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ABSTRACT

The present study reports the identification and partial characteriza
tion of a novel M, 40,000 nucleolar antigen (P40) by monoclonal antibod
ies. Monoclonal antibodies to this protein were obtained when a nucleolar
protein extract separated from the immunodominant protein C23 was
used to immunize BALB/c mice; 12 hybridoma clones produced antibod
ies to this protein. P40 was not detected in normal human kidney, liver,
and leukocytes but was readily demonstrable in a variety of human
malignant tissues. This newly identified IMOantigen differs in its specific
nucleolar localization from cyclin (proliferating cell nuclear antigen), a
M, 35,000 antigen which is largely in the nucleoplasm. In addition, cyclin
appears in the nucleolus in S-phase; P40 appears in the nucleolus 6 h
after refeeding serum-starved HeLa cells.

INTRODUCTION

The nucleolus is an important subnuclear site because of its
role in the synthesis of rDNA and preribosomal particles (1-
3). Nucleoli of rapidly dividing cells such as cancer cells become
enlarged and hyperactive (4). This increasing functional de
mand upon nucleoli may be responsible in part for their pleo-
morphism that is an important morphological characteristic of
tumor cells.

Previous biochemical (5-7) and immunological (8-10) stud
ies clearly indicate that there are qualitative and quantitative
differences between normal and tumor cells which may reflect
cell growth-related PCNA3 (9, 11-15), transcriptional control

proteins (16), or oncofetal antigens (7). Chan et al. (12, 17, 18)
have identified M, 54,000, 61,000, and 68,000 nucleolar pro
teins and Freeman et al. (19) identified a nucleolar protein with
a molecular weight of 58,000 which is absent in normal resting
tissue but present in tumor tissues. Spohn et al. (20) have
distinguished a number of differences between normal human
nucleoli and tumor nucleoli. Busch et al. (21-23) showed im
munohistologically that polyclonal antisera to tumor nucleoli
could be used to distinguish tumor and normal tissues. Re
cently, Freeman et al. (24) developed a monoclonal antibody
that identifies a M, 145,000 nucleolar antigen which like PCNA
is present in dividing cells but absent from normal resting
tissues.

The present study reports the identification by a monoclonal
antibody and partial characterization of P40. P40 was not
detected in normal kidney, liver, and lymphocytes but was
demonstrable in a variety of human malignant tissues. This
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newly identified A/r 40,000 nucleolar antigen is different in
cellular localization and time of appearance from cyclin
(PCNA) (13-15), a nuclear antigen associated with cell prolif
eration. Cyclin is an acidic nonhistone nuclear protein with a
molecular weight of 35,000 whose rate of synthesis increases
during S-phase at which time it translocates from the nucleo
plasm to the nucleolus (14). Cyclin is only weakly detectable in
quiescent cells but it is present in significant amounts in cells
stimulated to cycle (13). The M, 40,000 nucleolar antigen
identified here is related to cell cycling, but unlike cyclin, its
localization is restricted to the nucleolus.

MATERIALS AND METHODS

Antigen Preparation and Production of Monoclonal Antibodies. Nu
cleoli were isolated from 10 g of HeLa cells as previously described
(25). Proteins were extracted from nucleoli by homogenization in 2 ml
of 10 mM Tris-HCl/pH 8.0/0.2% deoxycholate/20 HIMdithiothreitol/
10 mM KC1/0.5 mM MgCl2/0.5 mM phenylmethylsulphonyl fluoride/
leupeptin (5 Â¿*gper ml)/aprotinin (10 Â¿ig/ml).After l h of extraction at
4Â°C,the mixture was centrifuged at 27,000 x g for 30 min. The clear

supernatant containing the nucleolar proteins was salt fractionated and
the 30% saturated ammonium sulfate fraction was collected. The ex
tract was allowed to precipitate at 4Â°Cfor 3 h and then centrifuged at

12,000 x g for 15 min. The pellet from which the major immunodom
inant protein C23 (M, 110,000, pi 5.5) had been extracted was then
dissolved in 1 MNaCl/2 M urea and used for immunization. Production
of hybridomas and cloning were carried out as previously described
(25).

Immunohistological Study. For immunocytochemical localization
studies, the method of Freeman et al. (24) was followed.

Polyacrylamide Gel Electrophoresis and Immunoblotting. Analytical
electrophoresis was performed on 7.5% polyacrylamide gels with 0.1%
SDS according to Takacs (26). HeLa cell nucleoli were boiled in
Laemmli buffer (27) for 2-3 min. The sample was loaded on the gel
and electrophoresed for 3 h at 50 m,\. Following gel electrophoresis,
the nucleolar proteins were transferred to nitrocellulose membranes
according to the method of Towbin et al. (28). Immunostaining was
done as previously described (25).

Immunoaffinity Chromatography. Anti-P40 immunoglobulin was iso
lated from culture supernatant and was coupled to CNBr activated
Sepharose 4B (Pharmacia) following the method described previously
(29). A concentrated HeLa cell nucleolar extract (20 mg of proteins)
was mixed with the anti-P40 MAb-coupled Sepharose and binding was
carried out overnight at 4Â°Cby tumbling end over end. The unbound

proteins were eluted with 0.1 M phosphate buffer containing 0.5 M
NaCl, pH 7.4, and the bound antigen was eluted with 4 M MgClj. The
sample was dialyzed against 1000 volumes of 0.01 M Tris-HCl, pH 8.0,
and used for enzyme-linked immunosorbent assay and gel electropho
resis.

Peptide Mapping. The immunoaffiniiy-purified P40 antigen was run
on a 7.5% SDS-polyacrylamide (27) gel and the Coomassie blue stained
band was excised from the gel. The protein was radiolabeled with
Iodine-125 (Amersham) in the gel slice using the chloramine-T method
(24). The gel slice was washed extensively with 10% methanol and was
digested with trypsin, (50 Mg/ml)/0.5 M NH4HCO3 buffer, pH 8.0/
37Â°C/20h. The supernatants were collected, lyophilized, and analyzed

on cellulose-coated thin-layer Chromatographie plates. Electrophoresis
was carried out at pH 1.9 (acetic acid/formic acid/water, 15/5/80) on
a Savant high voltage electrophoresis apparatus at 500 V for 1-1.5 h.
The peptides were then chromatographed in the second dimension in
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butanol/pyridine/acetic acid/water, (32.5/25/5/20). The dried plate
was exposed to XAR-5 Kodak film at -70Â°C.

Retinoic Acid-induced Differentiation of MI,-60 Cells. The HL-60
human promyelocytic leukemia cell line was grown in suspension
cultures in RPMI 1640 medium (Grand Island Biological Co.) contain
ing 10% fetal calf serum, 100 IU penicillin per ml, 100 Mgstreptomycin
per ml, and 1 Â¿iM/ml/ra/ts-retinoic acid (Sigma) (30). HL-60 cells were
treated with retinole acid for 120 h; the cells were attached to the slides
by cytocentrifugation. A side-by-side control of untreated HL-60 cells
was run. P40 was detected by indirect immunofluorescence.

Serum Deprivation Study. HeLa cells were grown for 48 h in complete
medium containing 10% fetal calf serum in a humidified atmosphere
with 5% CO2. After 48 h, the medium was replaced by a Dulbecco's
modified Eagle's medium which lacked the fetal calf serum; the cells

were grown for another 48 h. After 48 h of serum starvation, a sample
was taken at 0 h and the medium was replaced with fresh Dulbecco's
modified Eagle's medium containing 10% fetal calf serum. At 1-h

intervals, cells were collected and the presence of the P40 antigen was
determined by indirect immunolocalization.

RESULTS

MAbs to P40. A fusion using a mouse immunized with HeLa
nucleolar proteins devoid of the immunodominant nucleolar
protein C23 (M, 110,000, pi 5.5) as the immunogen resulted
in hybridoma clones among which 12 identified a nucleolar
protein with a molecular weight of 40,000. Fig. 1 is a compar
ative immunoblot using one of these MAbs to P40 and shows
that the anti-P40 MAb identified a M, 40,000 antigen in HeLa
nucleoli (Fig. \A) that was not detected in normal human liver
nucleoli (Fig. IB).

Expression of P40 in Various Tissues. Indirect immunofluo
rescence studies using the anti-P40 MAb showed bright nucleo
lar fluorescence in HeLa cells (Fig. 2B). Nucleolar fluorescence
was not detected in normal human liver (Fig. 2A) but bright
nucleolar fluorescence was observed in several human malig
nant tumors (Fig. 2, C-F). The immunoreactivity of the anti-
P40 MAb was also studied in different normal human tissues,
hypertrophied tissues and neoplastic tumors (Tables 1 and 2).
In nonmalignant tissues, only phytohemagglutinin-stimulated
lymphocytes (Table 1), ductal regions of hypertrophie prostate,
and normal colon epithelium showed nucleolar fluorescence
(Fig. 3, A and B).

Effect of Differentiation and Serum Deprivationon the Expres
sion of P40. HL60 cells were used to study the expression of
P40 in dividing and in terminally differentiated HL60 cells.
For differentiation, HL-60 cells were treated with retinoic acid
(1 juM/ml)for 120 h as previously described (30). At this point,
at least 95% of the HL-60 cells were determined on Wright-
stained slides to be differentiated to metamyelocytes, banded
or segmented neutrophils (30). The anti-P40 MAb produced
bright nucleolar fluorescence in cycling HL-60 cells (Fig. 4, A
and li) but the antigen was not detectable in retinoic acid-
induced differentiated HL60 cells (Fig. 4, C and D). This result
indicates that P40 is probably related to cell proliferation.

To further study the relationship of cell cycle to P40 expres
sion, HeLa cells were arrested by 48 h serum deprivation. Fig.
5, A and B, shows immunofluorescence in fed cells and the lack
of immunofluorescence of the HeLa cells after 48 h of serum
starvation. Immunofluorescence studies (Fig. 5C-5H) of
serum-deprived HeLa cells showed that P40 was detected only
after 6 h of refeeding (Fig. 5H). This result shows that the M,
40,000 antigen is localized to the nucleolus at 6 h into the G,
phase in these cells.

Characterization of P40. HeLa nucleolar protein P40 was
purified using an anti-P40 immunoaffinity column; the P40
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Fig. 1. Immunoblot analysis of monoclonal antibody anti-P40. A, HeLa nu

cleolar protein; H, normal human liver nucleolar proteins. HeLa and normal
human liver nucleolar proteins were transferred to nitrocellulose membranes and
incubated with 1:l S diluted culture supernatant. The strips were then treated with
rabbit anti-mouse second antibody and the band was detected by autoradiography
following incubation with ['"IJprotein A (200,000 cpm/ml).

Table 1 immunoreactivity of normal and hypertrophied human tissues with
monoclonal antibody to P40

Immunoreactivity was determined by indirect immunofluorescence micros
copy. Cells and tissue sections were reacted with MAb anti-P40. Following
incubation with primary antibody, the specific immunofluorescence was detected
using a fluorescein-conjugated goat anti-mouse second antibody.

Specimens
No. of

samples
Immuno
reactivity

Human liver (normal) 4
Human kidney (normal) 2
Human lymphocytes (normal) 3
Human lymphocytes (PHA stimulated) 1
Prostate (hypertrophied) 3
Colon (normal) 2
Lymph node (normal) 1

" Nucleolar fluorescence was detected in ductal region of hypertrophied pros

tate and ductal region of colonie epithelium.

Table 2 Immunoreactivity of human cancer tissues and cancer cells with
monoclonal antibody to I'40

SpecimensLung

tumor (small cell carcinoma)
Colon tumor (adenocarcinoma)
Lymphoma (non-Hodgkins)
Melanoma
Larynx tumor (squamous cell carcinoma)
HeLa cells
Hep-2 cells
HL-60
Brain tumor (metastatic adenocarcinoma

to the brain)No.

of
samples3

3
4
1
1
1
1
1
1Immuno

reactivity01Â°

Determined as in Table 1.

protein was eluted with 4 M MgCl2 and electrophoresed in a
7.5% SDS-polyacrylamide gel, stained with Coomassie blue,
and the stained band was cut out and used for peptide mapping.
The tryptic map of P40 (Fig. 6) showed at least 50 spots and
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Fig. 2. Immunocytochemical localization of P40 nucleolar antigen in (A) normal human liver, (/() HeLa cells, (C) HL60 cells, (/)) squamous cell carcinoma of
larynx, (Â£)lymphoma, and (F) colon tumor. Tissue sections or cells were fixed and permeabilized in acetone and reacted with the monoclonal antibody anii-1'40.
Following incubation with primary antibody, the antigen was detected using a fluorescent-conjugated rabbit anti-mouse second antibody.

Fig. 3. Immunocytochemical localization of P40 (urnm-\) in (.I ) hypertrophied prostate, and (B) normal colon. The method used is described in "Materials and
Methods."
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Fig. 4. Immunocytochemical localization of P40 antigen in (A) HL60 cells (control), (B) phase image of A, (C) retinÃ³leacid-treated HL60 cells, and (D) phase
image of C. The method used is described in "Materials and Methods."

was not related to tryptic maps of other known nucleolar colonie epithelium and in phytohemagglutinin-stimulated lyni-
proteins such as P145 (24) and B23.4

P40 has a molecular weight of 40,000 which is greater than
that of cyclin, M, 35,000. A comparative immunolocalization
study using anticyclin antibody and anti-P40 MAh in unsyn-
chronized HeLa cells (Fig. 7) showed that cyclin was distributed
throughout the nucleoplasm and P40 was restricted to the
nucleolus.

DISCUSSION

Recent studies (15, 24) have defined quantitative and quali
tative differences between nucleolar proteins of resting and
dividing cells. Some of these differences relate to PCNA which
are not found in normal resting cells. In this study, a novel
HeLa nucleolar antigen with a molecular weight of 40,000
identified by monoclonal antibodies was shown to be another
example of a PCNA antigen (6,21,31,32). This anti-P40 MAb
produced bright nucleolar fluorescence in HeLa cells and solid
human tumors, but not in normal human resting tissues. Im-
munoblot data supported these results. In growing nontumor
tissues, P40 was detected only in regions undergoing rapid cell
growth, i.e., the ductal region of hypertrophied prostate and

4 P. K. Chan and H. Busch, unpublished observations.

phocytes.
Like other PCNA molecules (24) P40 was not present in

nucleoli of noncycling cells. In HL-60 cells, the anti-P40 MAb
produced bright nucleolar fluorescence but in the retinoic acid-
treated differentiated HL-60 cells, the antigen was not detected.
Moreover, P40 was not detected in HeLa cells arrested at 48 h
by serum deprivation. When the HeLa cells were refed with
complete serum containing medium, the P40 nucleolar protein
was detected 6 h after refeeding. These results not only indicate
that the P40 is associated with cell cycle events, but that it is a
late G, product which appears in the nucleolus early at the
specific 6-h time point. Except for a brief time point during
starvation and during refeeding, this protein is only like P145
among PCNA proteins in its specific nucleolar localization.

To ascertain that protein P40 was a novel protein, compari
sons were made with "cyclin," a PCNA protein with a molecular

weight of 35,000, protein B23 (M, 37,000/pI 5.1) and fibrillarin
(M, 34,000/pI 8.5). Evidence that P40 is not cyclin was obtained
by comparative immunofluorescence studies which showed the
anticyclin antibody produced general nuclear fluorescence but
the anti-P40 MAb produced only nucleolar-specific fluores
cence in HeLa cells. Cyclin is present in the nucleolus only at
a specific time in S-phase (14). Moreover, the two antigens
have significantly different molecular weights.

Although nucleolar antigen P40 has a similar molecular
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* * *

Fig. 5. Effect of serum starvation on M, 40,000 nucleolar antigen studied by indirect immunocytochemical localization. A, HeLa (control); B, Oh;C,l h; D, 1 h;
E, 3 h; F, 4 h; G, 5 h; H, 6 h. The HeLa cells were growth arrested by 48 h serum deprivation. The serum-starved quiescent HeLa cells were supplied with complete
medium and the cells were collected every hour to see the immunolocalization of the M, 40,000 antigen. The method used is described in "Materials and Methods."

weight to the major nucleolar protein B23, it diners in several
respects. The monoclonal antibodies to antigen P40 did not
react with purified protein B23. Following serum starvation,
B23 tran'j'ocates to the nucleolus within 1 h after refeeding

whereas P40 does not appear before 6 h after refeeding. More
over, antibodies to protein B23 uniformly stain most nontumor
resting tissues as well as tumor cell nucleoli, but the antibodies
to P40 did not immunostain nontumor resting tissues.

The peptide map of Mr 40,000 nucleolar antigen showed at
least 50 spots (Fig. 6) and was not related to other known
nucleolar protein such as P145 (24) and B23.4

In comparison with fibrillarin (33), P40 has a significantly
higher molecular weight and its distribution in nucleoli is
uniform compared to the specific nucleolar organizer region
type distribution of fibrillarin. Also like nucleolar protein B23,
fibrillarin is a general constituent of both resting and dividing
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ELECTROPHORESIS

Fig. 6. Two-dimensional pattern of 125I-labeled tryptic peptides derived from M, 40,000 antigen. First-dimension electrophoresis at pH l .9 (acetic acid/formic
acid/water, 15/5/80) was followed by chromatography in butanol/pyridine/acetic acid/water, 32.5/25/5/20 on U5I-labeIed tryptic peptides of M, 40,000 nucleolar
antigen obtained as described in "Materials and Methods."

Fig. 7. Comparative immunocytochemical
localization of A, M, 40,000 nucleolar antigen;
B, M, 35,000 PCNA using anti-P40 MAb and
anti-PCNA antibody in HeLa cells. The
method used is described in "Materials and
Methods."

cell nucleoli but P40 is only found in dividing cells. The M,
40,000 nucleolar protein is unique, is hitherto unreported, and
may have immunodiagnostic value for detecting proliferating
cells that are found in cancers.
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