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ABSTRACT

M, 145,000 nucleolar protein antigen (p 145) is associated with growing
cells (R. L. Ochs et al., J. Cell Biol., 101: 21 In, 1985) and has been
found in a broad range of human cancers (J. W. Freeman et al.. Cancer
Res., 46: 3593-3598, 1986). In this study the presence of nucleolar
antigen pl45 was examined in the human promyelocytic tumor cell line
HL-60 which was induced to differentiate by retinoic acid. Differentiation
was monitored by morphological changes, [-'II|thymidinv accumulation,

the ability of cells to reduce nitroblue tetrazolium, and cell number. The
monoclonal antibody to nucleolar antigen pl45 produced bright immu-
nofluorescence in all cycling interphase HL-60 cells; during mitosis only
diffuse staining was detected. Nucleolar antigen pl45 in HL-60 cells was
undetectable after 132 h of treatment with retinoic acid. The absence of
nucleolar antigen pl45 was associated with an 81% decline in thymidine
accumulation and apparent inactivation of ribosomal and nonribosomal
DNA transcription as observed by electron microscopy. The loss in
expression of the antigen also correlated with increased nitroblue tetra-
zolium-positive cells, appearance of morphologically distinct myeloid
cells, and termination of cell proliferation. These data indicate that the
expression of nucleolar antigen pl45 occurred in cycling HL-60 cells but
not in terminally differentiated noncycling HL-60 cells.

INTRODUCTION

Studies (1-10) using polyclonal antisera produced against
tumor nucleoli have indicated that there are nucleolar antigens
in tumor cells that are not detectable in most normal cells.
Other studies (11-16) using human autoimmune sera have
identified PCNAs2 which were detected in nucleoli of tumor

cells and other proliferating cells but not in normal resting
tissues (11-15). Physicochemical differences (11, 14, 15) indi
cate that PCNAs are a family of macromolecules. Recently a
monoclonal antibody was developed to p 145 that has PCNA-
like properties, i.e., nucleolar antigen pl45 was found in grow
ing cells but was not detectable in most normal resting tissues
(17, 18). Antigen p 145 was found in a broad range of human
cancers, including leukemias (18).

In this study the human promyelocytic leukemia cell line HL-
60 was used as a model to examine the effect of differentiation
and subsequent termination of cell proliferation on the expres
sion of nucleolar antigen p 145. HL-60 cells can be induced to
differentiate into mature myeloid cells by treatment with a
variety of chemical agents (19-23). The induction of differen
tiation in HL-60 cells is associated with a decrease in prolifer
ation (24-26), with cells arrested in a G0-Gi cell cycle phase
(24, 26), with decreases in DNA and RNA synthesis (27), and
with the appearance of cell surface (27-29) and nuclear proteins
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(26, 30) not present in undifferentiated HL-60 cells.
This study reports that nucleolar antigen p 145 is present in

all cycling HL-60 cells, but the antigen is not detected following
termination of cell proliferation during HL-60 cell retinoic acid-
induced differentiation.

MATERIALS AND METHODS

Cell Culture. HL-60 human acute promyelocytic leukemia cell line

was grown in suspension culture in RPMI1640 medium (Grand Island
Biological Co.) containing 10% fetal calf serum, 100 IU of penicillin
per ml, and 100 Â¿Â¿gof streptomycin per ml. Cultures were seeded at an
initial density of 2.0 x 10s cells/ml and incubated in a humidified

atmosphere at 5% CO2. Control cultures were adjusted at 24-h intervals
to cell concentrations of 5.0 x 10* cells/ml. Treated cultures were

maintained in medium containing 1 ^M mz/w-retinoic acid (Sigma), and
cell densities reached 5.0 to 6.0 x 10s cells/ml at 84 h, after which time

further cell proliferation was not detected. Cell viability was determined
by trypan blue exclusion and was greater than 90% for control cells
over a 6-day period. The viability of the retinoic acid-treated cells was
greater than 80% over a 6-day period.

Assay for Thymidine Accumulation. At each time point HL-60 cells
were collected from culture and adjusted to 1 x 10' cells/ml. Cells (0.1

ml) were added in quadruplicate to microtiter plates (Linbro), and an
additional 0.1 ml of RPMI 1640 containing 10% fetal bovine serum
was added which contained 1 pC\ of [/nert>>/-3H]thymidine (ICN, Ra-
diochemicals). The microtiter plates were incubated for 4 h at 37Â°Cin

5% CO2, and cells were harvested on filters using a Skatron harvester
(Skatron, Inc.). Filters were dried overnight, placed in 2 ml of scintil
lation fluid, and counted in a Beckman scintillation counter.

Preparation of Slides, Nitroblue Tetrazolium Reduction, and Immu-
nofluorescence Detection of Nucleolar Antigen p145. Functional myeloid
differentiation was assayed by the NBT (Sigma) method of Yeh and
Albright (25).

HL-60 cells were attached to slides by cytocentrifugation (500 rpm/

5 min). Cells for immunofluorescence were fixed for 20 min with 2%
paraformaldehyde (methanol free) in PBS and then permeabilized in
acetone at -20Â°C for 5 min. A previously described (18) monoclonal

antibody specific for nucleolar antigen p 145 was used for the immu
nofluorescence detection of nucleolar antigen pl45. The antibody was
used in a dilution of ascites fluid (1:300 in PBS) for optimal immuno
fluorescence staining on control slides. A sufficient amount of the
diluted antibody was placed on cells and incubated in a humid atmos
phere at 37"C for 1 h. The slides were then washed 3 times for 15 min

in PBS, and rabbit anti-mouse immunoglobulin (Cappel, Malvern, PA)
diluted 1:100 in PBS was added to the slides and incubated for 45 min
as above. The slides were washed as above, and rabbit antibody was
detected with fluorescein isothiocyanate-conjugated goat anti-rabbit
IgG (Cappel) diluted 1:20 in PBS.

Electron Microscopy. HL-60 cells were rinsed briefly with PBS and

then fixed for 1 h at room temperature with 2.5% glutaraldehyde
buffered with PBS. After several rinses with PBS, cells were postfixed
for 1 h with 2% osmium tetroxide in H2O, rinsed in H2O, and pelleted
into 2% agar. Agar-embedded cells were then dehydrated in a graded

ethanol series and embedded in Polybed 812 (Polysciences) epoxy resin.
Thin sections of embedded cells were secondarily stained with uranyl
acetate and lead citrate and examined in a JEOL 100C electron micro
scope.
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Table 1 Effect of retinÃ³teacid treatment on HL-60 cells
Retinole acid was added (1 Â¡MI)to HL-60 cells seeded at 2.0 x 10s cells/ml in RPMI medium.

Retinoic acid
treatment(h)0

36
60
84

108
132
132 (untreated)No.

of
cells/ml2.0

x 10'
5.0 x IO5
5.0 x IO3
5.8 x 10'
6.0 x 10s
6.0 x IO3
1.4 x 10"*%

vi
able95

95
93
90
83
80
95[3H]Thymidine

accumulation63,700
Â±8,600e

87,500 Â±7,200
30,100 Â±2,300
17,100 Â±1,400
12,400 Â±1,700
9,000 Â±1,200

46,100 Â±9,700%NBT

positive0

2
6
7

23
63

1%

of cells dif
ferentiated"3

318

64
84
93

1pl45

ini
munoflu-

orescence*+++

++
+++

++++

" Percentage of metamyelocytes, banded and segmented cells as determined by cytological evaluation of Wright-stained preparations.
* Relative intensity of immunofluorescence ranging from +++ to -.
c Average Â±SD of 4 replicate samples.
d Cell number at time examined; control cells were adjusted in fresh medium every 48 h to 5.0 x 10' cells/ml.

fe

Ohr 36hrs 84hrs 132hrs

Fig. 1. Morphology of HL-60 cells treated with retinoic acid ( l /iM/m I) for various lengths of time. At each time point cells were fixed to slides by cytocentrifugation
(500 rpm/5 min). Wright-Giemsa, x 660.

RESULTS

Effect of Ketinoic Acid Treatment on Cycling HL-60 Cells.
Retinoic acid-induced differentiation of HL-60 cell cultures was
monitored by [3H]thymidine accumulation, cell number, mor
phological changes, and appearance of NBT-positive cells as
previously reported (22, 23). The pattern of induction of HL-

60 cell differentiation was monitored at intervals up to 132 h
(Table 1).

HL-60 cell cultures were seeded at a density of 2 x 10s cells/
ml. At 36 h the cell density reached 5 x 10s cells/ml in retinoic
acid-treated and untreated controls. At 84 h the retinoic acid-
treated cells reached a density of 5.8 x IO5cells/ml, after which

time no further significant increases in cell numbers were de
tected. Changing the retinoic acid-treated medium at 24 and 48
h gave similar results. Cell viability was maintained above 90%
until 108 h when viability dropped to 83% and to 80% at 132
h. Untreated controls continued to double every 24 to 48 h.

As shown in Table 1, treatment of HL-60 cells with retinoic
acid caused a decrease in thymidine accumulation. The greatest
decrease, 81%, occurred at 132 h. NBT-positive cells (24, 27,
29) progressively increased to 63% of the cell population at 132
h (Table 1).

The change in morphology of retinoic acid-treated cells ob
served on Wright-stained slides (Fig. 1) was similar to that
reported earlier (19, 27). At 36 h, compaction of the nuclei was
noted. At 84 h the appearance of bands and segmented neutro-
phils was observed which correlated with the initial increase in
NBT-positive cells (Table 1). After 132 h of treatment, 93% of
the cells appeared morphologically differentiated (segmented
neutrophils or metamyelocytes) with 63% of the cells NBT
positive (Table 1).

Electron Microscopy of HL-60 Cells. To compare ultrastruc
tural differences between undifferentiated and differentiated
HL-60 cells, electron microscopy was performed. Electron mi
crographs showed that control HL-60 cells generally had un-
segmented nuclei with little to no condensed chromatin (Fig.
2A). Nucleoli were large and round in shape with easily recog
nizable fibrillar center, dense fibrillar, and granular regions.
Especially prominent were the large numbers of preribosomes
(inset) in the granular region, indicative of a very "active"

nucleolus engaged in synthesizing rRNA.
Electron micrographs of retinoic acid-differentiated HL-60

cells (132-h treatment) were characterized by highly segmented
nuclei with a large amount of condensed chromatin (Fig. IB).
Nucleoli in these cells were somewhat difficult to identify, since
they appeared smaller than in untreated cells, and they had lost
the characteristic substructures of nucleoli in untreated (con
trol) cells, e.g., there were no recognizable fibrillar centers,
dense fibrillar, or granular regions. Especially noteworthy was
the apparent absence or small amounts of preribosomes in the
granular region. The nucleolus was composed of fibrogranular
material characteristic of a hypoactive nucleolus (31, 32).

Nucleolar Antigen pl45 Expression. The antigen (pl4S) was
detected in all interphase HL-60 cells by bright nucleolar fluo
rescence (Fig. 3B) in nonmitotic cells using a triple antibody
sandwich procedure. When only two antibodies were used in
indirect immunofluorescence, the resulting nucleolar fluores
cence was relatively weak (Fig. 3D), indicating the need for the
triple antibody sandwich procedure for optimal detection of
p 145. In mitotic HL-60 cells, nucleolar antigen p 145 showed
only weak diffuse staining (Fig. 3D) when compared to nucleo
lar staining of nonmitotic cells in the same field.

The expression of nucleolar antigen p 145 was determined by
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FC

B

Fig. 2. Electron microscopy of undifferentiated (A) and retinoic acid-difTerentiated (B) HL-60 cells. Normal HL-60 cells have a single rounded nucleus with little
condensed chromatin and a large well-developed compact nucleolus ( N) demonstrating well-defined fibrillar center (FC), dense fibrillar (/>/").and granular (<Y)regions

(see insel). Note the large number of preribosomal particles in the granular region (inset), indicative of a transcriptionally active nucleolus. HL-60 cells differentiated
by retinoic acid have segmented nuclei with a large amount of condensed chromatin and a small, poorly developed nucleolus (N). A high magnification view of thenucleolus (insel) shows that it has poorly defined fibrillar I/â€¢')and granular (G) regions with few preribosomal particles. I and B, x 20,000; insets, X 40,000.
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Fig. 3. Immunocytochemical labeling of HL-60 control cells with the monoclonal antibody against nucleolar protein p 145. Phase (A) and bridged triple
immunofluorescent antibody localization (B) showing the bright staining of nucleoli (arrowheads). Phase (O and corresponding indirect immunofluorescence (D)
showing the weaker staining of nucleoli (arrowheads) compared to the bridged triple antibody method. Note the absence of staining in mitotic cells (double arrowheads).

triple antibody indirect immunofluorescence in retinoic acid-
treated HL-60 cells (Fig. 4). Bright nucleolar fluorescence was
observed in control slides (Fig. 4/4') of untreated HL-60 cells

at all time points. Following 36-h treatment of HL-60 cells
with retinoic acid, nucleolar immunofluorescence was main
tained (Fig. 4Ãœ'),although the nucleoli appeared to be smaller.

The level of nucleolar immunofluorescence was similar to
controls at 60 h. At this time a decrease in thymidine accumu
lation was found, and changes in morphology (segmented nu
clei) and increased NBT staining were noted (Table 1).

A marked decrease in immunofluorescence intensity was
noted at 84 h of retinoic acid treatment (Fig. 4C"). Although

64% of the cells showed nuclear changes characteristic of dif
ferentiated cells at 84 h of retinoic acid treatment (Table 1), the
NBT-positive cells accounted for only 7% of the total, which
suggests that morphological changes characteristic of maturing
myeloid cells may precede the acquisition of some biochemical
markers characteristic of maturity. These results showed that
the nucleolar antigen p 145 was still present in cells committed
to differentiation.

Specific immunofluorescence was not detectable after 132 h
of retinoic acid treatment (Fig. 4D'). Morphologically, the

nucleoli of 132-h retinoic acid-treated cells were smaller in size
(Fig. 40) compared to untreated controls (Fig. 4/1). The smaller
nucleoli of 132-h retinoic acid-treated cells were readily de
tected by immunofluorescence using a monoclonal antibody
specific for nucleolar protein C23 (Fig. 4Â£")which is present

in both resting and dividing cells (33).

The loss of nucleolar antigen p 145 after 132-h retinoic acid
treatment was associated with an increase in NBT-positive cells
(Table 1), greater than 70% inhibition of thymidine accumula
tion (Table 1), appearance of segmented nuclei characteristic of
mature myeloid cells (Fig. 1), and loss of nucleolar morphology
as observed by electron microscopy in untreated control HL-60
cells (Fig. IB).

DISCUSSION

Nucleolar antigen p 145 has been detected in a broad range
of human cancers but not in noncycling normal human tissues
(17, 18). These studies suggest that nucleolar antigen p 145 is
associated with cycling cells but not with differentiated tissues
which are known to be arrested in the G0 phase of the cell cycle.
In this study, HL-60 cells were used as a model to study the
effect of differentiation on the expression of nucleolar antigen
pl45.

The present report is in agreement with previous studies (19,
24, 27, 29) which showed that retinoic acid treatment of HL-
60 cells caused a decrease in DNA synthesis, with correspond
ing changes of blast cell morphology to a more mature appear
ing myeloid cell and the appearance of NBT-positive cells as a
marker for differentiation.

A loss in immunofluorescence detectability of nucleolar an
tigen p 145 was observed in retinoic acid-differentiated HL-60
cells (Fig. 4). A loss in nucleolar immunofluorescence was not
observed with the antibody to protein C23. Protein C23 is
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Fig. 4. Immunofluorescence detection of
nucleolar antigen p 145 in HL-60 cells at var
ious times following treatment with retinole
acid. A, B, C, and D represent phase images,
and A', B', C, D', and E' show the corre
sponding immunofluorescent pattern. HL-60
cells were collected at 0 h (A), 36 h (Â«).84 h
(O, and 132 H (D) and affixed to slides by
cytocentrifugation (500 rpm/5 min); fixed in
paraformaldehyde; permeabilized in acetone;
and then treated with a monoclonal antibody
(1:300 dilution in PBS of ascites) specific for
nucleolar antigen p 145. In E, cells were col
lected and treated as in D (132-h retinÃ³teacid
treatment) except that a monoclonal antibody
to a nucleolar antigen (protein C23) found in
all previously examined cells was used. Specific
immunofluorescence detection of nucleolar an
tigen p 145 was performed as in Fig. 1.

found in the nucleolus of all cells (33). The loss in immunoflu
orescence of p 145 was sequentially related to parameters of
differentiation (Fig. 5) including: a decrease of total thymidine
accumulation; a decrease in cell proliferation; appearance of
NBT-positive cells; and morphological changes characteristic
of the transition from a functionally active nucleolus to a
hypoactive one (31, 32).

This report showed that the nucleolar antigen (pi45) which
is expressed in undifferentiated and cycling HL-60 cells is not
detectable in differentiated HL-60 cells. Other studies (not
shown) indicate that p 145 is maintained but decreased in con
centration in serum-deprived cancer cells. Together with the
loss in detection of p 145 in differentiated HL-60, these data

suggest that the expression of p 145 is directly related to cell
cycling and/or to proliferation potential.

Our previous study (18) indicated that nucleolar antigen p 145
sedimented with ribonucleoprotein particles of the nucleolus.
In this study, electron microscopy showed few preribosomes in
the granular regions of differentiated HL-60 cells (Fig. 25) in
which antigen pl45 was not detectable. These findings suggest
that nucleolar antigen p 145 may have a functional role in
transcriptional or other synthetic events, including processing
or assembly of preribosomal particles. Whether such synthetic
events differ in dividing cells compared to differentiated cells is
not known. Further studies are also needed to eliminate the
possibility that antigen p 145 may be masked in these cells.
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Undifferentiated and dividing
HL-60 cells

Decreased thymidine
accumulation

I
Termination of proliferation
Morphological changes

I

Retinole Acid

60-84 hours

Appearance of differentiation marker 84-132 hours
(NBT); Decreased detection of p 145

Differentiated HL-60 cells 132 hours
Undetectable p 145

Fig. 5. Schematic representation of the timing of retinole acid effects in HL-
60 cells on differentiation, proliferation, and detection of nucleolar antigen pi 45.

It appears that nucleolar antigen p 145 is expressed only in
cycling cells (proliferating) and is not expressed or is at unde-
tectable levels in noncycling cells. The differential expression
of p 145 in cycling cells indicates that this antigen has properties
similar but not identical to previously described PCNA-like
antigens (12-16) and to other cell cycle-related nucleolar anti
gens as reported by Yaneva et al. (34). Nucleolar antigen p 145
differs in molecular size from the PCNA antigen "cyclin" (M,

35,000), the M, 40,000 antigen described by Chan et al. (14),
and the M, 86,000 cell cycle-related RZ-2 antigen identified by
Yaneva et al. (34). Nucleolar antigen p 145 has a molecular
weight similar to a M, 140,000 PCNA antigen described by
Chan et al. (13) but apparently differs in distribution, since the
Mr 140,000 antigen (13) translocates between the nucleoplasm
and nucleolus at differing stages of the cell cycle. Interestingly
the RZ-2 antigen (34) and cyclin (15) have been reported to
have a cell cycle-related redistribution between the nucleoplasm
and nucleolus, a phenomenon in contrast to antigen p 145 which
only has a nucleolar localization (18).

In this study, HL-60 cells were used as a model for cell
proliferation and differentiation. Nucleolar antigen p 145 was
detectable in undifferentiated and proliferating HL-60 cells but
not in differentiated and nondividing HL-60 cells. These results
suggest that nucleolar antigen p 145 may be used as a marker
for proliferating cells. In neoplasia antigen p 145 may serve as
a marker for chemotherapeutic effects.
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