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Wild-type p53 protein is abnormally sequestered in the cytoplasm of a subset of primary human tumors in-
cluding neuroblastomas (NB) (U. M. Moll, M. LaQuaglia, J. Benard, and G. Riou, Proc. Natl. Acad. Sci. USA
92:4407–4411, 1995; U. M. Moll, G. Riou, and A. J. Levine, Proc. Natl. Acad. Sci. USA 89:7262–7266, 1992). This
may represent a nonmutational mechanism for abrogating p53 tumor suppressor function. To test this hypo-
thesis, we established the first available in vitro model that accurately reflects the wild-type p53 sequestration
found in NB tumors. We characterized a series of human NB cell lines that overexpress wild-type p53 and show
that p53 is preferentially localized to discrete cytoplasmic structures, with no detectable nuclear p53. These cell
lines, when challenged with a variety of DNA strand-breaking agents, all exhibit impaired p53-mediated G1
arrest. Induction analysis of p53 and p53-responsive genes show that this impairment is due to suppression of
nuclear p53 accumulation. Thus, this naturally occurring translocation defect compromises the suppressor
function of p53 and likely plays a role in the tumorigenesis of these tumors previously thought to be unaffected
by p53 alterations.

Wild-type p53 plays a key suppressor role in cell growth and
tumor formation. p53 acts as a cell cycle checkpoint after DNA
damage, induces G1 arrest or apoptosis (reviewed in reference
63), and is required to maintain genomic stability (34, 70). The
mechanism underlying its central growth suppression is largely
based on p53’s function as a potent transcriptional regulator
(9, 13) of crucial growth-inhibitory genes such as Waf-1, a
universal inhibitor of cyclin kinase complexes (10, 19, 47, 67).
The domain structure of p53 reveals an N-terminal transacti-
vation region, a central sequence-specific DNA-binding region,
and a C-terminal oligomerization region that also harbors sev-
eral nuclear localization domains (reviewed in reference 50).
Accordingly, p53 is a nuclear phosphoprotein, and nuclear
localization is essential for its growth-suppressing activity in
late G1 (14, 15, 53–56). Site-directed mutagenesis of the pri-
mary nuclear localization signal (at residues 316 to 322) caused
cytoplasmic retention and completely destroyed the transfor-
mation-suppressing activity of wild-type p53 (56). In normal
cells, p53 levels are tightly regulated as a result of a short
half-life of 15 to 30 min (49) and are not detectable by immu-
nocytochemistry (31).
Disruption of the p53 response pathway strongly correlates

with tumorigenesis. Indeed, functional inactivation of p53 is
the single most common event in human malignancies and
occurs in at least 50% of all cancers (20). Mutational inactiva-
tion is the most common mechanism and occurs in a large
spectrum of sporadic and familial cancers of, e.g., the breast,
gastrointestinal tract, lung, brain, and soft tissues (22). Dele-
tion of one allele accompanied by a missense mutation in the
central DNA-binding domain of the remaining allele is classi-
cal. Most point mutations prolong the half-life of p53, leading

to nuclear accumulation which now becomes readily detectable
by immunocytochemistry. Though less frequent, mutation-in-
dependent mechanisms are also utilized in human malignan-
cies. Here, the common theme is sequestration of wild-type
p53 protein by another protein which abrogates its suppressive
action. Originally, this was discovered in mammalian models of
viral oncogenesis. The viral oncoproteins simian virus 40 large
T antigen and adenovirus type 5 E1B form stabilized com-
plexes with p53, thereby functionally inactivating it (6, 40, 68).
In human papillomavirus-positive genitoanal cancers, the high-
risk human papillomavirus type 16 and type 18 E6 oncopro-
teins form a p53 complex resulting in rapid p53 degradation
(52). Additional oncoviral proteins that complex with p53 in-
clude hepatitis B virus X protein, associated with hepatocellu-
lar carcinoma (11, 60, 62), and cytomegalovirus IE84 protein,
associated with smooth muscle proliferation in coronary reste-
nosis (57). Furthermore, in 30% of soft-tissue sarcomas, p53 is
inactivated by binding to the overexpressed product of the
mdm-2 oncogene, which inhibits p53-mediated transactivation
(44, 48).
Recently, we described a potential mutation-independent

mechanism of p53 inactivation which involves abnormal cy-
toplasmic sequestration of wild-type p53 with concomitant
nuclear exclusion. This phenotype was present in 37% of in-
flammatory breast carcinomas and greater than 95% of undif-
ferentiated neuroblastomas (NB) but never in differentiated
benign derivatives of NB (42, 43). To answer the crucial ques-
tion about p53 function in this phenotype, we show here that
such tumor cells have indeed severely impaired or abolished
p53 function. To do this, we characterized the first available in
vitro model derived from four different human NB tumors and
subjected them to various types and degrees of DNA damage.
Although these cells grossly overexpress wild-type p53 protein,
the p53-mediated G1 checkpoint response to lower and medi-
um-range DNA damage is either severely impaired or abol-
ished altogether as a result of its cytoplasmic sequestration.
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Thus, this naturally occurring translocation defect compro-
mises the suppressor function of p53 in the DNA damage
pathway and likely plays a role in the oncogenesis of these
tumors, which were previously thought to be unaffected by p53
alterations, as judged by their wild-type p53 gene status.

MATERIALS AND METHODS

Cells and reagents. Established human tumor cell lines were used, and cells
were cultured in RPMI 1640–10% heat-inactivated fetal calf serum or Dulbec-
co’s modified Eagle medium–10% fetal calf serum (MDA lines and H 358) at
378C in 5% CO2. p53-overexpressing SK-N-SH, LAN-5, IMR-32, and CHP 134
are derived from undifferentiated NB. p53-deficient lines SK-N-MC and CHP
100 are derived from neuroepitheliomas, which are closely related, primitive
neuroectodermal malignancies (all a gift from Jeffrey Marks and available from
the American Type Culture Collection). The H 358 lung adenocarcinoma line
harbors a homozygous deletion of p53 (59). The ML-1 myeloid leukemia line
harbors normal levels of wild-type p53 (25). Breast cancer lines MDA 468 and
MDA 231 are homozygous for an R273H and an R280K mutation, respectively.
Antibodies to p53 were monoclonal antibodies PAb 421, 1801, and 240 (Onco-
gene Science), DO-1 (Santa Cruz Biotechnology), and PAb 248 (69). The four
monoclonal antibodies recognize different p53 epitopes: amino acids 32 to 79
(PAb 1801), 210 to 219 (PAb 240), 157 to 192 in the mouse (PAb 248), and 17
to 26 (DO-1). PAb 240 reacts equally well with mutant and wild-type p53 in fixed
tissue (42, 69). In immunoprecipitation experiments, p53 was detected by immu-
noblotting with CM-1, a rabbit polyclonal antibody against bacterially expressed
human wild-type p53 (gift of David Lane). Heat shock protein was detected with
monoclonal hsp72/73 (Santa Cruz Biotechnology). Waf-1 was detected by a
rabbit polyclonal serum against recombinant human Waf-1 protein (gift of David
Beach). mdm-2 protein was detected with a rabbit polyclonal serum against the
C-terminal half of mouse mdm-2 that cross-reacts with human mdm-2 (gift of
Arnold Levine). Mouse 3T3 DM cells were used as positive control for mdm-2
overexpression (gift of Donna George). Nuclear antigens were detected with
monoclonal antibodies against proliferating cell nuclear antigen (PCNA) (On-
cogene Science), Ki-67 antigen (Dako), or MIB-1 (a recombinant part of the
Ki-67 antigen) (AMAC Inc.). Monoclonal LAMP-1 (University of Iowa Hybrid-
oma Bank) (2) served as a lysosomal marker. Baculovirus-produced human
wild-type p53, either crude or highly purified, was used as the control in various
assays.
Immunoblotting and immunoprecipitation. For immunoblotting, cells from

confluent P100 dishes were scraped and lysed in 100 ml of radioimmunoprecipi-
tation assay buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 1% sodium deoxy-
cholate, 1% Triton X-100, and 0.5% sodium dodecyl sulfate [SDS] plus a pro-
tease inhibitor cocktail consisting of 2 mg of aprotinin per ml, 2 mg of leupeptin
per ml, and 1 mM phenylmethylsulfonyl fluoride). Equal amounts of supernatant
(50 mg of total protein per lane) were electrophoresed through SDS–8% poly-
acrylamide gels and blotted onto a nitrocellulose membrane overnight at 100 mA
in transfer buffer (13 Laemmli buffer, 10% methanol, 0.01% SDS). The mem-
brane was blocked in 3% milk in TBST (10 mM Tris [pH 8], 44 mM NaCl, 0.05%
Tween 20) for 1 h, washed three times in TBST, and incubated in mouse
monoclonal antibodies at indicated dilutions for 1 h. After three washes in TBST,
the blot was incubated for 1 h in biotinylated anti-mouse antibody (1:2,500;
Amersham ECL kit), washed again, and developed as instructed by the manu-
facturer.
For immunoprecipitation, scraped cell pellets were sonicated in 300 ml of

TENN buffer (50 mM Tris [pH 7.4], 5 mM EDTA, 0.5% Nonidet P-40, 150 mM
NaCl, protease inhibitors). After centrifugation at 14,000 rpm for 30 min, the
supernatant was precleared with 30 ml of protein G-agarose beads (Gibco BRL).
Equal amounts of total protein (750 mg) were precipitated with 1.5 mg of PAb
421 for 2 h. The beads were washed three times in SNNTE (50 mM Tris [pH 7.4],
5 mM EDTA, 5% sucrose, 1% Nonidet P-40, 0.5 M NaCl) and one time with
radioimmunoprecipitation assay buffer. Samples were solubilized by boiling in
SDS-polyacrylamide gel electrophoresis running buffer before being loaded onto
a gel.
Immunofluorescence. Cells were grown on polylysine-coated coverslips, rinsed

in phosphate-buffered saline, fixed for 3 min in acetone-methanol (1:1), and air
dried. We strictly used this nonaqueous fixative to avoid any possible artifactual
shift in subcellular p53 localization as has been described for when fixatives with
.30% water content are used (17). After blocking in 10% normal goat serum
for 20 min, the cells were incubated in primary antibody (mouse) for 2 h.
Staining was detected with biotinylated goat anti-mouse immunoglobulin G
(IgG) followed by streptavidin-fluorescein isothiocyanate (Gibco BRL). Cells
were mounted with Antifade (Molecular Probes) and examined with a Nikon
confocal scanning laser microscope. For p53 immunofluorescence after actino-
mycin D (Act D) treatment, cells were preplated for 24 h before the drug was
added for an additional 24 h. A cell was scored as positive as soon as nuclear
staining could be discerned. For each condition, at least 3,000 cells were counted
in each of two to three independent experiments. Autofluorescence background
was minimal and easily distinguished by a yellow-reddish quality.
DNA sequencing. Total RNA was extracted from SK-N-SH, LAN-5, IMR-32,

and CHP 134 cells and reverse transcribed with random hexamers. Full-length
p53 cDNA was PCR amplified from codons 1 to 148, 118 to 353, and 253 to 393.
PCR products were gel purified, and both strands of each amplicon (400 ng) were
directly sequenced with the fluorescent DyeDeoxy sequencing kit (Applied Bio-
systems) and run on an automated DNA sequencer (ABI model 370A). Control
tumor cDNA with known missense mutations in the central amplicon, amplified
and sequenced in parallel, readily yielded detectable mutant nucleotides.
Northern (RNA) blot analysis. Cells were exposed to a single dose of X ir-

radiation (X-IR) (1 to 4 Gy at 150 kV/3 mA) in a Minishot 160 Irradiator.
Following irradiation, the cells were returned to the incubator for 6 h before
harvesting. Total cellular RNA was prepared by using RNAzol (Tel-Test) as
described by the manufacturer. The RNA (10 mg per lane) was electrophoresed
through 1.5% agarose–6% formaldehyde gels prepared in MOPS buffer {20 mM
MOPS (3-[N-morpholino]propanesulfonic acid; pH 7.0), 5 mM sodium acetate,
1 mM EDTA, 3.7% formaldehyde}. The RNA was transferred to Zeta-Probe
nylon membranes in 203 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium
citrate), and the filters were baked at 808C for 1 h under vacuum and prehybrid-
ized for 3 h at 428C in the hybridization buffer (50% formamide, 53 SSC, 53
Denhardt’s buffer, 1% dextran sulfate, 20 mg of bovine serum albumin per ml, 50
mM sodium phosphate [pH 7.0], 0.5% SDS, 125 mg of sheared salmon sperm
DNA per ml). Hybridization was performed for 18 to 24 h at 428C with thermally
denatured, radiolabeled cDNAs encoding humanWaf-1 and mdm-2 (pHDM and
pZL-WAF 1 were gifts from Bert Vogelstein) at 2 3 106 cpm/ml. Filters were
exposed to XAR-5 film (Kodak), and signals were quantitated by PhosphorIm-
ager analysis using ImageQuant software (Molecular Dynamics).
Fluorescence-activated cell sorting (FACS) analysis. For each datum point,

3 3 106 cells were preplated into P100 dishes for 24 h in RPMI 1640–10% fetal
calf serum and then either not treated or treated for an additional 24 h (dose
response) or up to 24 h (time response) with Act D (0.45, 1.8, and 7.2 nM; Sigma)
and bleomycin (0.06 U; Bristol-Myers Squibb) added to the medium for the
indicated times. X-IR (1, 2, and 4 Gy; Minishot 160) and 137Cs g irradiation
(d-IR) (0.5 and 1 Gy; Gammator M; Isomedix Inc.) were pulse delivered before
cells were returned to the incubator for the indicated times. Cells were collected
with trypsin-EDTA and stained for DNA content with propidium iodide (Sigma)
as described previously (64). Cell fractions were analyzed on a Becton Dickinson
FACScan, using R and S models of Cell Fit software. Each graph represents
three to seven experiments. Results are expressed as percent change in G0/G1
and S fractions of treated versus untreated cells for each cell line.
Subcellular fractionation. Cells from four dishes (175 cm2) were scraped in

ice-cold HS buffer (10 mM N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid
[HEPES; pH 7.4], 250 mM sucrose, 2 mg of aprotinin per ml, 2 mg of leupeptin
per ml, 1 mM phenylmethylsulfonyl fluoride, 20 mM NaF, 1 mM sodium or-
thovanadate) and centrifuged at 1,000 rpm for 2 min. As indicated, in some
experiments HS buffer included 1% Nonidet P-40 or 1% Triton X-100. The cell
pellet was resuspended in 5 ml of HS buffer and carefully homogenized in a
Dounce homogenizer (tight fit; Wheaton) until 50 to 70% of the cells were
broken up. The homogenate was centrifuged twice at 1,000 g for 10 min. The
1,000 3 g pellets were pooled, and the supernatant was laid on top of 5 ml of HS
buffer in a polyallomer tube containing 55% sucrose and centrifuged overnight at
100,000 3 g at 208C. After the spin, three layers were discernible: the top 3 ml
of cloudy material, representing the membrane pellet, was collected and pelleted
by an additional 100,000 3 g spin for 1 h (16). The sucrose supernatant and
sucrose pellet were collected directly. All three fractions were dialyzed in 2 liters
of HS buffer and concentrated to 300 ml. Of each fraction, 150 mg of total protein
was loaded onto an SDS–8% polyacrylamide gel and immunoblotted with DO-1
(0.1 mg/ml). For enzyme treatments, the 1,000 3 g supernatants were split and
incubated for 30 min at 378C with or without trypsin (1:50 [wt/wt]) or RNase A
(10 mg/ml) before further processing.

RESULTS

Overexpressed wild-type p53 in NB cells is sequestered in
the cytoplasm. Guided by our previous finding of sequestered
p53 in primary human NB and a report by Davidoff et al. (5)
which described overexpression of wild-type p53 in immuno-
precipitates from whole cell extracts of NB cell lines, we rea-
soned that these NB lines would provide an excellent model for
the phenotype present in vivo. Under normal culture condi-
tions, the four NB lines SK-N-SH, LAN-5, IMR-32, and CHP
134 show constitutive overexpression of p53 compared with the
classic cell line ML-1, a myeloid leukemia line which contains
normal low levels of functional wild-type p53 (Fig. 1). ML-1
cells had previously been critical in identifying the G1 arrest
activity of p53 (25). In contrast, two control lines derived from
NB-related neuroepitheliomas contain abnormally low levels
of full-length p53 protein as a result of aberrant size (SK-N-
MC) or stability (CHP 100) of their p53 transcripts (5) and

VOL. 16, 1996 IMPAIRMENT OF p53-MEDIATED G1 ARREST 1127



completely lack any induction of p53 or p53-responsive gene
products, even when maximally induced by DNA-damaging
agents (see Fig. 7B to F for CHP 100; data not shown for
SK-N-MC), indicating that the residual p53 in these two lines
is nonfunctional. Homozygous wild-type status of the p53 gene
was shown by full-length cDNA sequencing in SK-N-SH,
IMR32, and CHP 134 as well as exon 5 to 9 sequencing in the
remaining line (data not shown) and is consistent with our
previous sequencing data on primary NBs (42).
Localization studies using fluorescence and alkaline phos-

phatase-based immunocytochemistry with four different p53-
specific monoclonal antibodies showed that p53 was strictly
localized to the cytoplasm in 100% of the cells present in the
culture (Fig. 2), with no detectable protein in the nucleus. This
was true for all four NB lines. Moreover, while some cytoplas-
mic p53 staining showed a diffuse character, p53 preferentially
localized to punctated, discrete structures that were randomly
dispersed throughout the cytoplasmic compartment (Fig. 2A;
see also Fig. 7A). This pattern was most conspicuous with PAb
1801 and 248. CHP 100, which expresses abnormally low levels
of p53, yielded only occasional cytoplasmic dots (Fig. 2A). The
punctated p53 pattern, while vaguely reminiscent of a lysoso-
mal pattern, was distinctly different from the staining pattern
with the LAMP-1 antibody, a marker for lysosomes (Fig. 2B).
In contrast, breast carcinoma cells that harbor p53 missense
mutations at codon 273 (MDA 468) and codon 280 (MDA
231) exhibit the well-described nuclear accumulation of p53
(Fig. 2B and data not shown). This punctate p53 localization is
in contrast to the MCF-7 breast cancer line, which shows only
diffuse cytoplasmic p53 and had been the only previously rec-
ognized cell line with cytoplasmically sequestered wild-type
p53 (58). Furthermore, p53 sequestration in MCF-7 cells is
leaky and possibly cell cycle dependent, leading to a mixture of
cells with cytoplasmic and/or nuclear overexpression in expo-
nentially growing cultures (45). Some investigators even find it
exclusively in the nucleus and only in a few percent of the cells
(65), suggesting that distinct sublines of MCF-7 may exist.
The aberrant sequestration in NB cells appears specific for

p53, since other proteins that are destined to move to the
nucleus, such as PCNA, Ki-67, and MIB-1, are translocated
properly (Fig. 3A). Since certain forms of p53 are known to
complex with HSP70 family members (4, 21), we investigated
whether the punctated cytoplasmic p53 is colocalized with
HSP72/73. However, the staining pattern obtained with an
hsp72/73 antibody was discordant and characterized by a ho-
mogeneous distribution involving both nucleus and cytoplasm
(Fig. 3B). Furthermore, while NB cells express higher levels

of total HSP72/73 protein than do ML-1 cells, as seen by
Western blot (immunoblot) analysis (Fig. 3C), only a minute
portion is complexed with p53, as shown by immunoprecipi-
tation (Fig. 3D). Thus, we excluded heat shock protein as
a component that sequesters p53 within the cytoplasm. Pre-
viously we showed that the mdm-2 gene is not amplified in
primary NB (42). In addition, immunoblotting of NB cells
failed to show detectable levels of mdm-2, excluding mdm-2
deregulation (reviewed in reference 1) as a possible (although
unlikely) source of cytoplasmic retention of p53 (data not
shown).
Sequestered p53 is preferentially localized in large protein

aggregates. The conspicuous immunofluorescence pattern sug-
gested that we should be able to physically capture the cyto-
plasmic p53 structures. We therefore performed partition ex-
periments (Fig. 4). NB cells were fractured in a detergent-free
buffer. After unbroken cells as well as nuclei associated with
various amounts of adherent cytoplasmic fragments were spun
out (Fig. 4, low spin P fraction), the cytoplasmic fraction was
subjected to ultracentrifugation through stringent sedimenta-
tion conditions (high-density 55% sucrose cushion). This tech-
nique separates the cytoplasm into membrane-bound vesicles
with high buoyancy (M fraction), soluble cytosolic proteins (SN
fraction), and pelletable large protein aggregates (P fraction)
(16). Indeed, analysis of the P and M fractions by conventional
electron microscopy showed greater than 98% purity of both
fractions. The P fraction consisted of amorphous granular pro-
tein aggregates, while the M fraction contained closed, circular
membrane profiles representing membrane-bound vesicles of
various types (data not shown). This finding indicates that our
fractionation technique did not cause artifacts by severing the
integrity of cytoplasmic vesicles. Consistent with its apparent
size and shape, the cytoplasmic p53 partitioned virtually exclu-
sively to the 100,000 3 g pellet (Fig. 4A, lane 2), with only a
minute amount detectable in the M fraction (lane 4) and a
complete absence in the SN fraction (lane 3). This fraction-
ation profile is specific for NB cells, since the nuclear p53
overexpressor line MDA 468, containing mainly soluble p53
tetramers and perhaps dimers, shows a mirror image profile. In
MDA 468 cells, p53 partitioned to the SN fraction (lane 7) but
not to the P fraction (lane 6). The same is true for highly puri-
fied recombinant p53 that was subjected to sucrose ultracen-
trifugation (lanes 9 and 10). The small amount of p53 detect-
able in the M fractions (Fig. 4A, lanes 4, 8, and 11; Fig. 4B, lane
3; Fig. 4C, lanes 4 and 8) probably represents endoplasmic
reticulum-associated p53. (On the other hand, minor contam-
ination during fraction collection, although care was taken to
avoid it, cannot be ruled out.) When we repeated the experi-
ment with LAN-5 cells, this time including 1% Nonidet P-40 or
1% Triton X-100 in the lysis buffer, the results were identical,
suggesting that the pelletable p53 is not easily solubilized (data
not shown). This p53-pelletable material is sensitive to trypsin
digestion (Fig. 4B; compare lanes 1 to 3 with lanes 4 to 6),
again confirming its membrane-free nature. Cytoplasmic p53
has been reported to be covalently linked to 5.8S rRNA (12).
If this were the case here, one would expect p53 to partition to
the soluble fraction after RNase A treatment. We excluded
this possibility by repeating the experiment in the presence or
absence of prior RNase A treatment. Figure 4C shows that the
partition profile remains the same with or without RNase A
(compare lanes 1 to 4 with lanes 5 to 8). Taken together, these
results demonstrate that sequestered p53 in NB cells localizes
to large, free protein aggregates in the cytoplasm.
Cytoplasmic sequestration of p53 results in functional im-

pairment of the p53-mediated G1 checkpoint after DNA dam-
age. To directly test if the aberrant location of wild-type p53

FIG. 1. Wild-type p53 is overexpressed in human NB cell lines. The immu-
noblot was probed with p53-specific monoclonal antibody DO-1 (0.1 mg/ml) (50
mg of whole cell extract per lane). The control cell line ML-1 contains normal
(low) levels of wild-type p53 and is barely detectable. SK-N-MC and CHP 100
have abnormally low levels of p53 protein. Baculovirus recombinant human
wild-type p53 (bac h wt p53) is shown for comparison.
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compromises its normal biological activity, we analyzed the G1
checkpoint function of p53 after DNA damage, using FACS
(Fig. 5 and 6). When the NB cells (SK-N-SH, LAN-5, IMR-32,
and CHP 134) were challenged with DNA strand-breaking
agents such as Act D (Fig. 5A), X-IR (Fig. 5B and 6), 137Cs

g-IR (Fig. 5C), and bleomycin (data not shown), cell cycle
analysis showed that all lines exhibit markedly impaired G1
arrest for most or all agents in comparison with the positive
control line ML-1. In fact, the response of SK-N-SH to low and
moderate levels of DNA damage was virtually indistinguish-

FIG. 2. p53 is preferentially localized to discrete structures in the cytoplasm but is absent from the nucleus. (A) Immunofluorescence of NB lines (SK-N-SH [SH],
LAN-5, IMR-32, and CHP 134) and a p53-deficient control line (CHP 100) with p53-specific monoclonal antibodies. Fluorescein isothiocyanate-based localization with
PAb 1801 (0.5 mg/ml) or PAb 248 (hybridoma supernatant) is shown. A similar localization is obtained with alkaline phosphatase-fast red detection, here shown with
DO-1 (0.5 mg/ml) and PAb 240 (2 mg/ml). Because of a higher amplification factor in the enzyme-based technique, the staining appears more intense and confluent.
The four monoclonal antibodies recognize different p53 epitopes (see Materials and Methods). (B) Controls were stained with normal mouse IgG (0.5 mg/ml) instead
of p53 antibodies. For comparison, MDA 468 breast cancer cells (R273Hmutation) show the typical nuclear accumulation. The cytoplasmic p53 structures are unrelated
to lysosomes, as judged from the discordant pattern with LAMP-1, a lysosomal marker antibody. The scale bar equals 15 mm.
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able from responses of the p53-deficient lines (SK-N-MC,
CHP 100, and H 358) with all types of DNA-damaging treat-
ments. Importantly, Act D was used in the nanomolar range as
previously described (7, 29) as opposed to the micromolar
range within which it acts as a general transcriptional inhibitor.
Act D treatment of the other three lines showed an interme-
diate response for LAN-5 and IMR-32 and a quasi-normal
response for CHP 134 (Fig. 5A). It is of note that Act D
damage in these experiments was cumulative because of the
drug’s continuous presence in the culture medium for 24 h.
This differs from the pulse damage delivered by X-IR and
g-IR. In addition, Act D causes DNA strand breaks indirectly
by irreversibly complexing with topoisomerase II, thereby fix-
ing the transient double-strand breaks that are created by
topoisomerase II (46). Since the individual topoisomerase II
levels are likely to vary among the different cell lines that we
studied, the seemingly normal response of CHP 134 to Act D
might be due to very high levels of topoisomerase II in this line,
producing excessive numbers of strand breaks. To circumvent
this complex situation, we therefore reexamined the arrest
response with X-IR, g-IR, and bleomycin, all of which cause
strand breaks directly (46) (Fig. 5B and C, Fig. 6, and data not
shown). Under these conditions, LAN-5, IMR-32 and CHP
134 all showed severe failure to arrest, and SK-N-SH was again
unable to arrest. Apoptosis did not occur in this system, as
determined by morphology and cell viability tested by the
trypan blue exclusion assay (data not shown).
The response of SK-N-SH to Act D and X-ray damage was

extensively characterized for the induction of p53 protein as
well as p53-responsive gene products such as Waf-1 (10, 19, 47,
67), gadd45 (26) (data not shown), and mdm-2 (24, 66), using
Northern, Western, and immunofluorescence analyses (Fig. 7).
The results are in excellent agreement with the FACS data
(Fig. 5 and 6). On a cellular level, ML-1 cells showed a dose-
dependent vigorous p53 induction, with 0, 31, and 91% of total
cells exhibiting detectable nuclear p53 protein (exclusively nu-
clear) at 0, 0.45, and 1.8 nM Act D, respectively (Fig. 7A). In
contrast, under the same conditions, SK-N-SH exhibited a
severe suppression of nuclear accumulation of p53, with only 0,
1.5, and 7% p53-positive nuclei at the same concentration
range (Fig. 7A). Importantly, the great majority of cells failed
to respond. That some cells did induce nuclear p53 probably
reflects the fact that DNA damage is a stochastic event and
that, possibly cell cycle dependent, some cells sustain a greater
degree of injury and therefore induce higher levels of p53 than
the rest. Presumably, those were the cells that arrested prop-
erly in G1, which is reflected by a slight drop in the S fraction
with a reciprocal slight increase in the G1 fraction (Fig. 5A).
The cells that did induce nuclear p53 consistently exhibited
a concomitant increase of cytoplasmic p53, from a limited
number of p53 dots when untreated to several hundred when
exposed to Act D (Fig. 7A). This result suggests that the cyto-
plasmic retention mechanism is saturable, and when its reten-
tion capacity for induced p53 protein is exceeded during severe
DNA damage, excess p53 eventually overflows and enters the
nucleus, where it is fully active in transactivating its targets.
This prediction was confirmed when we exposed SK-N-SH
cells to superhigh levels of Act D (7.2 nM). Now, the system
became responsive, with over 90% of the SK-N-SH cells ex-

FIG. 3. (A) Cytoplasmic sequestration in NB cells is specific for p53. Other
proteins that are destined to translocate to the nucleus, such as PCNA, MIB-1,
and Ki-67 (data not shown), are readily detected in the nucleus. Shown is
immunofluorescence of SK-N-SH and LAN-5 cells with antibodies against nu-
clear markers MIB-1 (4 mg/ml) and PCNA (2 mg/ml). The scale bar equals 15 mm
for panels A and B. (B to D) Heat shock protein is not responsible for cytoplas-
mic retention of p53. (B) Immunofluorescence of SK-N-SH and LAN-5 cells with
HSP72/73 antibody (1 mg/ml) yields a diffuse distribution throughout the cell that
is unrelated to that of p53. (C) Immunoblot with equal amounts of whole cell
extract (50 mg per lane) was probed with HSP72/73. ML-1 shows four faint but
distinct bands, two of which are below the 60-kDa range. SH, SK-N-SH; MC,
SK-N-MC. (D) Immunoprecipitation with PAb 421 (1.5 mg) from 1 mg of whole
cell extract or buffer (lanes labeled IgG). The material was split in half and

immunoblotted for p53 (rabbit CM-1; left) and HSP72/73 (mouse monoclonal
antibody; right). The original blot shows a very faint heat shock band indicating
only minimal complex formation with p53. Note that IgG heavy chains and p53
migrate at the same rate.
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hibiting nuclear p53 (Fig. 7A, SH/ 7.2). At the same time, the
cytoplasmic p53 dots increased dramatically, again suggesting
that the cytoplasmic retention activity of p53 is saturable.
The immunofluorescence data were confirmed by immuno-

blot and Northern analyses of p53 and its downstream targets

Waf-1 and mdm-2, using lysates of treated and untreated cells
(Fig. 7B to F). While Act D-mediated p53 induction in ML-1
was 40-fold (L, 0.45 nM) and 54-fold (H, 1.8 nM), SK-N-SH
only showed 1.3- and 2.0-fold induction, respectively, whereas
CHP 100 was completely unresponsive (Fig. 7B). Importantly,
the induction profile of Waf-1 transcripts with 0.45 and 1.8 nM
Act D (Fig. 7C) paralleled that of p53 protein (compare Fig.
7B and C). ML-1 showed 5.1- and 19.1-fold increases of Waf-1
mRNA, in contrast to SK-N-SH, which showed suppressed
responses of 0.96 (none) and 3.4-fold, respectively. A Western
blot for Waf-1 protein confirmed the mRNA data, ML-1
showed 5.4- and 11.3-fold induction and SK-N-SH showed 1.0-
and 2.3-fold induction at 0.45 and 1.8 nM Act D, respectively
(data not shown). Together with the immunofluorescence data,
this finding further supports the conclusion that nuclear local-
ization is essential for p53 function (14, 15), 53–56). We noted
that SK-N-SH is the only one of the four NB lines that con-
tained detectable Waf-1 mRNA and protein when untreated
(Fig. 7C). To definitively eliminate the possibility of very low
levels of functionally active, albeit undetectable, nuclear p53 in
these cells, we generated stable NB lines that harbor a human
wild-type p53-responsive chloramphenicol acetyltransferase
reporter gene (COS31CAT) that was previously used (66).
Two of two independently derived SK-N-SH clones and four of
four LAN-5 clones failed to show any activity when untreated,
as measured by a sensitive chloramphenicol acetyltransferase
enzyme-linked immunosorbent assay (41). This finding further
confirms nuclear exclusion of p53 in NB cells. Taken together
with the G1 checkpoint data, it suggests that SK-N-SH cells
have some p53-independent baseline Waf-1 expression which
has also been described for other cell lines (32, 39). Northern
analysis for Act D-induced mdm-2 yielded identical results,
while gadd45 transcripts showed partial p53 independence
since they were present at low levels in untreated SK-N-SH
cells and p53-deficient cells (data not shown).
Agreement between functional and biochemical data is also

seen with X-ray damage (compare Fig. 5B and 6A with Fig. 7D
to F). p53 induction 6 h after exposure to 0, 1, 2, and 4 Gy was
vigorous in ML-1 cells but severely suppressed in LAN-5,
IMR-32, and CHP 134 cells (Fig. 7D). Again, after X-ray
damage, NB cells show a severe suppression of p53 induction
which is associated with impaired G1 arrest. As seen for Act D,
mdm-2 mRNA induction parallels the p53 protein induction
rather well (Fig. 7D and F). Interestingly, in SK-N-SH cells,
the X-ray-mediated mdm-2 induction is even more suppressed
than the Act D-mediated Waf-1 induction (compare Fig. 7C
and E).

DISCUSSION

The experiments presented here demonstrate for the first
time that (i) cytoplasmic retention of wild-type p53 in NB cells
results in severe functional impairment of the p53-mediated
G1 checkpoint response (this defect is most pronounced at
lower levels of DNA damage); (ii) the cytoplasmic retention
activity is saturable; (iii) when the retention capacity for in-
duced p53 protein is eventually exceeded during severe dam-
age, excess p53 overflows and enters the nucleus, where it is
fully active in transactivating its target genes; and (iv) seques-
tered p53 is preferentially localized to discrete cytoplasmic
structures consistent with large protein aggregates.
This p53 translocation phenotype occurs naturally in a dis-

tinct subset of human tumors. We originally observed it in over
one-third of inflammatory breast carcinomas, which are epi-
thelial tumors, and over 95% of undifferentiated NB, which are
neural crest-derived tumors. This finding led us to postulate

FIG. 4. Sequestered p53 localizes to large, free protein aggregates in the
cytoplasm. (A) LAN-5 (lanes 1 to 4) and MDA 468 (lanes 5 to 8) cells were
homogenized, and their 1,000 3 g supernatants as well as purified wild-type p53
(bac hwt p53; lanes 9 to 11) were subjected to 55% sucrose ultracentrifugation as
described in Materials and Methods. (B) The pelletable p53 species is trypsin
sensitive. LAN-5 homogenates were split in half and either treated (lanes 4 to 6)
or mock treated (lanes 1 to 3) with trypsin before fractionation as described in for
panel A. (C) Cytoplasmic RNA is not associated with this p53 species. LAN-5
preparations as used for panel B were treated (lanes 5 to 8) or mock treated
(lanes 1 to 4) with RNase A. Equal amounts (150 mg of total protein) of P, SN,
and M fractions were immunoblotted with DO-1 in all panels.
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that this phenotype may represent a nonmutational mechanism
for abrogating p53 suppressor function. To test this hypothesis,
we have established an in vitro model that accurately reflects
the p53 sequestration found in vivo. This system allowed us to
test the functional consequences of this phenomenon. We
show here that sequestration of p53 impairs the major cell
cycle checkpoint after DNA damage, thus severely compromis-
ing the p53 tumor suppressor function in NB cells. This is most
pronounced at lower levels of DNA damage which might be
the physiologically relevant ones that operate during tumori-
genesis of malignant neoplasms. Excellent agreement exists
between results that we obtained from extensive analysis of
three different sets of parameters: cell cycle analysis, p53 lo-
calization, and the induction of p53 and 53-responsive genes.
Our results provide a cellular basis for some long-known ob-
servations. Clinically, it is well established that NB tumors are
highly radiosensitive, making radiotherapy a major treatment
modality (18, 27). Likewise, undifferentiated human NB cell
lines are unusually radiosensitive (8, 23, 33, 37). In fact, high
UV radiation sensitivity of NB cells was associated with very
low DNA repair activity. In addition, low doses of UV induce
little or no postirradiation inhibition of DNA replication (23).
In view of our findings, the most attractive explanation for
these observations is that NB cells lack the G1 checkpoint as a
result of p53 inactivation (sequestration), therefore rapidly
accumulating and propagating mutagenic lesions that lead to
mitotic failure and (nonapoptotic) cell death (30). Conversely,
p53 sequestration may be reversible. Aberrant p53 sequestra-
tion is intimately associated with failure to differentiate. In
contrast, differentiation of NB cells is associated with down-
regulation of overexpressed p53 to normal cellular levels (5, 42,
51), a concomitant conversion of the sequestered phenotype to
the wild-type phenotype both in differentiated benign deriva-
tive tumors of primary neuroblastoma (42) and in vitro (41)
and, importantly, a dramatic rise in the ability to undergo
apoptosis (28, 38, 41). This differentiation-associated conver-
sion suggests a possible reconstitution to functional p53.

Our experiments used ML-1 cells as a positive control. This
cell line is a logical choice because it harbors normal levels of
functional wild-type p53, shows a wild-type p53 phenotype, is
well characterized with respect to its p53-dependent G1 arrest
response, and is rather reactive to DNA damage (25). We did
not perform clonogenic assays. However, given the high sus-
ceptibility to damage in NB cells (33), it appears unlikely that
the impaired G1 arrest that we observed is simply due to an
intrinsic hyporesponsiveness of NB cells compared with ML-1
cells; rather, it likely reflects authentic differences in their
abilities to react to the same damage.
Perhaps the most intriguing result is that the cytoplasmic

retention activity of p53 showed saturable properties and is
associated with conspicuous punctate structures. Our biochem-
ical characterization strongly suggests that these structures
represent large, cytosolic protein aggregates that appear insol-
uble. These structures are not associated with membrane-
bound vesicles, as evident by their partitioning into the non-
membranous pellet fraction under detergent-free conditions
and their sensitivity to trypsin digestion. Normal p53 under-
goes cell cycle-dependent translocation. In growth-stimulated,
synchronous populations of nontransformed BALB/c 3T3
cells, the newly synthesized p53 accumulates in the cytoplasm
during the G1 phase, when it rises from undetectable levels (at
0 h) to detectable levels (at 6 h) but remains excluded from the
nucleus. Just prior to the G1/S transition, a relatively rapid
translocation into the nucleus occurs (at 8 h), where it remains
for about 3 h during initiation of DNA synthesis. Subsequently,
there is a redistribution back into the cytoplasmic compart-
ment associated with gradually declining levels (53). Similar
results were seen with rat embryo fibroblasts transfected with
ras and a temperature-sensitive p53 Val-135 mutant (15, 36).
This cell cycle-associated compartmentalization indicates that
p53 activity is tightly regulated through spatial and temporal
availability, in addition to overall cellular levels. Seemingly,
this spatial regulation went awry in tumors with the transloca-
tion defect and appears stuck in one position. Heat shock

FIG. 6. Time dependence of the G1 arrest response after 1, 2, and 4 Gy X-IR. The functional impairment of sequestered p53 is also apparent when analyzed in
a time-dependent fashion. Similar results were obtained with g-IR (data not shown). The kinetics are consistent with reported data (34). FACS analysis as was
performed for Fig. 6.

FIG. 5. Aberrant cytoplasmic localization of wild-type p53 severely impairs the p53-mediated G1 checkpoint after DNA damage. FACS analysis of propidium
iodide-labeled cells was performed as described in Materials and Methods. After challenge with DNA strand-breaking agents such as Act D (A), X-IR (B), or 137Cs
g-IR (C), NB cells exhibit a severely impaired G1 arrest response to most or all agents compared with ML-1 cells, which have functional p53 that mediates a proper
G1 arrest response. This is most pronounced in the lower dose range. Results are expressed as percent change in G0/G1 (left) and S (right) fractions of treated versus
untreated cells for each cell line after 24 h of exposure. SH, SK-N-SH; MC, SK-N-MC.
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proteins can serve as chaperones that anchor certain steroid
receptors and protein kinases to the cytoskeleton. Upon bind-
ing of the ligand, the receptor is released from the cytoplasmic
anchor and enters the nucleus, where it functions in transcrip-
tional regulation. HSP70 proteins have previously been dem-
onstrated to complex with mutant and wild-type p53 (4, 21).
We found no significant p53-HSP70 complex formation in NB
lines, indicating that the cytoplasmic sequestration of p53 is
not dependent on this class of molecular chaperones. What
could be the nature of the punctate p53 structures and how are
they formed? Several possibilities need to be considered. It is
conceivable that a putative p53-specific nuclear transporter is
lacking in these cells. Currently, there is no firm evidence for

the existence of such a dedicated transport molecule. Alterna-
tively, sequestered p53, although wild type in its coding se-
quence, might have undergone an aberrant posttranslational
modification that interferes with its nuclear access. However,
the fact that severe DNA damage, in addition to the seques-
tered pool, induces a p53 species that is no longer retained but
instead translocates properly to the nucleus strongly argues
against both of these possibilities. Could the large p53 aggre-
gates consist of misfolded waste protein, perhaps made up of
thousands of p53 monomers that render them resistant to
protease digestion as has been described for other proteins
(61)? Again, the fact that a properly translocating second spe-
cies is made under conditions of high p53 production argues

FIG. 7. DNA damage-mediated induction of nuclear p53 and p53-transacti-
vated gene products is severely suppressed in NB cells. (A) Immunofluorescence
with PAb 1801 of ML-1 cells (upper row) and SH cells (lower four panels) after
24 h of incubation in 0, 0.45, and 1.8 nM Act D. The values represent the
fractions of total cells with detectable nuclear p53. ML-1 shows a vigorous
nuclear p53 induction, with 91% positive nuclei at 1.8 nM Act D. In contrast, SH
cells are strongly suppressed, with only 7% positive nuclei at the same concen-
tration. A superhigh dose (7.2 nM) eventually induces a full response in SH cells.
Concomitant with nuclear p53 induction, a marked increase in the number of
cytoplasmic p53 structures is a consistent feature. (B and C) Protein analysis of
p53 (B) and mRNA analysis of Waf-1 (C) from cells treated with 0 (C), 0.45 nM
(L), and 1.8 nM (H) Act D for 24 h. The p53 induction profile parallels the
imaging data in panel A. SH cells are severely suppressed in inducing p53 and
p53-responsive gene products. Similarly, X-ray treatment fails to induce ade-
quate p53 protein levels (D) and mdm-2 mRNA levels (E and F). Cells were
harvested 6 h after exposure to 0, 1, 2, or 4 Gy. Kinetic studies determined the
peak p53 protein induction at 6 h after X-IR in ML-1 and NB cells (data not
shown). (B and D) Immunoblots of cell lysates (50 mg per lane) were probed with
DO-1. (C, E, and F) Northern blots (10 mg of total RNA per lane) were probed
with a 32P-labeled human Waf-1 or mdm-2 cDNA. The fold induction values
determined by PhosphorImager analysis are indicated below the lanes (B to E)
or depicted in graphic form (F; C [0 Gy], 1 [1 Gy], 2 [2 Gy], and 4 [4 Gy]).
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against this idea. Possibly the most attractive speculation
emerging from our data is that a titratable cytoplasmic anchor
protein, perhaps a chaperone, which is available in limited
amounts forms large multimeric complexes with p53. Once all
of the available binding sites are occupied, p53 is no longer
trapped and is free to move. In keeping with this model, bind-
ing to this anchor would protect p53 from degradation at this
site. Support for the anchor model comes from stable SK-
N-SH transfectants that overexpress the C-terminal p53 pep-
tide. In five of five independent clones, the endogenous p53
translocates to the nucleus as a heterocomplex (41a). This
anchor could be an exaggerated version of a physiological
regulator of p53, in which case these NB lines could help to
elucidate p53 regulation in normal cells. Alternatively, it could
represent a tumor cell-specific aberrant protein.
In summary, we have shown that cytoplasmic sequestration

of wild-type p53 is the principal mechanism of p53 inactivation
in undifferentiated NB. Identifying the molecular pathology
will be the next important step. Given the vast clinical potential
of reconstituting the transcriptional activity of p53 in human
tumors, this wild-type p53 phenotype appears to be a promis-
ing candidate for such therapeutic efforts.
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ADDENDUM

The BRCA1 gene product, a putative transcription factor
encoded by the familial breast/ovarian cancer suppressor gene,
has recently been localized to the cytoplasm of sporadic breast
cancer cells (3). This abnormality is reminiscent of the one in
p53 that we have described here.
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