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Abstract Mitosis is characterized by condensation of
chromatin, cessation of RNA transcription, and redistri-
bution of nuclear proteins. We investigated the distribu-
tion of the hypo- and hyperphosphorylated forms of
RNA polymerase Il in mitotic cells from different cell
lines by immunofluorescence. In interphase cells, the hy-
perphosphorylated RNA polymerase Il (Pol 110) is pres-
ent in speckles and diffusely throughout the nucleo-
plasm. In prophase, when speckles disappear, Pol 110
concentrates at the surface of chromosomes and, in addi-
tion, localizes in small spots throughout the cytoplasm.
The association of Pol 10 with the surface of chromo-
somes is visible until the chromosomes start to decon-
dense during late anaphase/early telophase. In telophase
cells, Pol 110 is absent in newly formed nuclei but pres-
ent in the cytoplasm, while Pol 110 disappears nearly
completely in late telophase cells. In early G1 cells,
when cell nuclei increase in size, Pol 110 becomes pres-
ent in the nucleus, first in small spots and later diffusely
and in speckles. The hypophosphorylated form of RNA
polymerase Il (Pol 11A) is nearly absent in mitotic cells
suggesting that Pol 11A is hyperphosphorylated at the on-
set of mitosis. Because Pol 110, unlike Pol [1A, cannot
assemble in transcription preinitiation complexes, the
conversion of Pol I1A to Pol 110 and the lining of chro-
mosomes with Pol 110 might be underlying a mechanism
by which mitotic cells repress their transcriptional activity.

Introduction

An important characteristic of mitosis is that RNA tran-
scription and processing stops (Prescott and Bender
1962). This transcriptional inactivation is associated with
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redistribution of transcription and processing factors and
extensive chromatin condensation, making gene sequenc-
es inaccessible for transcription factors. Concerning the
redistribution of nuclear factors in mitosis, most of our
current knowledge is derived from immunocytochemical
studies of nucleolar components. Concomitant with the
stop of RNA polymerase | (Pol |)-mediated transcription,
responsible for the synthesis of rRNAS, nucleoli start to
disintegrate in early prophase. Interestingly, cessation of
rRNA synthesis proved not to be the result of the disso-
ciation of Pol | from the transcriptionally active rRNA
genes. Notably, Pol | was shown to remain associated
with the condensed rRNA genes throughout mitosisin a
state of arrested transcription (Scheer and Rose 1984,
Matsui and Sandberg 1985; Gilbert et al. 1995). Also,
some nucleolar proteins, including transcription initia-
tion factor UBF (Roussel et al. 1993), TATA-binding
protein/SL1 (Jordan et al. 1996), TATA-binding protein-
associated factor for Pol | (Roussel et al. 1996), and the
nucleolar organizer region protein ppl35 (Pfeifle et al.
1986), remain associated with the rRNA genes. Howev-
er, other nucleolar proteinsinvolved in rRNA processing
or ribosome assembly redistribute throughout the cyto-
plasm at the onset of mitosis. Many of these proteins, in-
cluding for example fibrillarin (Yasuda and Maul 1990),
the small nucleolar RNAs U3 and U14 (Beven et al.
1996), Ki-67 (Verheijen et al. 1989; Isola et al. 1990;
Starborg et al. 1996), and major nucleolar phosphopro-
tein B23 (Zatsepina et a. 1997), were shown to accumu-
late at the surface of all chromosomes at late pro-
phase/metaphase until early telophase while a few others
remained uniformly distributed in the cytoplasm
(Jiménez-Garcia et a. 1994; Pai et a. 1995). In |ate telo-
phase/early G1 all these factors were shown to move
from the chromosome periphery or cytoplasm into form-
ing nucleoli along a number of different pathways. Equal
partitioning of factors between daughter cells, a reassem-
bly of nuclei and nucleoli, as well as maintenance of
chromosome integrity have been suggested as possible
functions for the perichromosomal compartmentalization
of nucleolar proteins.



406

In contrast to rRNA processing factors, those needed
for mMRNA processing have not yet been found associat-
ed with specific chromosomal sites or with the surface of
chromosomes. |mmunofluorescence studies reveaed that
splicing factors, including snRNPs, are localized in
speckle domains and more diffusely throughout the nu-
cleoplasm excluding nucleoli in interphase cell nuclei
(Spector 1993). This organization appeared highly dy-
namic and dependent on the transcriptional activity of
genes (Dirks et al. 1997; Misteli et a. 1997). A more
drastic reorganization of splicing factors was observed
when cells entered mitosis. In metaphase and anaphase
cells, splicing factors are found distributed throughout
the cytoplasm and, in addition, concentrated in a few cy-
toplasmic foci. During telophase, splicing factors redis-
tribute to daughter cell nuclei and when cells progress to
G1 speckle domains are formed (Ferreiraet al. 1994).

At this moment there is no detailed information avail-
able about the localization pattern of other mRNA pro-
cessing factors in the mitotic phase of the cell cycle. The
only non-nucleolar factors that are found associated with
the perichromosoma compartment in mitosis are bcl-2
(Willingham and Bhalla 1994) and possibly RNA poly-
merase |l (Pol I1). Early biochemical work on isolated
chromosomes provided evidence that Pol 11 is present in
mitotic chromosomes as a structural component (Matsui et
al. 1979). Furthermore, it was shown that the amount of
Pol 11 associated with mitotic chromosomes was nearly
the same as the amount associated with chromatin in inter-
phase. These studies did not, however, provide morpho-
logical information nor did they make a distinction be-
tween the hypo- and hyperphosphorylated forms of Pol I1.
The hypophosphorylated form of Pol 1l (Pal 11A) is re-
quired for the formation of transcription preinitiation com-
plexes and immunocytochemical studies revealed that it is
widely distributed in interphase cell nuclei as small foci
(Bregman et a. 1995). Concomitant with transcription ini-
tiation, Pol I1A gets hyperphosphorylated at the carboxy-
terminal domain which is needed for the recruitment of
RNA processing factors (Neugebauer and Roth 1997).

In interphase cell nuclei, hyperphosphorylated Pol 11
(Pol 110) is found localized in speckle domains, which
also contain splicing factors, and in small foci through-
out the nucleoplasm which colocalize with sites of active
gene transcription (Zeng et al. 1997). How Pol |1 localiz-
es in mitotic cells is not completely understood yet be-
cause the limited number of studies on this subject are
not conclusive. Thibodeau and Vincent (1991) found a
255-kDa phosphoprotein, identified as Pol 110 (Vincent
et al. 1996), to be present in the cytoplasm of metaphase
cells. In contrast to this observation, Kim et al. (1997)
reported the presence of Pol 110 at the surface of meta-
phase chromosomes though they did not report its local-
ization in other stages of mitosis. Because of this contro-
versy and lack of knowledge, we studied the distribution
of Pol 1A and Pol 110 in the different stages of mitosis
using specific antibodies directed against Pol 110 and
Pol 11A. Our results show that during prophase Pol 10
starts to accumulate at the periphery of chromosomes

and remains associated with the chromosome periphery
until anaphase. At late anaphase/early telophase when
chromosomes decondense, the Pol 11O staining around
chromosomes disappears and becomes visible in the cy-
toplasm. When cells proceed to telophase and when
daughter cells are formed, the Pol 110 staining disappears
almost completely. Finally, Pol 110 reappearsin early G1
cells, first in dispersed foci and later in speckle domains.
The amount of Pol I1A appears to be strongly reduced in
the different stages of mitosis and Pol IIA never accumu-
lates at the surface of chromosomes. The possible impli-
cations of these observations are discussed.

Materials and methods

Cdl lines

Rat fibroblast 9G, human osteosarcoma U20S, and HelLa (X1)
cells were cultured on non-coated microscope glass slides in Dul-
becco’s modified Eagle medium supplemented with 0.03% gluta-
mine, 1000 U/ml penicillin/streptomycin, and 10% fetal calf serum
(all from Gibco BRL, Gaithersburg, Md., USA) in a5% CO, atmo-
sphere. To inhibit transcriptiona activity of Pol 11, cells were incu-
bated for 0.5-2 h with 25 pg/ml 5,6-dichloro-1-B-p-ribofuranosyl-
benzimidazole (DRB; Sigma, St. Louis, Mo., USA) or 0.5 pg/ml
actinomycin D (Sigma).

Pretreatments and fixation of cells

Slides with cells were briefly washed in PBS and fixed in one of
the following fixatives for 15 min: 3.7% formaldehyde (Merck,
Darmstadt, Germany), 5% acetic acid in PBS; 3.7% formaldehyde
in PBS; 50% methanol/50% acetone (v/v); methanol only. After
fixation in formaldehyde-containing fixatives, cells were briefly
washed in PBS and stored in 70% ethanol at 4°C. Cells fixed in
methanol/acetone or methanol were washed and stored in 70%
ethanol at 4°C.

Some dlides with cells were incubated in 0.1% Triton X-100
for 5 min at 4°C before fixation essentialy as described (Dirks et
a. 1995). Following this extraction, cells were either washed in
PBS and fixed or incubated with 200 pg/ml RNase A in PBS for
30 min before fixation.

Immunocytochemical detection

Cells fixed in formaldehyde/acetic acid or in formaldehyde and
stored in 70% ethanol were briefly washed in deionized water and
pretreated with 0.1% (w/v) pepsin (Sigma) in 0.01 M HCI for

Fig. 1Al Localization of RNA polymerase Il in rat 9G cells
which are in different stages of the cell cycle. Hyperphosphorylat-
ed RNA polymerase Il (Pol 110; A-H) and hypophosphorylated
RNA polymerase Il (Pal 11A; I) were localized by immunofluores-
cence (green) using mAb CC-3 and mAb 8WG16, respectively.
A Localization of Pol 110 in an interphase cell. In early prophase
(B)/prophase (C), Pal 110 redistributes and is found localized near
the condensing chromosomes. D,E Metaphase and anaphase cells
revealed a clear staining of Pol 110 lining the chromosomes. The
numerous small cytoplasmic spots are not in focus. In telophase
cells, Pol 110 is only detectable in the cytoplasm (F) and in late te-
lophase cells there is no Pol 110 detectable anymore (G, arrows).
When cells are in early G1, a fine punctate distribution of Pol 110
is observed in the nucleus (H, arrows). | Metaphase cells stained
with mAb 8WG16 revealed a few spots but no association of Pol
IIA with chromosomes. Cells are counterstained with DAPI
(blue). Bar 15 pm
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1 min at 37°C. Then, cells were briefly washed in deionized water,
washed for 3 min in 70% ethanol to inactivate the pepsin, and
washed for 3 min in TRIS-buffered saline (TBS: 150 mM NaCl,
100 mM TRIS-HCI, pH 7.4). Cells were then incubated with the
first antibody which may consist of mAb CC-3 (Vincent et al.
1996) for the detection of Pol 110, mAb 8WG16 (Thompson et al.
1989; Promega, Madison, Wis., USA) for detection of Pol IIA, or
mADb anti-m3G (Oncogene Science, Cambridge, Mass., USA) for
the detection of splicing factors. Methanol/acetic acid- and metha-
nol-fixed cells were washed in TBS and incubated with one of
these antibodies. After the first antibody layer, cells were washed
3x5 min in TBS and then incubated with rabbit anti-mouse FITC
(Sigma). All antibodies were diluted in TBS containing 0.5%
(w/v) blocking reagent (Boehringer Mannheim, Mannheim, Ger-
many) and incubations were done for 30 min at room temperature.
Finally, cells were washed 3x5 min in TBS, dehydrated in a grad-
ed ethanol series, and mounted in Vectashield (Vector Laborato-
ries, Burlingame, Calif., USA) containing 4',6-diamidino-2-phe-
nylindole (DAPI) asaDNA counterstain.

Microscopy

A Leica epifluorescence microscope (DM; Leica) equipped with a
100-W mercury arc lamp, single bandpass filters for fluorescein
and DAPI, and a 63x oil objective with a 1.3 numerical aperture
was used to examine the cells. Digital images were collected with
a cooled CCD camera (Photometrics) and processed on a Macin-
tosh computer using SCIL-image (Multihouse, The Netherlands).

Results

Using mAb CC-3, which has previously been shown to
react with a phosphoepitope on the carboxy-terminal do-
main of RNA polymerase (Vincent et al. 1996), we have
analyzed the distribution of Pol 110 in rat fibroblast 9G
as well as in human U20S and HelLa (X1) cells. Inter-
phase cells of these cell types revealed a speckled distri-
bution of Pol 110 in addition to a more diffuse staining
throughout the nucleoplasm excluding nucleoli (Fig. 1A).
These patterns were very similar to those described pre-
viously (Mortillaro et a. 1996; Neugebauer and Roth
1997). In early prophase, when chromosomes start to
condense and nucleoli disassemble, the pattern of Pol
10 localization changed. The staining of speckles gradu-
ally disappeared while Pol 110 started to accumulate near
the condensing chromatin (Fig. 1B). As prophase pro-
ceeds, the association of Pol 10 with the boundaries of
chromosomes became more clear and speckles were no
longer visible (Fig. 1C). In approximately 20% of the
Hel a (X1) cells some bright foci were observed in addi-
tion to the staining around chromosomes. M etaphase and
early anaphase cells of all cell lines tested revealed an
intense staining of chromosome boundaries in addition
to punctate cytoplasmic signals (Fig. 1D,E). The cyto-
plasmic signals, which are out of focusin Fig. 1D and E,
were most abundant and most intense in HeLa (X1) cells
and obscured the signals derived from the chromosome
boundaries. Judged visually, the fluorescence staining of
metaphase cells with mAb CC-3 appeared much more
intense than the staining of interphase cells. In late ana-
phase/early telophase cells, when chromosomes start to
decondense, the Pol 110 staining of chromosomes disap-

peared while the cytoplasmic staining remained present
(Fig. 1F). Interestingly, no or hardly any Pol I10 was ob-
served in late telophase/early G1 cells (Fig. 1G). This
was consistently found in all cell lines used in this study.
At the next stage, when daughter cell nuclei increased in
size, a spot-like Pol 110 staining pattern was observed
(Fig. 1H).

Cells were aso stained with antibodies specific for
splicing factors while the same secondary antibody was
used by which mAb CC-3 was detected. In accordance
with previous studies (Ferreira et a. 1994), these antibod-
ies did not reveal any staining of chromosome boundaries
in mitotic cells. Instead, splicing factors were located dif-
fusely and in a few foci in the cytoplasm of these cells
(result not shown).

To exclude the possibility that the observed staining
patterns are the result of a fixation artifact, rat 9G and
U20S cells were fixed using different fixatives. All fixa-
tives tested revealed identical localization patterns of Pol
10 though strongest fluorescence intensities were ob-
served in cells fixed with methanol/acetone followed by
cells fixed in formaldehyde/acetic acid. However, when
cells were fixed in methanol/acetic acid, the chromo-
somes appeared to be swollen.

To learn more about the nature of Pol 110 association
with the chromosomal periphery, cells were treated with
Triton X-100 before fixation. After such a treatment the
intensity of Pol 110 staining around chromosomes did
not diminish, not even when this treatment was followed
by an incubation with RNase A. The number and stain-
ing intensity of speckle domains in interphase cells,
however, was found strongly reduced. Also, when cells
were cultured in the presence of the transcription inhibi-
tors DRB or actinomycin D, the Pol 110 staining pattern
in mitotic cells appeared unaffected while speckle do-
mains in interphase cells showed characteristic changes
such as rounding-up and an increase in fluorescence in-
tensity (result not shown).

We aso investigated the distribution pattern of Pol
A with mAb 8WG16. Pol IIA revedled a punctate
staining pattern throughout the nucleus in interphase
cells, which is in accordance with previous studies
(Bregman et a. 1995). Mitotic cells, however, revealed
much less Pol II1A staining compared to interphase cells
and no staining of chromosome boundaries (Fig. 11).

Discussion

Pol 11A and Pol 110 have been shown to have different
localization patterns in interphase cells. Pol |1A is pres-
ent in numerous small foci throughout the cell nucleus
while Pol 110 is concentrated in speckle domains and
diffusely localized in the nucleoplasm. In this study, we
show that the different forms of Pol 11 also have different
localization patterns in mitotic cells. A subset of Pol 10
is shown to associate with the periphery of chromosomes
when cells enter mitosis and to line the periphery of
chromosomes until late anaphase is reached and when



chromosomes start to decondense. Another subset of Pol
10 was observed in the cytoplasm of mitotic cellsin a
punctate pattern. In telophase cells, Pol 10 was detected
only in the cytoplasm of cells, while at |ate tel ophase and
just after cytokinesis Pol 110 could not be detected any-
more. As the daughter cell nuclei increase in size, Pol
10 staining was observed again in the nucleus, first in
small spots and later in speckles. That the strong staining
of Pol 110 at the surface of chromosomes has not been
noticed in previous studies could be due to the strong,
punctate cytoplasmic staining of Pol 110 in metaphase
cells of some cell types (Thibodeau and Vincent 1991).
Only recently, Pol 110 was shown present at the periph-
ery of chromosomes using a different mAb specific for
Pol 10 (mAb H5) than we used in this study (Kim et al.
1997). Previous studies, however, did not reveal a stain-
ing of chromosomes with mAb H5 (Warren et a. 1992).
Our microscopic observations support early biochem-
ical studies showing that Pol Il is present in isolated mi-
totic chromosomes and we show now that it is Pol 10
that decorates the chromosomes. However, because of
the limited resolution of the light microscope it is not
possible to conclude whether Pol 110 associates only
with the chromosome surface or forms a structural com-
ponent of chromosomes. Staining of cells with mAb
8WG16 revealed that the amount of Pol 1A staining is
greatly reduced in mitotic cells compared to interphase
cells and that Pol 11A is not associated with the periphery
of chromosomes. Previously it has been suggested that
the increase of Pol 110 staining in mitotic cells is due to
a better accessibility of Pol 110 for antibodies in mitotic
cells and we can also reason that the decrease in Pol 1A
staining is caused by masking of Pol 11A in mitotic cells
rendering them inaccessible for antibody detection. It
may, however, also be true that the decrease of Pol IIA
staining is directly related to the increase in Pol 110
staining. Because it has been shown that the total amount
of RNA polymerase in metaphase cells remains the same
as in interphase cells, this could mean that Pol 11A is hy-
perphosphorylated at the start of mitosis. This would
make sense because Pol 1A isrequired for the formation
of transcription initiation complexes. Because Pol 110
cannot be assembled into preinitiation complexes (see
for example Chesnut et al. 1992), the transition from Pol
1A to Pol 110 might be a mechanism by which cells
block their transcriptional activity during mitosis.
Phosphorylation of Pol 1A can be mediated by a
number of kinases including the basal transcription fac-
tor TFIIH and Cdc2. Cdc2 kinase is activated when cells
enter mitosis and it has recently been shown that phos-
phorylation of the carboxy-terminal domain by Cdc2
kinase can inhibit transcription (Gebara et al. 1997).
Gebara et al. (1997) also observed an increase in the
abundance of Pol 10 during mitosis which would be in
accordance with our observation that the fluorescence in-
tensity of Pol 110 staining in mitotic cellsis much higher
compared to that in interphase cells. However, it is also
possible that the mAb CC-3 recognizes, in addition to
phosphoepitopes on Pol |1, phosphoepitopes on other
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proteins which are formed during mitosis and are present
around chromosomes. This possibility is currently being
investigated by Dr. Michel Vincent’s group (Université
Laval, Canada). On the basis of our observations and
those of Gebara et a. (1997), we can postulate that at the
onset of mitosis Pol 11A, which is present near preinitia-
tion complexes, gets hyperphosphorylated and can,
therefore, be detected at the surface of condensed chro-
mosomes as Pol 110 with mAb CC-3. Whether Pol 110,
which is present in speckles and diffusely distributed
throughout the nucleoplasm at interphase, also associates
with the surface of chromosomes or moves together with
splicing factors to the cytoplasm cannot be answered
here.

In addition to Pol 110, many other factors, mostly de-
rived from nucleoli, are found associated with mitotic
chromosomes (see Introduction). It has been suggested
that nuclear factors line the chromosomes to be equally
distributed among daughter cells. In the case of Pol Il
this seems less likely because at the end of telophase
there was hardly any Pol Il staining observed in the cyto-
plasm and nucleus of cells. Alternatively, it has been
suggested that nuclear factors form a coat around the
chromosomes to preserve their integrity during cell divi-
sion. Like the nucleolar factors, Pol 110 is firmly associ-
ated with chromosomes because it cannot be removed by
Triton X-100 or RNase treatment. Therefore, we cannot
exclude the possibility that Pol 110 plays a role in pre-
serving chromosome integrity in addition to ensuring
transcriptional repression. Future studies may tell us how
Pol 110 is bound to the surface of mitotic chromosomes
and whether some of the nucleolar components, also
shown to line the chromosomes in mitosis, interact with
Pol 110 and play arolein preventing transcription.
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