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Intranucleolar Localization of Human Proliferating Cell Nucleolar Antigen pl20*
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ABSTRACT

The human proliferation-associated nucleolar antigen p120 was local
ized to substructures within HeLa cell nucleoli by immunofluorescence
and immunoelectron microscopy of cells whose nucleoli were segregated
by drug treatment or extracted with nucleases. By indirect immunofluo
rescence, protein pi 20 was localized diffusely throughout all interphase
nucleoli. However, high resolution immunoelectron microscopy demon
strated that protein pl20 staining delineated a network of 20-30-nm
diameter beaded fibrils distributed throughout the nucleolus. This distri
bution was unique compared to that of the nucleolar proteins p145, RNA
polymerase I, or B23 which were examined simultaneously. Drug-induced
segregation of nucleoli by actinomycin D or dichlorobenzimidazole ribo-
side, followed by immunoelectron microscopy, indicated that protein pi 20
was concentrated at the periphery of the granular region in segregated
nucleoli. In situ nuclease digestion of cells with DNase I and/or RNase
A did not release pi20 from the nucleolus. Instead, pi20 immunoreactiv-
ity was retained within phase-dense residual nucleoli. These results
provide evidence that protein pi 20 is associated with, and in fact deline
ates, a network of fibrils which is retained in the nucleolar residue
fraction of proliferating cells.

INTRODUCTION

Recent immunological studies have shown that a number of
macromolecules are present in cancer cells and other dividing
cells which are undetectable in most nondividing cells (1-17).
In one of the first studies, using sera from certain autoimmune
patients, a nuclear antigen was detected in proliferating cells
that was not found in quiescent cells (1-3). Consequently, it
was designated as a PCNA.3 This PCNA was confined to the

nucleoplasm, and transiently expressed in the nucleolus during
S phase, as observed by immunofluorescence microscopy (1-2,
4-5). More recent work has shown that PCNA, or "cyclin" (6)

as it has been designated, is actually a M, 36,000 subunit of
DNA polymerase (4, 7) which would explain its association
with dividing cells.

Since the nucleolus is recognized as being hyperactive and
highly pleomorphic in cells of malignant tissues compared to
nucleoli in most normal tissues (18, 19), the nucleolus has been
a target in the search for antigens which distinguish cancer
cells. Early attempts involved the isolation of tumor nucleoli as
a source of antigen and subsequent immunization to produce
polyclonal antibodies which would recognize tumor, but not
normal, cells (8-10). Recently, monoclonal antibodies have
been used to identify a number of nucleolar antigens in prolif
erating but not in resting cells (12-16).

One recently identified antigen (17) has a molecular weight
of 120,000 (designated as p 120). It was found in nucleoli of
cells from a broad range of tumors but not in nucleoli of cells
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from most normal tissues. The p 120 antigen was detected in
nucleoli of freshly fed HeLa cells, in undifferentiated HL-60
cells, and in phytohemagglutinin-stimulated peripheral blood
lymphocytes, but was not detected in nucleoli of starved HeLa
cells, differentiated HL-60 cells, or in resting lymphocytes.

In this paper we describe the localization of the p 120 antigen
within fibrils of normal and drug-segregated nucleoli, and pro
vide evidence that p 120 is a component of the nucleolar matrix.

MATERIALS AND METHODS

Cells. HeLa S3 cells were obtained from the American Type Culture
Collection and grown in Dulbecco's modified Eagle's medium contain

ing 10% fetal bovine serum. Cells were routinely used at Day 2 after
seeding.

Antibodies. Mouse monoclonal antibodies against nucleolar proteins
pl20 (17), pl45 (13, 14), B23 (20, 21), and human antibody against
nucleolar RNA polymerase I (22) were previously characterized.

Nucleolar Segregation. For segregation of nucleoli, cells were exposed
for 2 h at 37Â°Cto 1 fig/ml actinomycin D-mannitol (Sigma) or 25 Â¿ig/

ml DRB (Sigma); both were dissolved in culture medium.
Immunofluorescence. For indirect immunofluorescence, cells were

grown on glass coverslips, briefly rinsed with PBS [0.01 M PO4/0.15 M
NaCl (pH 7.4)], fixed 20 min at room temperature with 2% EM-grade
formaldehyde (Polysciences) buffered with PBS, rinsed with PBS, and
permeabilized with 100% acetone at â€”¿�20Â°Cfor 3 min. After primary

antibody incubation and rinsing with PBS, affinity purified goat anti-
mouse IgG coupled to fluorescein isothiocyanate (Cappel) was added.
Following several rinses in PBS, coverslips were mounted on slides
with glycerol-PBS containing 2% n-propyl gallate (Sigma).

Electron Microscopy and Immunoelectron Microscopy. For conven
tional electron microscopy, cells were grown on 60-mm Lux Permanox
dishes, fixed with 2.5% glutaraldehyde buffered with PBS, rinsed with
PBS, postfixed with 2% OsO4, dehydrated with ethanol, and embedded
in Polybed 812 (Polysciences). Embedded monolayers were thin sec
tioned and stained with lead citrate and uranyl acetate.

For immunoelectron microscopy, cells grown on Lux dishes were
fixed 30 min at room temperature with EM-grade formaldehyde (Pol
ysciences) buffered with PBS and then permeabilized for 5 min with
0.5% Triton X-100 as described previously (21, 23). After fixation,
permeabilization, and blocking with 1% normal goat serum in PBS,
primary antibodies against nucleolar proteins p 120. p 145, B23, and
RNA polymerase I were added and incubated 16 h at 4Â°C.After several

PBS rinses, biotinylated goat anti-mouse IgG (Vector Labs) or biotin-
ylated goat anti-human IgG (Vector Labs) was added followed by the
preformed ABC complex of avidin:biotinylated horseradish peroxidase
(Vectastain, Vector Labs). The antibody complex was visualized by the
addition of 1 mg/ml diaminobenzidine-HCl and 0.01% H2CÂ»2followed
by osmification, dehydration, and embedment as described for conven
tional electron microscopy. Thin sections of antibody-labeled cells were
examined unstained in order to visualize the electron-dense peroxidase
reaction product.

In Situ Nuclease Digestion. Cells grown on coverslips were rinsed in
PBS, fixed 5 min at -20Â°Cwith 100% methanol followed by 2 min at
-20Â°Cwith 100% acetone and then digested for l h at 37Â°Cwith either

1 mg/ml RNase A (Sigma) in PBS or 100 U/ml DNase I (Worthington)
in PBS containing 7 mM MgCl2. Both enzyme solutions contained 1%
bovine serum albumin to prevent potential protease digestion of the
fixed cells. Digested cells were rinsed in PBS and processed for immu
nofluorescence.

In Situ Nuclear Matrix. In situ nuclear matrix preparations were
made essentially as described by Capeo et al. (24). Briefly, cells grown
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on coverslips for immunofluorescence or on Lux dishes for electron
microscopy were rinsed with PBS at 4Â°C,extracted 3 min at 4Â°Cwith
extraction buffer [10 mM piperazine-Â¿V,./V'-bis(2-ethanesulfonic acid),

250 min (NH4)2SO4, 300 mM sucrose, 3 mM MgCl2, 1 mM PMSF,
0.5% Triton X-100], rinsed with digestion buffer (10 mM piperazine-
/V,A''-bis(2-ethanesulfonic acid), 50 mM NaCl, 300 mM sucrose, 3 mM

MgCl2, 1 mM PMSF, 0.5% Triton X-100) at room temperature, di
gested with 50 U/ml DNase I (Worthington) for 20 min at room
temperature, rinsed with digestion buffer, digested with 50 U/ml RNase
A (Worthington) for 20 min at room temperature, rinsed with digestion
buffer, rinsed 5 min at room temperature with extraction buffer, rinsed
again with digestion buffer, and fixed in digestion buffer for either
immunofluorescence or electron microscopy as described above.

RESULTS

Immunofluorescence. As shown by indirect immunofluores
cence microscopy, the monoclonal antibody to protein p 120
was distributed throughout interphase nucleoli of cultured
HeLa cells (Fig. 1). There was no detectable fluorescence in
either the nucleoplasm or the cytoplasm. High magnification
immunofluorescence revealed the diffuse nature of the nucleolar
staining (data not shown).

Immunoelectron Microscopy: pi 20 Localization Compared to
Other Nucleolar Proteins. To examine the distribution of pro
tein p 120 at higher resolution, immunoelectron microscopy
was done on cultured HeLa cells using the amplified avidin-
biotin ABC peroxidase system of Hsu et al. (25). Fig. 2 illus
trates the unique distribution of protein p 120 (Fig. 2C) com
pared to the normal morphology of the HeLa nucleolus (Fig.
2A) and to the distribution of nucleolar proteins p 145 (Fig.
2D), RNA polymerase I (Fig. 2E), and B23 (Fig. 2F) in HeLa
cells fixed and processed identically for immunoelectron mi
croscopy compared to a nonimmune negative control (Fig. 2B).
Protein p 120 was distributed throughout the nucleolus in tor
tuous beaded fibrils 20-30 nm in diameter (arrowhead in Fig.
2C, inset). Protein p 145 was more localized to fibrillar or
nucleolonema-like elements throughout the nucleolus (Fig. 2D)
while RNA polymerase I was concentrated in fibrillar centers
(Fig. 2E). Protein B23 was localized throughout the granular
region of the nucleolus and to a lesser degree in the nucleo
plasm, but was not detected within fibrillar centers (Fig. 2F).

At high magnification (Fig. 3), antibody to protein p 120
appeared to stain a network of beaded fibrils (Fig. 3B). Because
of their tortuous nature, different staining profiles were ob
tained, varying from bead-like (or granular) to actual filaments
(arrowheads in Fig. 3). These beaded fibrils reached measurable
lengths of 2-3 pm, but they are probably much longer in three
dimensions.

Fig. 1. Phase (A) and indirect immunofluorescence (B) of HeLa cells labeled
with monoclonal antibody against nucleolar protein p 120. Each interphase nu
cleolus is labeled. Bar, 20 Â¿im.

Nucleolar Segregation. To ascertain if protein p 120 was lo
calized to a specific subcompartment of the nucleolus, cells
were treated with actinomycin D (Fig. 4, A, B, and E) or DRB
(Fig. 4, C, D, and F), both of which result in segregation of
nucleoli into fibrillar regions which separate from the preribo-
some-containing granular regions (23). After drug treatment,
cells were then processed for immunostaining of protein p 120
by immunofluorescence (Fig. 4, A-D) and immunoelectron
microscopy (Fig. 4, E-F).

After treatment with actinomycin D, protein p 120 staining
was confined to the periphery of the granular region (arrowhead
in Fig. 4E), while the fibrillar cap remained unstained (arrow
head in Fig. 4, A and B). By immunoelectron microscopy,
protein p 120 staining appeared in the form of collapsed fibrils
(arrowheads in Fig. 4E) localized at the edge of the segregated
granular region.

After DRB treatment, the staining pattern was in the form
of coarse filaments (arrowheads in Fig. 4F) which were local
ized at the periphery of the segregated granular region. Protein
p 120 staining was not detected in fibrillar regions (Fig. 4F).

In Situ Nuclease Digestion. To examine the potential rela
tionship between protein p 120 and nucleolar RNA or DNA, in
situ nuclease digestion was performed on fixed HeLa cells with
RNase A (Fig. 5, E-H) or DNase I (Fig. 5, I-L) followed by
indirect immunofluorescence staining with antibody to protein
p 120 (Fig. 5, A, B, E, F, I, J) or protein B23 (Fig. 5, C, D, G,
H, K, L). The RNase digestion resulted in removal of protein
B23 from the nucleolus (Fig. 5H) but protein p 120 was retained
in the nucleolar residue (Fig. 5F). DNase digestion did not
remove protein pl20 (Fig. 57) or protein B23 (Fig. 5L).

These results are compatible with the previously reported
finding that protein B23 is in the RNA-containing granular
region of the nucleolus in association with preribosomes (21).
The resistance of protein p 120 to digestion with either RNase
or DNase led to an analysis of its localization to the nucleolar
matrix.

In Situ Nuclear Matrix. Fig. 6 is a composite of the results
obtained after extraction of unfixed HeLa cells followed by
digestion with DNase (Fig. 6, A-D), RNase (Fig. 6, E-H), or
DNase followed by RNase and salt extraction to obtain the
nuclear matrix (Fig. 6, I-L). Following digestion and extraction,
the residue was fixed and immunostained for detection of
protein p 120 (Fig. 6, A, B, E, F, I, J) or protein B23 (Fig. 6, C,
D, G, H, K, L). After DNase I digestion alone, the nucleoli were
somewhat swollen but neither protein pi20 (Fig. 6B) nor
protein B23 (Fig. 6D) was removed. After RNase A digestion
alone, the nucleoli were much smaller but still phase-dense.
Protein p 120 was not extracted by RNase (Fig. 6F) but protein
B23 was totally removed (Fig. 6H). In the matrix preparation,
protein p 120 was retained in residual nucleoli (Fig. 6J) but
protein B23 was undetectable (Fig. 6L), although phase-dense
nucleoli were still present (Fig. 6K). The number and position
of residual nucleoli within the nucleus were unchanged in the
nuclear matrix preparation (Fig. 6, /, K) compared to nucleoli
of undigested cells.

DISCUSSION

Nucleolar protein p 120 has a number of novel properties that
distinguish it from other recently identified proliferating-cell
nucleolar antigens (12-17). Compared to any previously de
scribed nucleolar proteins, p 120 is unique in its distribution as
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Fig. 2. Electron microscopy of I k-I.a cell nucleoli optimally lived with glutaraldehyde and stained with lead citrate-uranyl acetate (I ) or fixed with formaldehyde
and prepared for immunoelectron microscopy with nonimmune normal mouse serum (A) or antibody against nucleolar proteins pi 20 (C), pi45 (/>), RNA polymerase
I (/:'). and B23 (/â€¢').A, glutaraldehyde fixed and heavy metal stained HeLa nucleolus is composed of well-defined fibrillar centers (FC), dense fibrillar component

(DFC), and granular (G) regions. Bar, 0.5 /MILB, formaldehyde-fixed HeLa nucleolus is well preserved and when labeled with nonimmune normal mouse serum, no
electron-dense peroxidase reaction product was observed. Bar, 0.5 /un. C, protein pl20 labeling appears throughout the nucleolus in the form of beaded microfibrils
(arrowhead in inset). Bar, 1.0 /mi. D, protein pl45 is localized in nucleolomena-like fibers throughout the nucleolus. Bar, 1.0 /MIL/. RNA polymerase I is localized
primarily in fibrillar centers (/â€¢'(').Bar, 0.5 urn. I. protein B23 is distributed throughout the nucleolus, but is absent from fibrillar centers (/"(). Bar, 1.0 //in.
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Fig. 3. Immunoelectron microscopy of a HeLa cell nuclcolus labeled with antibody to protein pl20. f. low magnification view of pl20 labeling illustrates the
network of tortuous beaded microfibrils (arrowheads) which appear in various profiles Bar, 0.5 jun. /', the monoclonal antibody to protein pi20 labels beaded
filaments 20-30 nm in diameter and 1-2 Â«min length (arrowheads). Bar, 0.25 urn.

f

Fig. 4. Immunofluorescence (A-D) and immunoelectron microscopy (E-F) of protein pl20 labeling in HeLa cells treated with actinomycin D (A, B, E) or DRB
(C, D, F) to segregate nucleoli into fibrillar and granular regions. A and B, after actinomycin D treatment, protein p 120 is localized at the periphery of the phase-
dense nucleolus but is not present in the phase-light (arrowheads) fibrillar cap. Bar, 5 urn. C and D, after DRB treatment, p 120 is concentrated at the edge of the
phase-dense portion of the nucleolus, resulting in a prominent circular "edge effect." /â€¢'and /â€¢'.by immunoelectron microscopy, protein p 120 is localized in the

periphery of the granular (C) region (arrowheads) in segregated nucleoli. Fibrillar i / ) regions are unlabeled. Bar. O.S Â¡-m.
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Fig. S. In situ nuclease digestion of fixed I lei,a cells. Cells were fixed with methanol-acetone, digested, and then labeled with antibody against protein p 120 (A, B,
E, F, I, J) or protein B23 (C, D, G, H, K, L) without digestion (A-D), digestion with RNase A (Â£-//), or digestion with DNase I (l-L). Protein B23 was removed
from nucleoli by RNase, but not DNase digestion. Protein p 120 was not removed by digestion with either RNase or DNase. Bar, 10 Â¡an.

beaded fibrils and in its resistance to nuclease digestion.
Protein p 120 was localized in a tortuous network of beaded

fibrils distributed throughout interphase nucleoli. These novel
fibrils have not been previously identified since their visualiza
tion by immunoelectron microscopy was dependent upon the
availability of the monoclonal antibody against protein p 120.

After segregation of nucleoli with actinomycin D or DRB,
protein p 120 was localized in the granular region containing
preribosomes. However, p 120 was insensitive to RNase diges
tion and it was not isolated with preribosomal particles (17).
These results differ from those for proteins B23 (21) and p 145
(13, 14), both of which were previously shown to be localized
in the granular region of the nucleolus, but were removed by
RNase digestion.

Protein p 120 was retained in the nucleolar residue in the
nuclear matrix preparation. By definition, protein p 120 is a
component of the nucleolar matrix since it is localized in
residual nucleoli of a nuclear matrix preparation. It is not clear
whether protein p 120 is an actual structural unit of the nuclear
matrix or whether it is bound to an underlying network of
matrix filaments. Protein B23, on the other hand, was not
retained in the nuclear matrix. This result was similar to that
of Fields et al. (32) who found that protein B23 was not retained
in residual nucleoli of the nuclear matrix, but was present if
sulfhydryl cross-linking was induced prior to nuclease digestion
and extraction.

In earlier reports on nucleolar matrix proteins (26-28), a
complex mixture of many proteins was found, but a protein
with a molecular weight of 120,000 was not described. The
small amounts of protein p 120 present in the nucleolus may
require detection by antibody probes. Our observations provide
evidence that the nucleolar matrix of human tumor cells is
different from that of resting cells. Although others reported
the existence of proliferation-associated antigens in the nucleus
(30-31) or the nuclear matrix (29, 33), this is the first report
of a proliferation-associated antigen which is a constituent of
the nucleolar matrix.

Nuclear proteins of oncogenes c-myc (34-37), c-fos (37), c-
myb (38), and the nuclear proteins p53 and large T-antigen of
SV-40-transformed cells (39) are associated with the nuclear
matrix and their appearance correlates with DNA synthesis and
cellular proliferation. Since active gene transcription (40-42)
and DNA replication (43) are both processes which have been
associated with the nuclear matrix, and since rDNA is attached
to the nuclear matrix (28) and only transcriptionally active
ribosomal genes are matrix-bound, it should not be unexpected
that proliferation-associated nucleolar proteins might also be
matrix-associated. Therefore, protein p 120 may be a novel
oncogene product localized to the nucleolar matrix only in
proliferating cells. In this capacity, protein pi20 may function
enzymatically or as a binding protein to attach rDNA and/or
preribosomes to the nucleolar matrix.
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Fig. 6. Unfixed I loi,a cells were digested with DNase (.ID). RNase (lili or sequentially digested with DNase, RNase, and then extracted to produce a nuclear
matrix (I-L) followed by labeling with antibody against protein pl20 (A, B, E, F, I, J) or protein B23 (C, D, G, H, K, L). Protein pl20 was not removed by digestion
with DNase or RNase and remained in the nucleolar residue. Protein B23 was removed by RNase, but not DNase digestion; it was not found in nucleolar residues of
the nuclear matrix. Bar, 10 (im.
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