberger anibody (R288) raised againstBagalactosidase fusion protein con-
Scheer (1995) have found pre-rRNA during prophase t&ining the C-terminal region of p80 coilin (kindly provided by
anaphase in the cytoplasm, although Medina et aP" EK.L.Chan).

(1995) and Beven et al. (1996) have localized pl’e_rR'\I'AHybridization probes The human U3 snoRNA gene cloned in

in the periphery of chrpmosome_s. Smd/Pst sites of the Bluescript vector was kindly provided by
Nucleolar reformation starts in early telophase wherp, r. Reddy. The hybridization anti-sense or sense probes (resi-

specific nucleolar proteins begin to associate with nNudues —6 to +50 relative to transcription start site) were produced

merous prenucleolar bodies (PNBs) in newly formedby in vitro transcription with biotin-16-UTP (Boehringer Mann-

daughter nuclei. When RNA pol | transcription is reiniti- heim) using T7 RNA polymerase after linearizing wéma or

ated at the chromosomal NORs in late telophase th&3 RNA polymerase after linearizing witst, respectively. The

PNBs are targeted to the NORs where they fuse and paense probe was used as a control for the in situ hybridization.

CorTf" the d?nie f|t.)r||!ar,compone[1ts of lthf nX_CIeorLu% situ hybridizatior Cells grown on coverslips were washed with
(Scheer et al. 1993; Jiménez-Garcia et al. 1994; Schepgg ang fixed with 4% paraformaldehyde in PBS for 20 min at

and Weisenberger 1994). room temperature. The cells were permeabilized with 0.2% Triton

In recent studies (Dundr et al. 1996), we observeck-100 in PBS for 5 min on ice, then washed with PBS and finally
that several nonribosomal nucleolar proteins accumulat® 2xSSC. The hybridization mixture was prepared as described
in numerous large cytoplasmic particles termed nucleody Jiménez-Garcia et al. (1994). Briefly, 100 ng of probe and

Aari : : 0 ug of tRNA were dried under vacuum. Ten microliters of de-
lus-derived foci (NDF) during anaphase and teIOphaselztmized formamide was added and the mixture was denatured for

These foci appear to be an intermediate Iocat.'on of NUL0 min at 70°C. The probe was immediately chilled on ice, and
cleolar components between chromosome periphery anfe hybridization mixture was made up to final concentrations of
the PNBs in newly formed nuclei. In these current stud2xSSC, 1% BSA, and 10% dextran sulfate. Onto each coverslip
ies the NDF are further characterized and shown to corwas placed 2Qul of hybridization mixture and incubated in a

tain U3 snoRNA and No55 protein. In contrast, anothefoist chamber for 16-18 h at 42°C. The coverslips were rinsed

nucleolar nonribosomal protein, Nopp140, and its assoY/th 2xSSC/50% formamide at 37°C, 2xSSC and 1xSSC at room
! y temperature for 30 min each. The cells were incubated with avi-

ciated protein, NAP57_, were not associated with thedin-DCS-conjugated with Texas red (Vector) (@yil) in
NDF or with the PNBs in anaphase and telophase. Thesgssc/0.25% BSA for 1 h, and then rinsed in 4xSSC,
results confirm that different nucleolar proteins arrive in4xSSC/0.1% Triton X-100, 4xSSC and PBS. Coverslips were
reformed nucleoli by different routes. mounted in Mowiol (Calbiochem) containing 1 mg/mbhenyl-
enediamine. When in situ hybridization of U3 snoRNA was fol-
lowed by immunoflourescence, after the rinsing of cells in PBS,
. the coverslips were incubated with anti-B23 mAb for 50 min at
Materials and methods room temperature. After the incubation the coverslips were rinsed
in PBS and incubated with sheep anti-mouse-fluorescein labeled
Cells. The monkey CMT3 cells (Gerard and Gluzman 1985) andsecondary antibody (Amersham) for 45 min. The cells were
COS-7 cells, human HelLa and mouse 3T3 cells were grown owashed several times with PBS, briefly with ethanol, air dried and
poly-L-lysine coated glass coverslips in Dulbecco’s modified Ea-mounted in Mowiol (Calbiochem) containing 1 mg/mphenyl-
gle’s medium (DMEM) (GIBCO) supplemented with 10% fetal enediamine.
calf serum (GIBCO) at 37°C in 5% G@tmosphere. The A5.9
line of CMT3 cells constitutively expressing the HIV-1 Rev pro- Fluorescence microscop:¥he samples were examined using a la-
tein and 2AB7 line expressing ti@nsdominant negative HIV-1  ser scanning confocal microscope (Noran) with either a Nikon
Rev protein with a deletion of two amino acids (aa 78 and 79) ir60x/1.4 or 100x/1.4 N.A. objective. The samples were subjected
the nuclear export signal of Rev were described previously (Dundio an excitation wavelength of 488 nm (fluorescein) or 529 nm
et al. 1996). These two cell lines were cotransfected with pHygTexas red) from an argon-ion laser. For double labeling, the con-

released to proceed through mitosis.
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Fig. 1A—F. Nucleolar antigens are present in chromosome periphgion and is also present in numerous nucleolus-derived foci
ery and nucleolus-derived foci in several mammalian cell types(NDF) (arrows) which are variable in size and dispersed through-
Cells were synchronized as described in Materials and methodsut the cytoplasm but excluded from the mitotic spindle region.
and subjected to immunofluorescence confocal miscroséeqy. The perichromosomal regions and numerous N&Fogs) are la-
A5.9 CMT3 cells;D—F cell lines are indicated. In metaphase fi- beled with autoimmune serum with specificity against nucleolar
brillarin (A) labeled with an autoimmune serum and protein B23protein p52 during anaphase in human HelLa cé&l)s Gimilarly,

(B) detected with anti-B23 mAb are associated with the peripherythe periphery of chromosomes and many NBFdws) are la-

of chromosomes and with masses of material associated with theeled with polyclonal anti-nucleolin antibody during anaphase in
perichromosomal regions on both sides of the metaphase plate. mouse 3T3 cellsK) and protein B23 detected with anti-B23 mAb
early anaphase fibrillarinQ) decorates the perichromosomal re- in monkey COS-7 cell$H). Bars10 pm

focal images for each fluorochrome from the same focal plangoles. However, in anaphase and telophase these pro-
were recorded independently and photographed on Kodak T-Majgins were also seen in numerous spherical particles
400 film with a digital palette (Polaroid). (NDF) distributed throughout the cytoplasm but exclud-
ed from the mitotic spindle region as seen with fibrillarin
(Fig. 1C) in A5.9 CMT3 cells.
Results To determine whether the NDF were also present in
other mammalian cell lines and their presence was not
The NDF are present in various mammalian cell lines an effect of the expression of the Rev protein, we exam-
ined human HelLa, mouse 3T3 and monkey COS-7 cells
In previous studies we examined the location of the HIVin parallel with monkey A5.9 CMT3 cells. Labeling of
1 Rev protein and the nonribosomal nucleolar proteinperichromosomal regions and numerous NDF during
fibrillarin, nucleolin, protein B23 and protein p52 anaphase was clearly seen in Hela cells during ana-
throughout mitosis in Rev-expressing CMT3 cellsphase using an antibody to the p52 protein (Fig. 1D), in
(Dundr et al. 1996). These nucleolar proteins were relomouse 3T3 cells with nucleolin (Fig. 1E) and in COS-7
cated to the perichromosomal region when the nucleokells labeled with an anti-B23 antibody (Fig. 1F). Simi-
disintegrated in the Rev-expressing CMT3 cells durindarly, the NDF in progressively decreasing numbers
late prophase and prometaphase. At metaphase thesere clearly detectable throughout telophase and occa-
proteins were located in the periphery of chromosomesionally in very limited numbers in early G1 phase (not
in the metaphase plate but their locations were also exshown). The results were essentially the same when we
tended over material associated with the perichromoused different fixation and permeabilization methods.
somal region on both sides of the metaphase plate adthough the NDF present in the untransfected cells
seen with fibrillarin (Fig. 1A) and protein B23 (Fig. 1B). were less abundant than in the A5.9 CMT3 cell line,
At anaphase they followed the chromatids and associathey were present in all cell lines tested. Thus, these
ed with their periphery during migration to opposite particles seem to be natural components which are not



Fig. 2A-D. U3 snoRNA is present in NDF in A5.9
CMT3 cells during mitosis. U3 snoRNA was detected
by fluorescence in situ hybridization as described in
Materials and methods using a biotin-labeled anti-
sense riboprobe. In interphase cellpfer thirdof A
andC) U3 snoRNA is observed exclusively in multi-
ple nucleoli A, arrowhead$. During anaphase U3
snoRNA labeling is dispersed in the cytoplasm with
some signal found in the perichromosomal region of
CMT3 cells Q). In addition, U3 snoRNA is found in
the NDF @, small arrowg where it colocalizes with
protein B23 C, small arrowg. During late telophase
U3 snoRNA is prominently visible in the reforming
nucleoli of the two daughter cellB (arrowhead$, but

it is also present in relatively weakly stained prenucle-
olar bodieslarge arrowg and in several cytoplasmic
NDF (B, small arrowg which are identically stained
with anti-B23 antibody[, small arrowg. Bar 10 um

cell-type dependent and they do not appear to be artiwhere it colocalized with protein B23 (Fig. 2C, small ar-
facts of transfection. rows). During late telophase, when the nuclear envelope
is reformed and chromosomes are decondensed, the U3
snoRNA was still detectable in the NDF (Fig. 2B, small
The NDF contain U3 snoRNA arrows) and it was also present in the PNBs (large ar-
rows) and in reforming nucleoli (arrowheads) within the
As we showed above, the NDF contain fibrillarin which daughter cells. The U3 snoRNA signal in all three of
is associated directly or indirectly with U3 and severalthese structures colocalized with protein B23 (Fig. 2D).
other snoRNPs (Maxwell and Fournier 1995) and theHowever, at this stage the most intense labeling of U3
p52 protein which is also suggested to be a componesnoRNA was in reformed nucleoli, whereas the labeling
of snoRNPs (Gautier et al. 1992). Therefore, we askedf NDF and PNBs was relatively weak (Fig. 2B). The
whether the NDF also contain the most abundant snceolocalization of U3 snoRNA with protein B23 in the
RNA, U3 snoRNA. The in situ hybridizations were per- NDF during anaphase and telophase confirmed the pres-
formed with a biotin-labeled U3 snoRNA anti-senseence of U3 snoRNA in the same specific mitotic struc-
riboprobe using A5.9 CMT3 and Hela cells. The result-tures that are positive for nonribosomal perichromosom-
ing RNA-RNA hybrids were visualized with avidin con- al proteins listed above. Consequently, the presence of
jugated with Texas red. This was followed by immunolo-U3 snoRNA together with its major associated protein,
calization using an antibody to visualize protein B23.fibrillarin (see Fig. 1C), in NDF supports the view that
The hybridization signal of U3 snoRNA was present ex-mitotic NDF possibly contain mature assembled U3
clusively in the multiple nucleoli of interphase CMT3 snoRNP particles rather than nascent snoRNAs or unas-
(Fig. 2A, arrowheads) and Hela cells (not shown) withsembled snoRNP proteins.
no signal for U3 in the cytoplasm. The corresponding
sense U3 snoRNA riboprobe was used as a negative con-
trol and showed no specific labeling (not shown). FromThe NDF contain nucleolar protein No55
late prophase to early telophase the labeling for U3 sno-
RNA was dispersed in the cytoplasm with some signalA recently-characterized nucleolar protein designated
found in the perichromosomal region as illustrated inNo55 was found to be associated with the perichromo-
Fig. 2A with a CMT3 cell in anaphase. This is in agree-somal region from late prophase to early telophase and
ment with recent findings by other groups (Gautier et alin the PNBs during telophase (Ochs et al. 1996). To con-
1994; Weisenberger and Scheer 1995; Beven et dfirm our previous findings that the nonribosomal nucleo-
1996). In addition, the signal for U3 snoRNA was visi- lar proteins associated with the perichromosomal region
ble in the NDF in anaphase (Fig. 2A, small arrows),during mitosis are also present in the NDF, we per-
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Fig. 3A-D. Nucleolar protein No55 is
present in the NDF in CMT3 cells. At
telophase, protein No53\J as visual-
ized with specific autoimmune sera is
associated with numerous prenucleolar
bodies [arge arrowg and reforming nu-
cleoli (arrowhead in daughter nuclei
where it colocalizes with protein B23
(C) stained by anti-B23 mAb. In addi-
tion, both nucleolar proteins colocalize
in cytoplasmic NDFgmall arrows. La-
ter in telophase, protein No5B) colo-
calizes with protein B230) in promi-
nently stained reformed nucleodr¢ow-
head$ and prenucleolar bodiel(ge
arrows). Both proteins also colocalize in
several cytoplasmic NDFsgall ar-
rows). Interestingly, the anti-No55 auto-
immune serum stains structures in the
cleavage furrowléng arrowg during
cytokinesis A, B) which is completely
negative for protein B233, D). Bar
10um

formed double-labeling experiments using anti-No55 aubosomal nucleolar protein that did not fit this pattern of
toimmune sera and antibodies against protein B23 andistribution during mitosis. A candidate for this was
nucleolin. In agreement with Ochs et al. (1996), we obNopp140, which is a highly phosphorylated nucleolar
served that protein No55 is associated with the perichrgprotein that shuttles on tracks between the nucleolus and
mosomal region from late prophase to early telophasthe cytoplasm (Meier and Blobel 1992) and distributes
with diffuse staining throughout the cytoplasm. Duringthroughout the cytoplasm during metaphase (Meier and
anaphase protein No55 was also seen in numerous NDBlobel 1990). In prophase, Nopp140 was primarily asso-
where it colocalized with the other nonribosomal nucle-ciated with disintegrating nucleoli (Fig. 4A, arrowhead).
olar proteins mentioned above (not shown). In telophasBuring prometaphase the protein became dispersed in
(Fig. 3A,C), No55 was present in PNBs (large arrows)}he cytoplasm which was essentially its only location in
and in reforming nucleoli (arrowheads) as well as in themetaphase (Fig. 4B) and early telophase (Fig. 4C). Some
NDF (small arrows), where it colocalized with protein signal for Nopp140 remained in the cytoplasm during te-
B23. Curiously, labeling for No55 was also found inlophase, although substantial portions of the protein had
structures in the cleavage furrow (Fig. 3A, long arrow),entered reforming nucleoli by this stage (Fig. 4D, arrow-
which are negative for protein B23 (Fig. 3C) and otherheads). From anaphase through telophase the NDF which
nonribosomal nucleolar proteins immunolocalized incontained protein B23 were clearly visible (Fig. 4E,F,
this study. As the cells progressed further into telophassmall arrows). However, in the same cells Nopp140 did
the signal for No55 was more prominent in nucleolinot colocalize with protein B23 in the NDF (Fig. 4C,D).
(Fig. 3B, arrowheads), but it was also present in numerburing early telophase protein B23 was localized with
ous PNBs (large arrows) and NDF (small arrows). In aldecondensing chromosomes in the proximity of the reas-
three of these components protein No55 colocalizedembling nuclear envelope (Fig. 4E), whereas at this
with protein B23 (Fig. 3D). In the late telophase cellsstage Noppl140 localized exclusively in the cytoplasm
the labeling of the structures in the cleavage furrow(Fig. 4C). Noppl140 was not detected in numerous small
(Fig. 3B, long arrow) was even more prominent than indot-like PNBs positive for fibrillarin, protein p52, pro-
early telophase (Fig. 3A). tein B23, protein No55 and nucleolin (not shown) which
began to form in the proximity of decondensing chromo-
somes during this stage of mitosis. After completion of
Noppl140 is not associated with chromosome periphery nuclear envelope formation in late telophase Noppl140
and NDF during mitosis was prominently visible in newly reforming nucleoli
(Fig. 4D, arrowheads), as was protein B23 (Fig. 4F, ar-
For all the nonribosomal nucleolar proteins discussedowheads). There was no detectable labeling of Nopp140
above the pattern of localization during mitosis was simin numerous PNBs present in the nucleoplasm (Fig. 4D)
ilar, i.e., movement from disintegrating nucleoli to chro-which were positive for protein B23 (Fig. 4F, large ar-
mosomal periphery during late prophase, to NDF in anarows) and other nonribosomal nucleolar proteins exam-
phase, to PNBs in telophase and finally to reformed nuined in this study (not shown). Only on rare occasions
cleoli. Therefore, we searched for an example of a nonridid we detect tiny Nopp140-positive dots (one to three
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oli directly from its dispersed cytoplasmic location dur-
ing telophase.

Mitotic coiled bodies and NDF disappear
from the cytoplasm of telophase cells at
approximately the same time

Recent studies suggest that there is a close, but ill-de-
fined, relationship between the coiled body (CB) and the
nucleolus (Bohmann et al. 1995a,b), i.e., some nucleolar
components are shared between nucleoli and CBs: fi-
brillarin and U3 snoRNA, Noppl140 and NAP57, ribo-
somal protein S6 (Raska et al. 1991; Jiménez-Garcia et
al. 1994; Meier and Blobel 1994). It is also known that
when cells enter mitosis CBs disintegrate and p80 coilin
which is specifically located in CBs is dispersed in the
cytoplasm. However, the remnants of mitotic CBs
(MCBs) persist during mitosis in constant numbers until
late telophase (Andrade et al. 1993; Carmo-Fonseca et
al. 1993; Ferreira et al. 1994). It is interesting that there
appears to be a greater number of MCBs than interphase
coiled bodies, on a per cell basis. Therefore, we investi-
gated the relationship between NDF and MCBs and the
possibility that material from the NDF and from MCBs
entered postmitotic nuclei at similar times during mito-
sis. For this, we examined the location of p80 coilin
which is specifically located in CBs, relative to the loca-
tion of protein B23 which is present in the NDF but is
not present in CBs (Raska et al. 1991) and the p52 pro-
tein which is present in NDF but whose presence in CBs
has not been examined. During metaphase and anaphase
(Fig. 5A) p80 coilin was largely dispersed throughout
the cytoplasm, although some of the p80 coilin signal
was present in several MCBs (long arrows). In the same
] ) ] ] cells, numerous protein B23-containing NDF were clear-
Fig. 4A—F. Nucleolar shuttling phosphoprotein Nopp140 is not ly visible (Fig. 5E, small arrows): these did not colocal-

present in the perichromosomal region or in NDF in CMT3 cells.: . . . .
In early prophase Noppl140 visualized with a polyclonal anti-'2€ with the MCBs observed in Fig. 5A. No signal for

Nopp140 antibody is predominantly localized in disintegrating P80 coilin was found in the NDF (Fig. 5A,E). Similarly,
nucleoli @rrowhead (A). During metaphase Noppl40 is dis- in early telophase when the nuclear envelope is reform-
persed in the cytoplasnB). In early anaphase Nopp140 remains ing, the MCBs (Fig. 5B, long arrows) remained in the
in the cytoplasm@) in contrast with protein B23 which is associ- cytoplasm, although some of the dispersed p80 coilin
Sﬁggemﬂi]n “t”fe d,\elgcl’:rg)ecvﬂi”c% ‘;ﬁ;or;g;g\%‘éfor‘\‘gﬁﬁéﬁ?é; :E”?t signal was present in the newly forming nuclei. Interest-
small arrows. In late telophase Nopp140 is predominantly local- ingly, 9'!"'”9. m_etaphase and anaphase Some_MCBS were
ized in reforming nucleoligrrowhead$ within daughter nuclei also visible inside the mass of Chromosome_s in the meta-
with weak labeling in the cytoplasnD). Nopp140 colocalizes Phase plate or moving to opposite poles (Fig. 5A). How-
with protein B23 in reforming nucleolafrowhead$ but does not  ever, when the chromosomes decondense and the nucle-
colocalize with protein B23 in numerous prenucleolar bodiesar envelope is reassembling in early telophase the MCBs
(large arrowg and cytoplasmic NDFsmall arrowg (F). Bar  gre not present in the nuclear interior but some MCBs
10pm are near the cytoplasmic side of the nuclear envelope
(Fig. 5B, long arrows). At the same time, protein B23
was present in the nuclear interior and in the NDF
per daughter cell) which were reminiscent of PNBs in(Fig. 5F, small arrows) which did not colocalize with the
close proximity to reforming nucleoli in early stages of MCBs (Fig. 5B). In late telophase/early G1 phase cyto-
nucleologenesis. Virtually identical results we observecplasmic MCBs completely disappeared (Fig. 5C), as did
also for NAP57 protein (not shown). Thus, Nopp140 apthe NDF (Fig. 5G). In most late telophase cells p80 co-
pears to follow a different pathway into reforming nucle-ilin had entered the nuclei, where it was present only as
oli compared to several nonribosomal perichromosomadiispersed staining, but in some late telophase/early G1
nucleolar proteins: rather than associating with perichroeells a larger number of small newly reformed CBs was
mosomal regions and NDF in early stages of mitosis andisible (Fig. 5C, long arrows). In cells at this stage, p80
PNBs during nucleologenesis, it enters reforming nucleeoilin in newly reformed CBs did not colocalize with
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Fig. 5A—H. Mitotic coiled bodies (MCBs) and NDF disappear ed with decondensing chromosomes and prenucleolar bodies
from postmitotic daughter cells at the same time in CMT3 cells.(PNBs) (arge arrowg, but is also present in a few cytoplasmic
During anaphase the specific marker of coiled body, p80 coilin a?NDF (small arrow$ (F). In late telophase/early G1 phase p80 co-
detected by a polyclonal anti-p80 coilin antibody, is predominant-lin diffusively labels the nucleoplasm, but small newly forming
ly dispersed in the cytoplasm but it is also present in several resid=Bs (ong arrowg also become visibled). Protein B23 is present
ual MCBs (ong arrows (A). In contrast, protein B23 stained with in reforming nucleoli &rrowhead and many persisting PNBs
anti-B23 mAb decorates perichromosomal region and numerouflarge arrowg (G) which do not colocalize with newly reforming
NDF (small arrows (E) which do not colocalize with MCBS\{. CBs (C). During interphase p80 coilin is present in nuclear CBs
In early telophase when the nuclear envelope begins re-assembliong arrowg (D) where it colocalizes with the p52 proteior(g
p80 coilin is present in the cytoplasm and in several cytoplasmiarrows) (H) which is also found in nucleoliarowhead. Bar
MCBs (ong arrowg (B). In contrast, protein B23 is still associat- 10 um

protein B23 in PNBs (Fig. 5G, large arrows) and in re-has reformed and the NDF are greatly reduced in hum-
formed nucleoli (arrowhead). The superimposition ofber the wild-type Rev protein is excluded from the
separate images showing the simultaneous localizatiodaughter nuclei to cytoplasm (Fig. 6A) when other nu-
of p80 coilin (Fig. 5C) and protein B23 (Fig. 5G) did not cleolar proteins such as protein B23 enter nuclei and as-
show any overlap between the two signals (not shown)ociate with PNBs (Fig. 6C, large arrow) and then enter
Interestingly, in interphase cells there was colocalizatiomeforming nucleoli (arrowhead). In contrast, thans-
of the p52 protein with p80 coilin in nuclear CBs dominant negative Rev protein (TD Rev) which has a
(Fig. 5D,H, long arrows). This adds one more nucleoladefective nuclear export signal migrates to PNBs
protein to the list of proteins that are shared betweefFig. 6B, large arrows) and to the reformed nucleoli (ar-
NDF and CBs. These results indicate that the NDF andowhead), where it colocalizes with protein B23
the MCBs disperse and disappear from the cytoplasm &Fig. 6D). Unlike the wild-type Rev protein there is no
approximately the same time during mitosis. signal for the TD Rev in the cytoplasm in late telophase
(Fig. 6B). These results suggest that the disintegration of
the NDF is programmed to proceed regardless of the
The HIV-1 Rev protein disperses in the cytoplasm ability of their components to be imported into nuclei.
of late telophase cells

Previous studies indicated that the HIV-1 wild-type RevDiscussion

protein followed a pattern of location similar to that of

several other nucleolar proteins until early telophaseln this study, we have shown that the nonribosomal nu-
i.e., it associated with chromosomal periphery prior tocleolar proteins fibrillarin, nucleolin, protein B23, No55
metaphase and appeared in NDF in anaphase (Dundratd protein p52 have similar patterns of location
al. 1996). In late telophase when the nuclear enveloptiaroughout mitosis in human HelLa, monkey COS-7 and
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Fig. 6A-D. Localization of the wild-type

Rev protein andrans-dominant negative

Rev protein (TD Rev) in late telophase Rev-
expressing A5.9 CMT3 cells. The wild-type
Rev protein as detected with a polyclonal
anti-Rev antibody is present in the cyto-
plasm of daughter cells in late telopha&é. (
In contrast, protein B23 labeled with anti-
B23 mAb is present in reforming nucleoli
(arrowhead and numerous PNB#fge ar-
rows) (C). Both proteins colocalize in cyto-
plasmic NDF ¢mall arrowg (A, C). In con-
trast, the non-shuttling mutant TD Rev is lo-
calized in reformed nucleolafrowhead

and in PNBslérge arrowg (B) as is protein
B23 D) in late telophase. The wild-type Rev
protein @A), TD Rev B) and protein B23
(C,D) are also localized in a few persistent
cytoplasmic NDF gmall arrows. Bar 10 um

mouse 3T3 cells. The pattern we observed for this groupessing and ribosome assembly. For example, nucleolin
of proteins is an initial association with the perichromo-is associated with nascent preribosomal RNA (Herrera
somal region after the disintegration of nucleoli in lateand Olson 1986) and it has recently been found in pro-
prophase followed by accumulation in numerous NDFcessing complexes (Ghisolfi-Nieto et al. 1996). In addi-
during anaphase and telophase. Work presented here atimh, protein B23 is present in the dense fibrillar and
in previous studies (Dundr et al. 1996) also showed thajranular components of the nucleolus (Biggiogera et al.
atransdominant negative mutant HIV-1 Rev protein has1990) which contain preribosomal particles in various
a distribution during mitosis in CMT3 cells nearly iden- stages of assembly and processing. The ribonuclease ac-
tical to that of the above-mentioned proteins; howevertivity of protein B23 also suggests its involvement in
the wild-type Rev protein deviated from this pattern inpre-rRNA processing (Herrera et al. 1995). Finally, U3
late telophase. Although the NDF are less abundant arehoRNA and one of its associated proteins, fibrillarin,
slightly smaller in all the cell types tested as comparedavere recently observed in the perichromosomal region
to Rev-expressing CMT3 cells, they share other charadGautier et al. 1994; Weisenberger and Scheer 1995;
teristics that are virtually identical: they contain theBeven et al. 1996) and in the NDF (this work). Both of
same nonribosomal perichromosomal nucleolar proteinthese components are implicated in preribosomal RNA
listed above, appear in early anaphase, progressively dprocessing (Maxwell and Fournier 1995), which further
cline in number during early telophase and completelysupports the idea that material from the chromosome pe-
disappear in late telophase/early G1 phase. The greatéphery and NDF is involved in the processing and as-
size and larger number of the NDF in the CMT3 cellssembly stages of ribosome biogenesis. The presence of
may be due to the larger cell size and consequent preBeth U3 snoRNA and fibrillarin in these structural mitot-
ence of more nucleolar material per cell. In any eventic elements is in agreement with the observation that
these mitotic structures seem to be present in all mansnRNPs retain their mature overall structure during mi-
malian cells and they contain natural nucleolar compotosis (Reuter et al. 1985). It will be interesting to deter-
nents. mine whether other snoRNAs and snoRNPs follow the
The nucleolar proteins that coat the perichromosomatame pathway through mitosis as they return to the nu-
region from prometaphase until early telophase seem tcdeolus. In addition, it will be important to know wheth-
be involved in the nascent pre-rRNA processing and forer pre-rRNA is located in the NDF, since it has been ob-
mation of preribosomal subunits during ribosome bio-served in perichromosomal regions by at least two re-
genesis and they do not appear to be related to RNA pskarch groups (Medina et al. 1995; Beven et al. 1996).
| transcriptional events (Hernandez-Verdun et al. 1993). One example of a nonribosomal protein that does not
Several of the nucleolar proteins examined in this studyollow this pattern of behavior during mitosis is the rat
which are perichromosomal and also accumulate in thaucleolar shuttling phosphoprotein Nopp140. This pro-
NDF have been implicated in preribosomal RNA pro-tein was found in the nucleolar dense fibrillar compo-
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nents in interphase cells and dispersed throughout tHéDF seems to be maximal in mid- to late- anaphase, af-
cytoplasm at metaphase (Meier and Blobel 1990). Théer which it steadily declines as the nucleolar material is
same location was found for a human homolog ofincorporated into PNBs and nucleoli. There appears to
Noppl140, the p130 protein which shares 74% sequend® a stage in late telophase when the nuclear envelope
identity with rat Nopp140 (Pai et al. 1995). Our resultshas formed and when chromosomes have decondensed,
confirm the cytoplasmic distribution of Nopp140 from but only a few of the NDF remain in the cytoplasm
prometaphase to early telophase in CMT3 and HelL#&Fig. 3B,D). These remaining NDF could represent the
cells. In addition, Nopp140 was not found in the NDF inlast stage of the process when all of the nucleolar mate-
anaphase and telophase cells visualized in colocalizatiamal is removed from the chromosomes and the NDF pro-
experiments with nucleolar perichromosomal proteinsvide the final reservoir before it enters the nucleus. This
The same results were obtained for the nucleolar proteilatter scenario would suggest that the appearance and
NAP57 which is associated with Nopp140 (Meier anddisappearance of the NDF represents a highly regulated
Blobel 1994): NAP57 is dispersed in the cytoplasm fromprogram of events that delivers nucleolar material back
prometaphase to early anaphase with no detectable state-the nucleolus within a defined time frame.
ing of the NDF (not shown). These results are also con- The final question is: What is the function of the
sistent with our previous finding that ribosomal proteinNDF? Possible answers to this question are largely in
S6 which is also dispersed in the cytoplasm during mitothe realm of speculation. The first possibility is that nu-
sis, is not present in the NDF (Dundr et al. 1996). Thusgleolar components of a certain class have a high affinity
of the nucleolar proteins examined to date, those prdor each other whether they are in the nucleolus or out-
teins that have a dispersed cytoplasmic location duringide of it. These components would naturally aggregate
most of mitosis, none have been found in the NDF. if not attached to another structure. In this case there
Since the NDF have not been extensively charactemwould be no extraordinary function for the NDF. A sec-
ized, it is not known whether the NDF are the same as aynd function suggested by Benavente et al. (1989) and
analogous to previously described nucleolar remnantslernandez-Verdun et al. (1993) for the perichromosomal
(NRs). The NRs as the persisting nucleolar structuréayer is that it may be a storage site that permits equal
throughout mitosis were originally observed by Hsu etredistribution of nucleolar components between the
al. (1965) and later by Noel et al. (1971) in Chinesedaugher cells. This could also be the case for the NDF.
hamster tissues. More recently, NRs in Chinese hamst&ontrary to this notion, we have observed that the distri-
ovary (CHO) cells were shown to contain nucleolar peribution of the NDF in the cell plasm does not always re-
chromosomal proteins and U3 snoRNA (Azum-Géladesult in the equal apportioning of the NDF in the daughter
et al. 1994; Gautier et al. 1994). Interestingly, the CHCcells. Thus, it is not likely that the purpose of the NDF is
cells used in above studies contained just one promineid ensure uniform dispersal of the nucleolar components
NR during mitosis until late telophase. In contrast, theduring mitosis. The third possibility has already been al-
number of NDF during anaphase in HelLa, 3T3 anduded to above, i.e., the NDF may provide an orderly
COS-7 cell is sometimes as many as 50, but in Rev-eyprocess for delivery of nucleolar material to reforming
pressing CMT3 cells the number of NDF is occasionallynucleoli. The reason for this may have to do with timing
over 100. The CHO cells are characterized by high nuef events in nucleolar reformation. In late stages of mito-
cleolar activity in exponentially growing phase (Gautiersis nucleoli are reformed around NORs. Transcription
et al. 1994), as are all the cell types tested in this studynust take place initially before the pre-rRNA processing
Therefore, this discrepancy in numbers of NRs in CHCapparatus is added. There is evidence to suggest that the
cells and of NDF in other cell types cannot be explainedNDF contain pre-rRNA processing components rather
by different amounts of available nucleolar material. than constituents of the RNA pol | transcriptional appa-
How the NDF arise can only be speculated on at thisatus (see above). Thus, the NDF may be a means of
time. It is interesting that the same group of proteins an#leeping the processing components separated from the
U3 RNA are distributed among the chromosome periphtranscriptional complex until there is a need for process-
ery and the NDF simultaneously during anaphase and téng of the preribosomal RNA.
lophase. One possible explanation for this is that nucleo- A curious phenomenon exists with components that
lar material composed of those components is looselghould not normally be found in the nucleolus such as
associated with the chromosomes prior to and duringhe HIV-1 Rev protein. As shown here and in previous
metaphase. However, after metaphase there may be atudies (Dundr et al. 1996) Rev behaves like the peri-
terations of chromosome structure so that fewer bindinghromosomal/NDF proteins until telophase when it is
sites are available and less nucleolar material adheres ¢completely excluded from the nucleus and does not re-
the chromosomal periphery. In this case, a portion of thenter until G1 phase. Howevertrans-dominant nega-
chromosomal peripheral material moves to the cytotive mutant Rev with a defective nuclear export signal
plasm, where it forms large particles which serve as stobehaves like the other proteins described here. The prob-
age reservoirs until it is needed. A second possiblable reasons for delayed entry of the wild-type Rev pro-
mechanism would involve the formation of the NDF astein have been discussed previously (Dundr et al. 1996);
part of an orderly process to deliver the material fromhowever, the important point related to the current study
the chromosome periphery to the newly forming nucleois that complete coordination of the entry of the peri-
lus. This process would begin after metaphase and behromosomal/NDF proteins into nucleoli is not obligato-
completed in late telophase. Indeed, the number of the. In other words, all proteins found in the NDF need
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not reenter nuclei and nucleoli at the same time. This lat- chromosomal proteins during mitosis: cellular distribution and
ter observation would argue for a simple storage role for erzfgoégt'(%?uvzvr';g#?\;S(ggggANEVLOngLgﬁisilszgi for requlated
?ne E\?elf’]tra;herretaﬁaé]egl r:,]%rree ‘éﬁ?rg;)érrggalﬁog%/tﬁgge Ifrﬁ; simian virus 40 DNA replication. Mol Cell Biol 5: 3231-3240
. y »ag . . . %'hisolfi-Nieto L, Joseph G, Puvion-Dutilleul F, Amalric F, Bou-
ci must be done before their precise functions can be de- ¢t p (1996) Nucleolin is a sequence-specific RNA-binding
termined. protein: characterization of targets on pre-ribosomal RNA. J
Mol Biol 260: 34-53
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