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ABSTRACT

Transfection of the wild-type p53 gene into malignant cell lines usually
results in an inhibition of proliferation. However, the physiological
function of the endogenous p53 gene product has been difficult to ascer
tain. In order to examine whether pS3 is involved in the regulation of
proliferation and/or differentiation of hematopoietic tissue, we modified
a recently developed flow cytometric assay to assess p53 protein expres
sion in normal human hematopoietic cells, primary leukemias, and se
lected leukemia cell lines. In normal human bone marrow, p53 protein
was not detected in the proliferative, progenitor cell populations identified
by the cell surface antigens CD34 (progenitor cells of multiple lineages)
or glycophorin (erythroid precursors). In contrast, low but detectable
levels of p53 protein were observed in the nonproliferative, mature
lymphoid, granulocytic, and monocytic cell populations. Similarly, p53
levels increased and DNA synthesis decreased during 12-O-tetradeca-
noylphorbol-13-acetate-induced differentiation of ML-1 myeloblastic leu
kemia cells. Both of these results suggest that endogenous, wild-type p53
protein may play a role in hematopoietic cell maturation, possibly by
contributing to the inhibition of proliferation that occurs during terminal
differentiation. Leukemia cells deviated from this pattern of expression:
(a) in contrast to the normal, proliferative bone marrow progenitor cells,
a significant percentage of patient leukemia samples expressed detectable
levels of p53 protein; and (b) leukemia cell lines exhibited lineage-specific
abnormalities in p53 expression, with overexpression in lymphoid cell
lines and lack of expression in myeloid cell lines.

INTRODUCTION

Our concepts of the physiological role(s) of the p53 gene
have changed dramatically in recent years. p53, a DNA-binding
phosphoprotein mainly localized to the nucleus (1), was initially
characterized as a cellular protein which coprecipitated with
large T-antigen in SV40-transformed cells (1, 2). Subsequent
studies suggested that it was a positive regulator of DNA
synthesis (3, 4) and probably contributed to neoplastic trans
formation (5). More recent studies have demonstrated, how
ever, that while mutant forms of p53 may stimulate cellular
proliferation and transformation, the wild-type gene product
does not seem to participate in cellular transformation and may
have a function in the inhibition of proliferation (6-8).

The role of p53 in limiting cellular proliferation has been
suggested by transfection experiments which show that transfer
of the wild-type gene into tumor cells causes inhibition of
growth (6, 7, 9). However, it is not known if the function of the
normal, endogenous (nontransfected) p53 is also linked to
inhibition of growth or whether the observed growth inhibition
results from the nonphysiological conditions of p53 expression
created by transfection. For example, the normal function of
p53 may be cell cycle regulated (10) and thus might not be
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reflected accurately upon stable transfection and constitutive
expression. In addition, not all cultured cells are growth inhib
ited by transfection of wild-type p53 (6, 7, 11) and it has even
been speculated that wild-type p53 protein may not be rate
limiting for normal cellular growth in vivo (12).

Hematopoietic tissue contains identifiable cells of different
lineages and, within each lineage, various stages of maturation.
In addition, the proliferative status of these various cell popu
lations has already been extensively studied. Thus, evaluation
of p53 protein expression in hematopoietic cells may establish
correlations between expression of an endogenous p53 gene
and differentiation and/or proliferation in a normal tissue.
Earlier examinations of p53 protein expression in normal hu
man bone marrow cells have produced some conflicting results
(13-15), probably because of the extremely low levels of p53
protein [due to a very short half-life of the wild-type protein
(16-18)] and the cellular heterogeneity of normal bone marrow.

Recently, we described a flow cytometric method of quanti-
tating relative levels of nuclear oncoproteins in normal hema
topoietic cell subtypes (19, 20). This assay is able to detect
relatively low levels of proteins in single cells and, using two-
color flow cytometry, it can be used to measure the expression
of nuclear proteins in cells of the various different lineages
present in normal bone marrow. In this report we have adapted
this assay to analyze p53 protein expression in normal human
hematopoietic cells, primary leukemias, and leukemia cell lines.

We find that while the p53 protein is not expressed at
detectable levels in proliferating hematopoietic precursor cells,
it is expressed in the nonproliferative, mature cells of all line
ages tested (B-cells, T-cells, granulocytes, and monocytes). In
terestingly, in contrast to the normal hematopoietic precursor
cells, phenotypically similar cells from patients with acute
leukemias frequently express low, but detectable, levels of p53
protein. We also find that the ML-1 human myeloblastic leu
kemia cell line, which expresses little or no p53 protein during
proliferation at immature stages, expresses the protein as pro
liferation ceases during induced differentiation. Taken together,
these findings with normal bone marrow cells and differentiat
ing ML-1 cells suggest that expression of p53 may play a role
in hematopoietic cell differentiation, possibly by the inhibition
of cell proliferation.

MATERIALS AND METHODS

Cells. Bone marrow aspirates were obtained from consenting normal
adult volunteers, as approved by our institutional review board and the
Department of Health and Human Services. Low density bone marrow
mononuclear cells were prepared by FicolI-Hypaque density gradient
centrifugation (1.077 g/cm3; Pharmacia, Piscataway, NJ). Fresh or

frozen samples of bone marrow cells from patients with acute lymphoid
or myeloid leukemias were obtained from the Pediatrie Oncology Group
acute myeloid leukemia cell bank or patients treated at The Johns
Hopkins Oncology Center. All samples contained greater than 80%
leukemic blasts. ML-1 myeloblastic leukemia cells were grown Â¡nRPM1
1640 containing 7.5% fetal bovine serum. Unless otherwise specified,
the cells were induced to differentiate along the monocyte-macrophage
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pathway with the addition of 0.3 ng/ml (0.5 nM) TPA3 as described
previously (21). HL-60 cells transfected by electroporation with an
expression vector, either with or without a wild-type p53 gene insert
under the control of a murine mammary tumor virus promotor, were
selected for neomycin resistance (22)4 and used for analysis of p53

protein expression.
Antibodies. Antibodies directed against lineage-specific or differen

tiation stage-specific cell surface antigens were obtained as described
previously (19, 20). Hybridoma cells secreting the anti-p53 antibody,
p421, were generously provided by Dr. Arnold Levine, Princeton Uni
versity. Hybridoma cells secreting another anti-p53 antibody, p 122,
were obtained from the American Type Culture Collection (Rockville,
MD). Hybridoma supernatant was used for the immunoblots and
immunofluorescence assays. A peptide which specifically blocks p421
and pi 22 [Lys-Lys-Gly-Gln-Ser-Thr-Ser-Arg-His-Lys-COOH
(23)] was synthesized and purified by The Johns Hopkins University
School of Medicine Protein/Peptide Facility. FITC-conjugated, affinity
purified goat anti-mouse IgG2a (Southern Biotechnology Associates,
Birmingham, AL) was used to detect p421 in the flow cytometric
assays.

Flow Cytometric Assay for p53. After cells were harvested, all pro
cedures were carried out at 4Â°C,unless otherwise indicated. When

desired, cell surface antigens were labeled, directly or indirectly, with
PE-conjugated antibodies as described previously (19, 20). After the
cells were washed twice with IFA buffer, they were fixed and permea-
bilized by the dropwise addition of 70% methanol and incubation for 5
min at -20Â°C.The cells were then washed with IFA and incubated for

l h with 0.1 ml of p421 hybridoma supernatant (diluted 1:5 with IFA
buffer), with or without preincubation with 0.5/igof thep421 inhibitory
peptide (previously titrated for maximal antibody inhibition). After
another wash, the cells were incubated with goat anti-mouse IgG2a-
FITC (diluted 1:500 in IFA buffer) for 30 min, washed in IFA twice,
and analyzed on a FACScan flow cytometer (Becton Dickinson Im-
munocytometry Systems, Mountain View, CA) after appropriate com
pensations of the FITC and PE channels. Nonspecific blocking serum
(2% goat and human) was present during each antibody incubation.
Specific nuclear staining was noted with the anti-p53 antibodies by
both fluorescence microscopy and immunohistochemical staining (data
not shown). Relative p53 levels can be determined by calculation of a
"corrected mean fluorescence intensity" [difference in fluorescence

intensity of antibody versus antibody plus inhibitory peptide (20)].
Cell Proliferation Assays. Proliferation of ML-1 cells was assessed

by incorporation of BrdUrd and flow cytometric analysis using the
method described by Hoy et al. (24). Briefly, after incubation with 10
pM BrdUrd for 4 h, cells were fixed in 70% methanol as above,
resuspended in 0.1 N HC1-0.7%, Triton X-100 for 10 min at 4Â°C,
washed with excess phosphate-buffered saline, and heated to 97Â°Cfor

10 min in deionized acidified water. The cells were then chilled in ice
water for 10 min and washed twice with IFA buffer containing 0.5%
Tween 20. Following incubation with anti-BrdUrd-FITC (Becton Dick
inson; 1:5 in IFA, 30 min, 4Â°C),the cells were washed twice and then

analyzed by flow cytometry. Cells which incorporate BrdUrd (S phase)
and nonincorporating cells generate nonoverlapping fluorescence his
tograms on the flow cytometer (separated by at least 1.0 log of fluores
cence intensity). Cell cycle analysis by propidium iodide staining (with
or without prior staining for p53 or BrdUrd) was done by treating the
methanol-fixed cells with 50 units RNase (Sigma Chemical Co., St.
Louis, MO) and incubating for at least l h with 25 Â¿ig/mlpropidium
iodide (Sigma) in phosphate-buffered saline, pH 7.4.

Northern Blot. Total cellular RNA was isolated using the guanidine
isothiocyanate-cesium chloride procedure (25). Electrophoretic sepa
ration, RNA transfer to nylon membranes, hybridization, and autora-
diographic identification were done by standard techniques (26). Filters
were hybridized successively to p53 and /i-actin probes labeled with

'The abbreviations used are: TPA, I2-0-tetradecanoylphorbol-13-acetate;
FITC, fluorescein isothiocyanate; PE. phycoerythrin; IFA, 10 mM 4-(2-hydroxy-
ethyl)-l-piperazineethane-sulfonic acid, pH 7.4-150 HIMNaCl-4% newborn calf
serum-0.1% NaN5; BrdUrd, bromodeoxyuridine; PHA, phytohemagglutinin.

4S. J. Kuerbitz. A. I. Radin, O. Onyekwere, and M. B. Kastan, unpublished

data.

["PjdCTP by the random primer method (27). The p53 mRNA probe
was a 1.8-kilobase BamHl (full length) fragment of p53 complementary
DNA generously provided by Dr. Bert Vogelstein, Johns Hopkins.
Relative levels of p53 mRNA were determined by densitometric analysis
of the autoradiographs.

Immunoblot. Nuclei were isolated according to the method of Klemp-
nauer and Sippel (28) by swelling the cells in hypotonie buffer [10 mM
4-(2-hydroxyethyl)-l-piperazineethanesulfonicacid, pH 7.4-5 mM KC1-
2 mM MgCl2), douncing with a tight-fitting pestle (cell lysis being
monitored microscopically) and centrifuging the nuclear pellet at 1600
X g. The nuclear protein fraction was solubili/ed by resuspension in
I .acninili sample buffer, separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and transferred to nitrocellulose
paper. After blocking with 5% milk-2% bovine serum albumin, the
nitrocellulose paper was incubated with p421 hybridoma supernatant
(with or without p 122 supernatant added) overnight at 4Â°C,reblocked
with milk, incubated with 5 /Â¿Ci125I-proteinA or sheep anti-mouse IgG

(Amersham) for 90 min at room temperature, washed extensively with
10 mM Tris, pH 7.4-50 mM NaCl-0.5% sodium dodecyl sulfate-0.5%
Nonidet P-40-0.5% sodium deoxycholate, and then exposed at â€”70Â°C

for autoradiography.

RESULTS

Development of Flow Cytometric Assay for p53. In order to
identify cell lines which would be useful cellular controls in the
development of a dependable flow cytometric assay for p53
protein, we evaluated p53 mRNA and protein expression (by
Northern and Western blots, respectively) in several different
leukemia cell lines. In agreement with previous reports (13,14),
we found significant quantities of p53 mRNA in the lymphoid
leukemia cell line, Raji, but not in the myeloid leukemia cell
lines HL-60 and KG-la (Fig. ÃŒA).Expressions of 0-actin and
c-myc mRNAs are shown as controls. Immunoblot analyses of

nuclear proteins from these cell lines, as well as from the
myeloblastic leukemia cell line, ML-1, with the anti-p53 mono
clonal antibody, p421 (with or without p 122 added), similarly
demonstrated p53 protein expression in the Raji cells, but not
in the myeloid leukemia cell lines (Fig. IB).

The conditions for flow cytometric analysis of p53 protein
expression were then optimized using these cell lines as positive
and negative cellular controls and utilizing isotype-matched
antibodies as controls for the anti-p53 antibodies p421 (IgG2a)
and p 122 (IgG2b). In contrast to the paraformaldehyde fixation
used in the analyses of the nuclear oncoproteins c-myc, c-myb,
and c-fos (19, 20), we found that methanol fixation was optimal
for analysis of p53 (data not shown). In addition, detergent
permeabilization was not required following methanol fixation
for these antibodies to enter the nucleus (data not shown).
Finally, it had been demonstrated previously that both of these
anti-p53 antibodies bind to a ten-amino acid sequence of the
p53 protein (see "Materials and Methods" for sequence), al

though they recognize different epitopes within that sequence
(23, 29). This peptide was synthesized and purified and was
subsequently used in excess quantities to specifically inhibit the
p421 antibody and thus serve as a sensitive and specific antibody
control in the analysis of p53 protein levels as previously
described (20). The p 122 antibody demonstrated higher back
grounds due to some nonspecific binding and was not used for
the subsequent flow cytometric analysis of p53.

In agreement with the Northern and Western blot analyses
(Fig. 1), flow cytometry using the p421 antibody with the
peptide inhibition control demonstrated p53 expression in Raji
cells, but not in HL-60 or KG-la cells (Figs. 2, 3, and 6; data
not shown for KG-la). In addition, p53 protein was detected in
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Fig. 1. Analysis of p53 mRNA and protein expression in selected leukemia
cell lines. A, total cellular RNA (20 Mg/lane) isolated from HL-60, KG-la, and
Raji cells was probed successively for p53, actin, and c-myc. B, immunoblot of
nuclear proteins isolated from 4 x 10' KG-la (KG), ML-1 (ML), Raji (Rj), and
HL-60 (HL) cells with a mixture of the anti-p53 antibodies p421 and pl22.
Ordinate, molecular weight markers in thousands. [Minor bands migrating at M,
~45,000 and ~60,000 are noted in most cell types on immunoblot. are not
correlated with p53 expression, and have been seen with nonspecific primary
antibodies (data not shown)].

HL-60 cells which had been transfected with a wild-type p53
expression vector, but not in HL-60 cells transfected with the
same vector with the p53 gene deleted (Fig. 2). Lastly, analyses
of p53 expression in other leukemia cell lines using the flow
assay were also in good agreement with immunoblot analyses
and previous evaluations in the literature (Table 1; see cell
lines). Thus, the flow cytometric assay reliably evaluates the
expression of p53 protein in hematopoietic cells.

Expression of p53 Protein in Normal Human Bone Marrow
Cells. Using this assay, we then correlated p53 protein expres
sion with the expression of cell membrane differentiation mark
ers which identify selected populations of normal human bone
marrow cells (19, 20). Low density bone marrow cells obtained
from normal human volunteers were labeled on the surface with

PE-conjugated antibodies identifying cell populations of inter
est and then labeled with anti-p53 FITC before analysis by two-
color flow cytometry. Levels of p421-FITC fluorescence were
compared to the control levels of fluorescence [(p421 plus
peptide)-FITC] for each cell population. In every experiment,
HL-60 and Raji cells were also run concurrently as negative

and positive cellular controls for p53 expression, respectively.
We and others have characterized the proliferative status of

each of the hematopoietic cell populations evaluated for p53
expression (20, 30, 31). The proliferative, progenitor cell pop
ulations identified by the cell surface antigens CD34 (multipo-
tent and committed progenitor cells) and glycophorin (erythroid
precursor cells) contained no detectable p53 protein (Fig. 3). In
addition, p53 protein was not detectable in CD34+ progenitor
cells physically isolated by immunomagnetic beads and re
mained undetectable in these cells for up to 10 days as they
converted to more mature (CD34- and CD 14+ and/or
CD 15+), but still proliferative, monocytic and granulocytic
precursors (in the presence of multiple recombinant hemato
poietic growth factors in a liquid culture system; data not
shown).

In contrast to the progenitor cell populations, the nonpro-
liferating, mature cell populations identified by CD20 (B-lym-
phocytes), CD3 (T-lymphocytes), CD 15 (granulocytes), and
CD 14 (monocytes) all expressed low, but detectable, levels of
p53 (Fig. 3). In repeated experiments, monocytes appeared to
have the lowest levels of detectable p53 fluorescence above the
background peptide inhibition fluorescence level. In agreement
with previous reports (32-34), PHA stimulation of mature T-
lymphocytes resulted in expression of HLA-DR, increased pro
liferation, and increased levels of p53 protein in this assay (data
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Fig. 2. Flow cytometric analysis of p53 protein expression in native HL-60

cells, Raji cells, or HL-60 cells transfected with a vector with a wild-type p53
gene insert (3K21, 3A22, and 3F10) or with a vector with no p53 gene insert
(BIO). .fluorescence histograms with anti-p53 antibody, p421; , peptide
inhibition control.
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Fig. 3. Flow cytometric analysis of p53 protein expression in selected popula
tions of normal human bone marrow cells. For each cell surface antigen-defined
cell population, histograms of fluorescence are generated after labeling cells with
p421-FITC ( ) or p421+peptide ( ). Fluorescence histograms for HL-60
and Raji cells are shown as negative and positive controls for p53 expression,
respectively, grans, granulocytes; monos, monocytes.

not shown). The low levels of p53 protein detected in these
normal hematopoietic cell populations (as compared to the
levels in Raji cells) are consistent with the presence of the wild-
type p53 protein (with its extremely short half-life).

Expression of p53 in Human Leukemias. We next used flow
cytometry to evaluate p53 protein expression in samples from
patients with acute lymphoid and myeloid leukemias. A signif
icant percentage of primary leukemias were found to express
detectable levels of p53 protein by flow cytometry (Table 1), in
agreement with prior reports utilizing immunoblots and/or
metabolic labeling (13-15, 35, 36). Although the number of
samples is too small to permit valid correlations between p53
expression and specific leukemic phenotypes, the presence of
p53 protein in these proliferating, primary leukemia cells is in
striking contrast to its absence in normal human hematopoietic
progenitor cells. Interestingly, none of the primary leukemias
tested expressed the high levels of p53 protein found in some
of the leukemia cell lines (e.g., Raji and RPMI 8402).

We also evaluated p53 expression in myeloid and lymphoid
leukemia cell lines using Northern blot, immunoblot, and/or
flow cytometric analysis. The lymphoid leukemia cell lines
expressed p53, sometimes at relatively high levels, while the
myeloid cell lines uniformly did not express detectable levels of
p53 protein (Table 1). [HEL cells, which are an erythroid, not
myeloid, leukemia cell line, express p53 and ML-1 cells have
detectable p53 protein only after chemically induced differen
tiation (see below).] The potential significance of the lack of
p53 protein expression in myeloid leukemia cell lines and its
high levels in lymphoid leukemia cell lines is discussed below.
In this survey of p53 expression in human leukemia cell lines,
the flow cytometric assay was consistent with our own Northern

and immunoblot analyses and with previously reported data in
the literature (13, 14) (Table 1).

Expression of p53 in the Inducible ML-1 Cell Line. Since
expression of p53 appeared to be associated with maturation of
normal hematopoietic cells in vivo, we next examined p53
expression during the differentiation of a hematopoietic cell
line in vitro. Although logarithmically growing ML-1 myeloid
leukemia cells contained little to no detectable p53 protein by
immunoblot (Fig. \B) or flow cytometric assay (Fig. 6), we had
surprisingly found that they contained readily detectable levels
of p53 mRNA (Fig. 4; Table 1). ML-1 cells can be induced to
differentiate to monocyte/macrophages by treatment with TPA
and, during differentiation, cell replication comes to a halt (Fig.
5; Refs. 21, 37). Thus, induction of ML-1 cells may provide

some insights into the physiological processes involved in he
matopoietic cell proliferation and differentiation, including a
potential role for p53.

From previous experiments with ML-1 cells, we knew that
TPA-induced morphological differentiation occurs over a 3-day

period (21, 37). During this period, p53 mRNA decreases (Fig.
4), as does c-myc mRNA (data not shown). Surprisingly, despite

the decline in p53 mRNA, p53 protein levels increased during
TPA-induced differentiation. This was demonstrated by both

flow cytometric analysis (Fig. 6) and immunoblot (data not
shown).

The levels of p53 protein in the induced ML-1 cells were low
(compared to Raji cells; Fig. 6) and were similar to levels found
in the mature, normal bone marrow cells (Fig. 3). (In contrast
to Raji, RPMI 8402, and KG-la cells, recent sequencing of
exons 5 through 9 of the p53 gene in ML-1 cells identified no

Table 1 p53 expression in leukemia cells'

Primary leu
kemiasALL*TotalT

cellB
lineageAMLTotalCD34+CD34-Cell

linesLymphoidRajiRPMI

8402Molt-3DaudiNonlymphoidHEL

(erythroid)ML-1LogTPAKG-

laHL-60KG1LI937K562Flow7/11

+4/4
+3/7
+9/16

+8/12
+1/4

+mRNA++++

++
+NDND+++â€”â€”NDNDNDLiterature4/5

+(14)41/84

+ (13,15,35,36)ProteinI

Â¡taratureImmunoblot
Flow (13,14)+++

++++++++
+++NA+

NDNAND
+++

++-

Â±NA+
+NA-
-NA_
___
___
_ _ND

-
" Assessment of p53 mRNA or protein expression in lymphoid or myeloid

acute leukemia patient samples or leukemia cell lines. p53 expression in ML-1
cells in both logarithmic growth and after TPA induction is indicated. Relative
levels of p53 mRNA or protein in leukemia cell lines are qualitatively assessed as
high (+++), intermediate (++), low (+), or undetectable (-). ND, not done; NA,
not available. Literature references (numbers in parentheses) contain assessments
of p53 protein by immunoblot or immunoprecipitation.

ALL, acute lymphoid leukemia; AML, acute myeloid leukemia.
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0
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P53

â€¢** Actin

The cell cycle characteristics of ML-1 cells at various times
of TPA induction were assessed by simultaneous flow cyto-
metric analysis of DNA synthesis by BrdUrd incorporation and
cellular DNA content by propidium iodide staining (Fig. 8).
The number of cells in S phase (incorporating BrdUrd during
the pulse period) was decreased after TPA induction with a
compensatory increase in the number of cells in both G0/Gi
and G2-M (Fig. 8). Two-color flow cytometric analysis of ML-

1 cells induced by TPA and stained for both p53 levels and
DNA content revealed the appearance of detectable levels of
p53 protein in the cells arrested in both G0-G, and G2-M (data
not shown).

The initiation of differentiation and loss of proliferation
occur within the same time frame with optimal TPA induction

Total
RNA

Fig. 4. Time course of expression of p53 mRNA in ML-1 cells after TPA
exposure. Total cellular RNA (20 /Â¿g)purified from logarithmically growing ML-
1 cells or ML-1 cells exposed to 0.5 n.M TPA for 12. 24, or 36 h was probed
successively for p53. fi-actin, and c-myc. Total amounts of RNA loaded in each
lane are demonstrated by ethidium bromide staining.

IO 20 30
Time in TPA (hours)

40

Fig. 5. DNA synthesis in ML-1 cells at various times after exposure to TPA.
Ordinate, percentage of ML-1 cells which incorporated BrdUrd during a 4-h pulse
at various times after exposure to 0.3 ng/ml TPA as determined by a FITC-
conjugated anti-BrdUrd antibody and flow cytometric analysis.

mutations5). Increases in p53 protein levels are noted at about

24 h of TPA exposure (Fig. 6), which coincides with the time
at which no more DNA synthesis is occurring as detected by
incorporation of BrdUrd (Fig. 5) or ['HJthymidine (37).

Previous experiments had shown that, depending upon the
concentration used, TPA can induce differentiation with either
a rapid loss of DNA synthesis (e.g., Fig. 5) or a more delayed
decline (21). We found that the time of appearance of p53
protein was similarly dependent on TPA concentration, since
higher or lower doses of TPA result in earlier or later inductions
of p53 protein, respectively (Fig. 7). Thus, there appears to be
a correspondence between the rate of increase in p53 protein
levels and the rapidity of the cessation of DNA synthesis.

5 M. B. Kastan, O. Onyekwere D. Sidransky, B. Vogelstein, and R. W. Craig,

manuscript in preparation.

RQJI

10Â° IO1 IO4 IO"1 IO IO3 I0!

0)
-0

E

a>
O

ML-I

Log
ML-1

TPA 12hr

IO* IO1* iO IO iO' IO* IO4

ML-1
. TPA24Hr1I--Du

IO1 IO2 IO3 IO4 KML-I

TPA 36hrâ€¢AÃ¬

. 'AA|)"

IO' I0Â¿ IO3IOp53

FITC

Fig. 6. Expression of p53 protein in ML-1 cells after exposure to TPA. Flow
cytometric analysis of p53 protein expression in logarithmically growing ML-1
cells (log) or after 12, 24, or 36 h of exposure to 0.5 nM TPA. Fluorescence
histograms are as described in the legend to Fig. 2. HL60 and Raji cells arc
shown as negative and positive controls for p53 expression.

25

20 40 60
Time (hours)

Fig. 7. Time course of changes in p53 expression and DNA synthesis in ML-
1 cells after treatment with various doses of TPA. A, flow cytometric analysis of
relative p53 protein levels in ML-1 cells at various times after treatment with 0.1.
0.3, or 1.0 ng/ml (0.17, 0.5. or 1.7 nM) TPA. Relative p53 levels are determined
by calculation of a "corrected mean fluorescence intensity" for each sample and

subtraction of the low amounts of background corrected mean fluorescence in the
non-TPA-treated cells at each time point. B, incorporation of Brdl'rd into ML-
1 cell DNA at each time point for each dose of TPA analyzed as described in Fig.
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Fig. 8. Cell cycle analysis of TPA-treated ML-1 cells. Cells were pulsed with
BrdUrd for 4 h at various times after exposure to 0.3 ng/ml TPA and analyzed
for both replicative DNA synthesis by anti-BrdUrd FITC and DNA content by
propidium staining. I. sample dot plots of logarithmically growing ML-1 cells or
cells treated with 0.3 ng/ml TPA for 12 or 24 h stained for both BrdUrd
incorporation and propidium iodide (/'/). H imJ(m-\ are drawn to illustrate the
populations representing G0-Gi cells ( Window 1, cells with 2N DNA content and
no BrdUrd incorporation), S phase cells ( Window 2, variable DNA content with
BrdUrd incorporation), and G2-M cells (Window 3, 4N DNA content, but
excluding any cells which were undergoing DNA synthesis during the pulse
period). B, time course of changes in the percentage of cells in each cell cycle
phase (as defined in A) after TPA treatment. The change in the percentage of
total cells found in each window in the TPA-treated samples compared to
untreated controls at each time point is plotted.

of ML-1 cells. In contrast, other agents, including actinomycin
D and lymphocyte-conditioned medium, have more pronounced
initial effects on either proliferation (actinomycin D) or differ
entiation (conditioned medium) (21). Thus, we examined the
effects of these agents on DNA synthesis (by BrdUrd incorpo
ration) and p53 expression in ML-1 cells. Actinomycin D
treatment rapidly and profoundly inhibited DNA synthesis and
increased expression of p53 protein to levels similar to those
seen after TPA exposure (Fig. 9). The time course of the
increase in p53 protein levels paralleled the time course of
decrease in DNA synthesis (data not shown). In contrast, during
induction with conditioned medium from PHA-stimulated nor
mal human lymphocytes, DNA synthesis declines more slowly
and there is a correspondingly smaller increase in p53 protein
levels (Fig. 9). The combination of actinomycin D and condi
tioned medium, which is as efficacious in the induction of ML-
1 cells as TPA (21), markedly inhibited DNA synthesis and
stimulated p53 to levels similar to TPA (Fig. 9). Thus there is
a correspondence between the degree of inhibition of DNA
synthesis and the amount of increase in p53 protein levels in
ML-1 cells with a variety of different agents.

DISCUSSION

Many recent experiments have suggested that the nuclear
phosphoprotein, p53, acts as a "growth/tumor suppressor" gene

product (6-8, 9, 38-40). However, since most of these experi
ments have been done in tumor cell culture systems with an
exogenously introduced p53 gene, it is not yet clear how the
endogenous p53 gene product influences proliferation and/or

differentiation in normal tissues. Our understanding of p53
function is further complicated by the observations that mi-
croinjection of antibodies to p53 blocks DNA synthesis in NIH
3T3 cells (3) and that p53 levels increased during PHA-induced
stimulation of T-lymphocyte proliferation (32-34), suggesting
that p53 may stimulate, rather than inhibit, DNA synthesis in
some situations. The mechanism of p53 action is also not clear
since some experiments suggest that p53 protein can directly
inhibit DNA synthesis (41), while others imply an indirect role
via transcriptional activation (42, 43).

We have studied the expression of endogenous p53 in various
maturation stages and proliferative states utilizing a flow cyto-
metric assay which permits direct evaluations of p53 protein
expression in rare, normal hematopoietic cell populations with
out the need to physically isolate the cell of interest. Utilizing
the monoclonal anti-p53 antibody, p421, and a specific inhibi
tory peptide, we first demonstrated the flow cytometric assay
to be a sensitive and specific indicator of p53 protein expression.
The use of an inhibitory peptide as a control provided an
advantage over previous flow cytometric assays of p53 protein
expression (9, 33) in determining the presence of low levels of
p53 protein. The detection of p53 protein in various leukemic
cell lines with our flow cytometric assay was identical to deter
minations made using Northern and Western blot techniques.
Flow cytometric analyses of p53 expression in these cell lines
and in a number of primary leukemias were also in agreement
with previously reported data (13-15, 35, 36).

Using this assay in normal human hematopoietic cells, we
found detectable levels of p53 protein only in mature cell
populations. Neither the rare, multipotent and committed pro
genitor cell population (CD34+) nor the erythroid precursor
cell population (glycophorin+) express detectable levels of p53
protein. We and others have shown previously that both of
these cell populations are proliferative (20, 30, 31). Even as
CD34+ cells differentiate in vitro to more mature, but still
proliferative, monocytic and granulocytic precursors, p53 pro
tein remains undetectable. In contrast, the mature, nonprolifer-
ative B lymphoid, T-lymphoid, granulocytic, and monocytic cell
populations all express low but detectable levels of p53 protein.
Thus, consistent with the concept of a "growth/tumor suppres
sor" gene product, expression of the endogenous p53 protein

in normal hematopoietic cells is correlated with a cessation of
proliferation occurring during cellular maturation.

Our findings in ML-1 myeloblastic leukemia cells provide

O).0
-FCONTROL162%)nn/A,.-.:,

TPA^i|
(2%);nin.-.Ac

ti noD(2%)

10Â° IO1 IO2 C3 10*10Â° IO1 IO2 IO3 IO4Â»0 K)' IO2 O3 IO4

CM
(36%)Iâ€¢ActinoDÂ»CM (2%)

P53 FITC
Fig. 9. p53 protein expression and DNA synthesis in ML-1 cells after treat

ments with various agents. Flow cytometric analysis of p53 protein expression in
logarithmically growing ML-1 cells (control) or cells treated for 36 h with 0.5 nM
TPA, 0.45 nM actinomycin D (Actino D), 10% conditioned medium from PHA-
stimulated lymphocyte-enriched peripheral blood cells (CM), or a combination
of 0.45 nM actinomycin D and 10% conditioned medium (Actino D + CM).
Fluorescence histogram analysis is as described in the legends to Figs. 2 and 4.
Numbers in parentheses, percentages of cells which incorporated BrdUrd during
each induction condition.
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further evidence for a role for the normal, endogenous p53
protein in hematopoietic cell differentiation and/or the associ
ated cessation of proliferation. ML-1 cells, which appear to
have wild-type p53 genes,5 express little or no p53 protein

during logarithmic growth. However, during induced differen
tiation along the monocytic pathway, DNA synthesis ceases
and p53 protein levels increase. In contrast, MEL cells, which
have mutant p53 genes, express p53 during proliferative growth
but down-regulate the gene product during induced differentia
tion (44, 45).

ML-1 cells may be unique in this since the most commonly
used inducible human myeloid leukemia cell line, HL-60, does
not contain a complete copy of the p53 gene (46) and thus
cannot express the gene during differentiation. The fact that
HL-60 cells can differentiate in response to agents such as TPA
without expressing p53 may seem to contradict a significant
role for p53 in this process. However, it should be noted that
HL-60 cells require approximately 50-fold more TPA than
ML-1 cells to differentiate (47). This higher TPA requirement
may be due to the absence of a p53 signal. For example, without
p53 to signal cells to stop DNA synthesis, higher doses of TPA
may be required in HL-60 cells to initiate another mechanism
of inhibition of replication.

Our observations in bone marrow and ML-1 cells do not
distinguish between roles for p53 protein in the cessation of
proliferation versus maturation in hematopoietic cells. Since
these two processes are probably tightly coupled by the time
the pluripotent progenitor cells begin the lineage commitment
process, it may be difficult to make this distinction. In fact, we
observed a decrease in DNA synthesis in the TPA-induced ML-
1 cells (approximately 50% by 12 h) before any increase in p53
protein level was detectable. If the role of p53 is to inhibit DNA
synthesis during differentiation, two possible explanations for
this observation are that: (a) p53 protein expression is a late
event in the inhibition of DNA synthesis; or (b) the levels of
p53 rise slowly, such that they may begin to functionally inhibit
DNA synthesis before the levels are high enough to be
detectable.

The ML-1 cells are arrested in both the G, and G2-M phases
of the cell cycle after TPA treatment. These results are consist
ent with several studies which have suggested that transfected
p53 expression causes cells to arrest in GÃ¬(9, 48) and with a
recent observation that cyclin B-cdc2, a Gi-M-specific kinase,
can phosphorylate p53 and might regulate its antiproliferative
activity ( 10). A single, simple function for p53 protein, however,
cannot simultaneously explain a positive correlation of p53
expression with DNA synthesis in PHA-stimulated T-cells and
a negative correlation during maturation of both normal bone
marrow cells and ML-1 cells (although only the latter obser
vation is consistent with a "growth/tumor suppressor" func

tion). It is possible that the role of p53 protein in hematopoietic
cell maturation is distinct from its role in T-cell activation.

Other investigators have reported a lack of detectable p53
expression in resting T-cells (32, 34). We find low (30-50-fold
lower than in Raji cells), but repeatably detectable, levels of p53
protein in T-cells. The flow cytometric assay utilizing the pep-
tide inhibition may be able to detect levels of p53 protein that
are too low to be detected reliably by other assays. The expres
sion of p53 in these T-cells is not due to artifactual stimulation
during handling because they do not express HLA-DR and have
a very low proliferative fraction (less than 3%) unless specifi
cally stimulated with PHA (data not shown). In fact, reports of
two immunologically distinct forms of p53 protein (49, 50)

raise the opposite concern: that the flow cytometric assay might
not detect all native forms of the p53 protein. However, the
p421 antibody recognizes both forms of the p53 protein after
it has been denatured (49) and the cellular fixation process used
in this assay denatures intracellular proteins. The excellent
correlations of the flow assay with immunoblots and data in
the literature strongly support the usefulness of this assay.

A significant percentage of primary leukemias express low,
but detectable, levels of p53 protein (Table 1; Refs. 13, 15, 36),
in contrast with the lack of expression seen in phenotypically
similar, normal bone marrow cell progenitors. Most primary
leukemias appear to contain the wild-type p53 gene (36, 51-
53).6 This is consistent with our finding that, when expressed,

the p53 protein levels in these leukemia cells are low (similar
to normal, mature cells and much lower than the elevated levels
seen in lymphoid leukemia cell lines). These observations raise
the possibility that some leukemias may express wild-type p53
protein despite their immature phenotype and proliferative
capacity. These leukemia cells may have developed mechanisms
which enable them to bypass the normal inhibitory functions
of the p53 protein. A lack of growth inhibition of a colonie
adenoma cell line after transfection by wild-type p53 (6) may
represent a similar situation.

Interestingly, and in agreement with previous reports (13, 14,
54), we also found that immortal leukemia cell lines express
p53 abnormally in a lineage-specific manner: lymphoid leuke
mia cell lines overexpress p53, while myeloid leukemia cell lines
lack expression of p53 protein. Similar to the concept that p53
may contribute to carcinogenesis either as an oncogene (by
mutation) or as a tumor suppressor (by loss of expression),
these lineage-specific differences in aberrant p53 expression in
leukemia cell lines may reflect two distinct mechanisms of p53
contributions to the immortalized phenotype.

In summary, we have found that expression of endogenous,
wild-type p53 protein increases during maturation of normal
human hematopoietic cells and TPA-induced ML-1 myelo-
blastic leukemia cells. These findings suggest, but do not yet
establish, a cause and effect relationship between expression of
endogenous p53 and the cessation of proliferation accompany
ing hematopoietic cell maturation. The inducible ML-1 system
appears to mimic normal human hematopoietic cells with re
gard to p53 protein expression during cellular differentiation
and will provide a useful model system to investigate such cause
and effect relationships as well as the biochemical mechanisms
of action of p53 protein.
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