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Ras-Induced Colony Formation and Anchorage-
Independent Growth Inhibited by Elevated Expression
of Pura in NIH3T3 Cells
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Abstract Levels of Pura, a conserved, sequence-speci®c single-stranded DNA and RNA binding protein, ¯uctuate
during the cell cycle, declining at the onset of S-phase and peaking at mitosis. In early G1 Pura is associated with the
hypophosphorylated form of the retinoblastoma protein, Rb. Microinjection of puri®ed Pura into NIH3T3 cells arrests
the cell cycle at either G1/S or G2/M checkpoints with distinct morphological consequences. Here we ask whether
expression of Pura can affect colony formation and anchorage-independent growth in ras-transformed NIH3T3 cells.
Two to ®ve-fold elevated levels of Pura in stably-transfected cell lines retard entry into and progression through S phase
in both ras-transformed and non-transformed cells. Pura signi®cantly inhibits colony formation by ras-transformed cells
but not by non-transformed cells. In addition, cells transfected to express Pura formed only about 1/5 the number of
large colonies in soft agar as control-transfected cells, demonstrating a marked inhibition of anchorage-independent
growth by Pura. Biochemical analysis of nuclear and cytoplasmic Pura proteins and confocal microscopic analysis of
Pura location indicate that access of Pura to the nucleus is controlled by both protein modi®cation and sequence
domains within the protein. Analyses of deletion mutants identify Pura domains mediating nuclear exclusion, including
several potential destruction motifs and a PEST sequence at aa's 215±231. In the nucleus Pura colocalizes with CDK2
and cyclin A. Pura and cyclin D1, however, do not colocalize in the nucleus. At mitosis Pura is visualized about the
condensed chromosomes and in the cytoplasm, where it colocalizes with cyclin B1. The data indicate that the ability of
Pura to interact with proteins regulating cell proliferation and transformation is controlled by signals that govern its
intracellular localization. J. Cell. Biochem. 81:621±638, 2001. ß 2001 Wiley-Liss, Inc.
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The Pur proteins constitute a family, highly
conserved among metazoan organisms, origin-
ally identi®ed by ability of its members to
speci®cally bind a purine-rich element in sin-
gle-stranded DNA [Bergemann et al., 1992].
One family member, Pura, is now recognized as
a multifunctional protein, the activities of
which depend upon its ability to bind either

DNA or RNA [Gallia et al., 2000]. Several
publications describe the ability of Pura to act
as either a transcriptional activator [Herault et
al., 1992; Haas et al., 1995; Krachmarov et al.,
1996; Osugi et al., 1996a; Zambrano et al., 1997]
or repressor [Kelm et al., 1999; Lasham et al.,
2000]. Pura stimulation of transcription of the
HIV-1 genome is mediated by binding of Pura to
the TAR RNA element present near the 5' end of
the transcript [Chepenik et al., 1998]. Pura
interacts with the promoter of the vascular
smooth muscle alpha actin gene to repress
transcription and can also interact with the
mRNA transcript to repress translation [Kelm
et al., 1999]. Pura exerts an inhibitory effect on
JC viral DNA replication in human glial cells
[Chang et al., 1996]. Pura co-immunoprecipi-
tates with several proteins, including Rb [John-
son et al., 1995], cyclin A [Itoh et al., 1998] and
the Tat protein of HIV-1 [Krachmarov et al.,
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1996] observed to be present in the cell nucleus.
The propensity of Pura to multimerize with
itself [Gallia et al., 1999] and to bind Tat
[Wortman et al., 2000] are both dependent upon
the presence of RNA. Pura has been shown to
form ternary complexes with its element in
nucleic acids and certain other proteins [John-
son et al., 1995; Krachmarov et al., 1996]. Given
its ability to bind a speci®c element in nucleic
acids as well as diverse proteins, it has been
speculated that one primary function of Pura
may be to direct regulatory proteins to speci®c
sites of action on nucleic acids [Itoh et al., 1998].

Considerable evidence implicates Pura in
pathways controlling checkpoints in cell cycle
progression. The level of Pura protein in
monkey CV-1 cells varies throughout the cell
cycle, rapidly declining at the onset of S phase
and recovering to peak at mitosis [Itoh et al.,
1998]. Pura has been shown to speci®cally
associate with the hypophosphorylated form of
Rb in G1, this complex dissociating at the G1/S
transition when Rb becomes phosphorylated
[Johnson et al., 1995; Itoh et al., 1998]. After
dissociation of Pura and Rb, Pura levels decline.
As Pura levels recover throughout late S and
G2, Pura colocalizes with cyclin A in nuclear foci
with newly replicated DNA, as shown by studies
employing immunoelectron microscopy [Itoh et
al., 1998]. Microinjection of NIH3T3 cells with
puri®ed Pura in S phase, when Pura levels are
normally low, arrests cells at G2/M with fully-
replicated DNA. Cells microinjected with Pura
in G1 phase are either arrested without enter-
ing S phase, most of such cells undergoing a
programmed cell death, or at the G2/M bound-
ary [Stacey et al., 1999]. These data indicate
that high levels of Pura can implement arrest at
either G1/S or G2/M checkpoints but that they
do not block ongoing DNA replication. Here we
report that elevated levels of Pura markedly
inhibit colony and focus formation by ras-
transformed cells. Analysis of dynamic changes
in the nuclear localization of Pura and Pura
deletion mutants reveal that the ability of Pura
to colocalize with cell cycle regulatory proteins
is mediated by sequences in the protein that
govern its nuclear localization or exclusion.

METHODS

Plasmid Constructions

An EcoRI fragment containing the complete
coding sequence of Pura, derived from a lgt11

clone previously described [Bergemann et al.,
1992], was cloned into the plasmid pBABEpuro,
which carries the puromycin resistance gene
and the Moloney murine leukemia retroviral
sequence [Morgenstern and Land, 1990]. The
resulting construct, pBABEpuro-pura is refer-
red to as pBABEpura, and the empty vector
as pBABE, for clarity. In certain experiments
pBABE was used in cotransfections, not to
generate retrovirus, but to confer puromycin
resistance. Pura and deletion mutants cloned in
the pEBVHisB vector (Invitrogen Corp.), con-
taining the Rous sarcoma virus promoter, were
provided by Drs. G. Gallia and K. Khalili. They
yield a fusion protein, the N-terminus of which
comprises a 6-His af®nity puri®cation tag as
well as an Xpress epitope tag, to add a total of 33
aa, including codons comprising the BamHI
site. For direct ¯uorescence studies of Pura
fused to green ¯uorescent protein, the EcoRI
fragment of Pura cDNA containing the complete
coding sequence, was cloned C-terminal to
enhanced green ¯uorescent protein in the EcoRI
site of the vector pEGFP-C2 (Clontech Labora-
tories, Inc.). The deletion mutants EGFP-C2-
Pura (DN-85) and (DN-167) were produced in
the same fashion. All plasmids were veri®ed by
DNA sequencing, performed by the Utah State
Biotechnology Center.

Cell Culture, Cell Synchronization, and
Transfections

NIH3T3 mouse ®broblasts or NIH3T3 cells
transformed with K-ras [Kang and Krauss,
1996] were maintained in Dulbecco's modi®ed
Eagle's Medium (DMEM) supplemented with
10% (v/v) newborn calf serum, 1% (v/v) Peni-
cillin/Streptomycin and 1% (v/v) L-Glutamine.
Cells were synchronized in early S phase
according to the double thymidine block method
of Karn et al. [1974] modi®ed for cell mono-
layers. At designated time points, cells were
detached with trypsin, rinsed once in PBS and
®xed in ice cold 80% ethanol. Following ®xation,
cells were resuspended in staining solution
(0.25 mg/ml RNase A, 5 mg/ml propidium iodide
in PBS). Samples were incubated in staining
solution at 378C for 30 min and analyzed using a
FACScan ¯ow cytometer and CellQuest soft-
ware (Becton Dickinson). Cells were plated at
106 cells per 6 cm dish 12±24 h prior to trans-
fection using 6 mg of sterile plasmid DNA and 9
ml of FuGene6 transfection reagent (Boehringer
MannheimBiochemicals).Cotransfectionswere
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achieved with a 5-fold excess of the plasmid
bearing the selectable marker over that bearing
the gene of interest.

Retroviral Mediated Gene Transfer

Either pBABE or pBABEpura were used to
transfect the retroviral packaging cell linefNX-
Eco [Kinoshita et al., 1998] as described by Pear
et al. [1993]. Cells (2.5� 106) were transfected
with 6 mg of DNA using FuGene6 reagent as
detailed above. After transfection, the packa-
ging cells were cultured at 328C to promote viral
stability. Supernatant containing retrovirus,
prepared as described [Pear et al., 1993], was
snap frozen in liquid nitrogen and stored at
ÿ808C. Infections of NIH3T3 cells were per-
formed according to the method of Danos and
Mulligan [1988].

Growth Curves

Pools of cells or individual clones of cells
stably-transfected with either pEBV or pEBV-
pura were obtained, after transfection as
described above, by selection for two weeks with
500 mg/ml of hygromycin. Cells, maintained in
200 mg/ml of hygromycin, were plated in 96 well
plates at a density of 100 cells per well, with at
least ®ve replicates per cell type, and grown
under standard culture conditions. At 12 h
intervals over a period of four days, microplates
representing each time point were drained of
medium and frozen atÿ808C. When all samples
were collected, cell number was determined
using the CyQuant cell proliferation assay
kit (Molecular Probes, Inc.) according to the
manufacturer's protocol for adherent cells.
The samples were analyzed on a Spectramax
Gemini ¯uorescent microplate reader (Molecu-
lar Devices, Inc.).

Assay for Colony Formation Ef®ciency

NIH3T3 cells or ras-transformed NIH3T3
cells were transfected as described above, with
either 5 mg of vector pBK-CMV (pBK, Strata-
gene) or pBK bearing a full-length Pura cDNA
under control of the cytomegalovirus promoter
(pBKpura). In all cases cells were co-transfected
with 1 mg of vector pBABE in order to confer
puromycin resistance. Additional controls re-
ceived pBABE alone. After 48 h cells were
replated into 10 cm dishes and selected with 5
mg/ml puromycin for two days. Cells were then
cultured in normal growth medium containing
2.5 mg/ml puromycin for an additional 11 days.

Colonies were stained with crystal violet for
counting.

Assay for Anchorage-Independent Cell Growth

Pools of NIH3T3 cells or ras-transformed
NIH3T3 cells transfected with either pBABE,
pBABE�pBK or pBABE�pBKpura were ob-
tained by selection in puromycin as described
above. The selected cells were then assayed for
focus formation in soft agar in 6 cm dishes. 104

cells were suspended in 7 ml of 0.2% Noble agar
(Difco) in DMEM containing 10% newborn calf
serum and this suspension was overlaid on
presolidi®ed 0.4% agar in the same medium.
Normal growth medium was gently layered over
the cultures every 3 to 4 days for 14 days.
Colonies were stained with 2-(4-iodophenyl)-3-
(4-nitrophenyl)-5-phenyltetrazolium chloride
(INT) for 48 h at 378C. Colonies were counted
under a low-power inverted microscope using
an ocular micrometer. For each of nine culture
dishes (per experimental treatment) three ®elds
of view were counted, at three predetermined
positions, in order to minimize bias. For each
data point the mean value of the three ®elds was
calculated.

Statistical Analyses of Data

The type I error level was set at P< 0.05 for
all tests. Planned comparisons using analysis of
variance (ANOVA) were performed with Super-
ANOVA software (Abacus Concepts, Inc.). Con-
tingency tables were subjected to Chi Square
(w2) analysis with testing for post hoc cell
contributions using StatView software (SAS
Institute Inc.). Where indicated, data are
displayed as mean values with standard errors.

Preparation of Nuclear and Cytoplasmic Extracts

Nuclei and cytoplasm were fractionated from
proliferating NIH3T3 ®broblasts according to
the method of Johnson et al. [1974]. Pelleted
nuclei were resuspended at 48C in a volume
of low salt buffer [25% (v/v) glycerol, 1.5 mM
magnesium chloride (MgCl2), 0.2 M potassium
chloride (KCl), 0.2 mM EDTA, 0.2 mM phenyl-
methylsulfonyl¯uoride, 0.2 mM dithiothreitol,
1 mg/ml leupeptin, 1 mg/ml aprotinin, 20 mM
Hepes, pH 7.9 at 48C] equal to one-half the
volume of the nuclear pellet. A volume of high
salt buffer (identical to low salt buffer but with
1.2 M KCl) equal to that of low salt buffer was
added in a dropwise fashion, with constant
gentle stirring. The mixture was incubated at
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48C for 30 minutes. Extract was then subjected
to centrifugation at 25,000g for 30 min at 48C.
The resulting supernatant was designated the
nuclear extract. Cytoplasmic and nuclear frac-
tions were assayed for protein concentration
with the BCA assay system (Pierce Chemical
Co.).

Immunoblot Analysis

Protein samples were resolved by SDS-PAGE
andtransferredtoImmobilon-P(MilliporeCorp.)
membranes. Membranes were then treated
with 5% (w/v) nonfat dry milk (Carnation) in
Tris-buffered saline (TBS) for at least 2.5 h at
room temperature. Blots were incubated with
primary antibody in buffer A, containing 5%
nonfat dry milk, 5% (v/v) horse serum (Gibco-
BRL), 0.1% (v/v) Tween-20 (Sigma) for 2 h at
room temperature with gentle shaking, then
washed four times in TBS plus 0.1% Tween-20
(TTBS). Following a 1 h incubation with horse-
radish-peroxidase-conjugated secondary anti-
body in buffer A, the ®lters were again washed
as above and rinsed in TBS for ®ve minutes.
Chemiluminescence was developed using the
SuperSignal system (Pierce Chemical Co.).
Anti-Xpress antibody was obtained from Invi-
trogen. Anti-histone deacetylase I was obtained
from Santa Cruz Biotechnology. Monoclonal
antibody against an acetylated, cytoplasmic
form of a-tubulin [Piperno et al., 1987] was
kindly provided by Dr. G. Piperno. Rabbit
polyclonal antiserum was raised against the
Pura-GST fusion protein. Whole serum was
used at a dilution of 1:10,000.

Indirect Immuno¯uorescence or Direct
Fluorescence of Cells Expressing Pura Fused to

Enhanced Green Fluorescent Protein (EGFP)

NIH3T3 mouse ®broblasts, stably transfected
to overexpress the epitope tag construct pEBV-
pura, were seeded on glass coverslips at least 24
h before ®xation, then ®xed and stained accord-
ing to the method of Spector and Smith [1986].
Primary antibodies were obtained from the
following suppliers: anti-cyclin A (Transduction
Laboratories); anti-cyclin B1, anti-cyclin D1,
anti-CDK2 (Santa Cruz Biotechnology), anti-
Xpress (Invitrogen). All antibodies were used at
a dilution of 1 mg/ml with the exception of anti-
cyclin A, which was used at 7.5 mg/ml and anti-
Xpress which was diluted to 2.5 mg/ml. Fluor-
escein-conjugated anti-mouse IgG was diluted
to a ®nal concentration of 2.5 mg/ml, and

rhodamine-conjugated anti-rabbit IgG was
diluted to 5 mg/ml (Zymed Laboratories). DNA
was stained with Hoechst 33342 at 0.5 mg/ml for
5 minutes. Coverslips were mounted in antifade
mounting medium consisting of glycerol with
2.5% 1,4-diazabicyclo[2.2.2]octane (DABCO) and
10 mM Tris-HCl pH 7.4 and sealed with clear
nail polish. Cells transfected with pEGFP
constructs were ®xed in 3.7% paraformalde-
hyde prior to visualization. Photomicroscopy
and image processing were performed with a
Leica TCS-SP confocal laser scanning micro-
scope. Optical sections were imaged at 0.5
micron intervals. Channel interference from
the UV laser, i.e. Hoechst signal appearing in
the FITC channel, was reduced to zero with a
negative density ®lter.

RESULTS

Expression of Pura Retards Cell Cycle Progression
in Synchronous Ras-Transformed and

Non-Transformed NIH3T3 Cells

Cells transformed by constitutively-activated
ras reportedly undergo an accelerated G1 phase
of the cell cycle due primarily to the ability of ras
to increase levels of cyclin D1 [Albanese et al.,
1995; Liu et al., 1995; Winston et al., 1996].
Since Pura acts downstream of cyclin D1 to bind
Rb [Johnson et al., 1995; Itoh et al., 1998], and
since microinjected Pura can block the G1-S
transition [Stacey et al., 1999], we hypothesized
that Pura could block this aspect of ras trans-
formation. To address this question we em-
ployed cell lines stably-transfected to express
Pura at levels that are in range of those
normally observed in the cell cycle. We reasoned
that effects of Pura thus obtained would likely
be physiological effects of the protein in vivo.
We employed a double-thymidine block to syn-
chronize ras-transformed NIH3T3 cells and
non-transformed NIH3T3 cells as well as both
cell lines stably transfected to express Pura.
The double thymidine block arrests the cells
upon entry to S phase. The cells were released
from the block into normal growth medium
and samples were collected every two hours
for 18 h (approximately one cell cycle). These
samples were subjected to ¯uorescence-acti-
vated cell sorting (FACS) to determine cellular
DNA content. Stably-transfected clones were
selected and analyzed for Pura levels by
immunoblotting (data not shown). Ras /3T3
pBABE�pBKpurahigh produces the epitope-
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tagged ectopically-expressed Pura at a level
approximately 5-fold greater than that of endo-
genous Pura. Ras /3T3 pBABE�pBKpuralow

expresses tagged Pura at a level approximately
equal to that of endogenous Pura. These clonal
lines, as well as pools of stably-transfected Ras /
3T3 cells (Ras /3T3 pBABE�pBKpura), were
used to assess the rate of cell cycle progression
in the presence or absence of excess Pura. In
addition, clonal populations of NIH3T3 cells
stably transfected to express the vector pEBV or
the construct pEBVpurawere synchronized and
analyzed in the same manner. Comparison of
rows c±e of Figure 1 with row b reveals that
expression of Pura retards both entry into S-
phase and progression through S-phase in the
ras-transformed cells. At 2 h post-release from
the double thymidine block, Ras /3T3 cells
transfected with pBABE vector alone (row a),
as well as control cells transfected with pBABE
and pBK vectors (row b), have progressed more
than midway through S phase. However, cells
overexpressing Pura (rows c, e) remain in very
early S phase, with a signi®cant number of
cells lagging at the G1/S transition. At 4 and 6 h
post-release, the effect of Pura becomes more
pronounced. At 6 h the majority of cells with no
pBKpura have completed DNA synthesis to
possess a 4 N DNA content. In contrast few of
the cells overexpressing Pura have completed
DNA synthesis, and > 80% remain in S phase
(row c, rightmost panel). The effect of Pura is
dose-related. The cells expressing low levels of
Pura (row d) are slightly retarded in S-phase
progression while the cells expressing high
levels (row e) show the most pronounced re-
tardation of any of the cells tested. Ras /3T3
pBABE�pBkpurahigh cells exhibit a marked
delay in S phase progression, and a subpopula-
tion of these cells demonstrate inhibited entry
into S phase (row e, T� 6h). Vectors pBABE
and pBK had no effect on cell cycle progression
(row b). The pEBV vector was used for the non-
transformed cells because selected pools or
clones of cells overexpressing Pura from the
pBK-CMV vector could not be obtained due to
the cell cycle arrest induced by high levels of
Pura in these cells. The level of Pura in the cells
with pEBVpura, expressed from the RSV
promoter, is comparable to that in the clone
pBKpuralow. This level of Pura has a slight
effect on the non-transformed NIH3T3 cells.
Whereas at 6 h about 30% of cells with pEBV
alone have completed DNA synthesis, < 20% of

cells with elevated Pura expression (bottom
row) have done so.

Overexpression of Pura Decreases Rate of
Proliferation of NIH3T3 Cells

To demonstrate that delayed progression
through S phase, mediated by Pura, results in
overall decreased rate of proliferation, the
growth rate of non-transformed NIH3T3 cells
was analyzed. Cells were plated in 96 well plates
at 100 cells per well (8 replicates per cell type)
and samples were taken every 12 hours. The
total number of cells per well at each time point
was assayed with the CyQuant cell proliferation
assay, and the results were expressed graphi-
cally (Fig. 2). Error bars represent the standard
error of the mean. Over time those cells over-
expressing Pura exhibit a signi®cantly slower
growth rate compared to the control cells. From
36 to 72 h cells overexpressing Pura grew at a
rate only 53% that of cells with vector alone.
There was little or no proliferation of cells with
elevated Pura beyond 72 h. That inhibition of
proliferation is an effect of Pura additional to its
effects on cell cycle kinetics. Since these are
stably-proliferating pools of selected cells, they
are capable of proliferating in extended fashion.
The cessation of growth seen here, under condi-
tions in which cells were allowed to accumulate
in the culture dish, may re¯ect increased
sensitivity of the cells with enhanced Pura to
contact inhibition or to limitation of required
growth factors.

Pura Preferentially Inhibits Colony Formation
by Ras-Transformed NIH3T3 Cells vs.

Untransformed Cells

In order to assess effects of Pura on ras
transformation that might occur in addition to
effects on cell cycle kinetics, we examined colony
formation by both transformed and non-trans-
formed cells. Ras-transformed NIH3T3 cells or
non-transformed NIH3T3 cells were cotrans-
fected to express pBABE with either empty pBK
vector or pBKpura, as described in Methods.
The cells were cultured for 14 days in selective
medium, and the number of puromycin-resis-
tant colonies were stained and counted. Six
replicate dishes were plated for each sample.
Figure 3A shows a single dish from each
experimental group. To rule out toxic effects of
Pura unrelated to cell transformation, we used
non-transformed NIH3T3 cells as a control. As
shown in Figure 3B, the non-transformed cells

Pura Inhibits ras Transformation of NIH3T3 Cells 625



Fig. 1. Cell cycle progression in ras-transformed and non-
transformed NIH3T3 cells transfected to overexpress Pura.
Stably transfected pools and stably transfected clones are as
follows: Ras/3T3 pBABE, pool of ras-transformed NIH3T3 cells
stably transfected with the empty vector pBABE; Ras/3T3
pBABE�pBK, pool of ras-transformed NIH3T3 cells stably
cotransfected with pBABE and empty expression vector pBK;
Ras/3T3 pBABE�pBKpura, pool of ras-transformed NIH3T3
cells stably cotransfected with pBABE and pBKpura to over-
express Pura; Ras/3T3 pBABE�pBKpuralow, a clonal popula-
tion of ras-transformed NIH3T3 cells stably cotransfected with
pBABE and pBKpura expressing Pura at a level nearly that of
endogenous expression; Ras/3T3 pBABE�pBKpurahigh, a
clonal population of ras-transformed NIH3T3 cells stably
cotransfected with pBABE and pBKpura expressing Pura at a
level nearly 5-fold that of endogenous Pura; NIH3T3 pEBV, a
clonal population of cells stably transfected with the empty

expression vector pEBV; NIH3T3 pEBVpura, a clonal popula-
tion of cells stably transfected with the vector pEBVpura to
overexpress Pura. All cell lines were synchronized to the G1/S
transition using a double thymidine block as described in
Methods. Cells were released into normal growth medium, and
samples were collected every two hours for one complete cell
cycle. Samples were ®xed in 70% ethanol, treated with RNase
and propidium iodide, and analyzed with a Becton Dickinson
FACSCAN ¯uorescence activated cell sorter. Cell cycle
distributions were calculated using the CellQuest software
package (Becton-Dickinson). Shown here are samples obtained
at two, four, and six hours (T�2h, T� 4h, T�6h) post release
from the double thymidine block. 2N and 4N denote haploid
and diploid DNA content (X axis), emphasized with ®ne vertical
lines. Relative number of cells (Y axis) signi®es the number of
events as determined by FACS.
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transfected with pBABE alone formed more
colonies than cells cotransfected with pBABE
and the empty vector pBK (ANOVA F (1,
30)� 62.049 P< 0.0001). This is most likely
due to the strong squelching effect of the CMV
promoter present in the pBK plasmid [Reddy
et al., 1995]. Non-transformed NIH3T3 cells
cotransfected with pBABE and pBKpura
yielded approximately the same number of
colonies as NIH3T3 cells cotransfected with
pBABE and pBK (ANOVA F (1, 30)� 0.025
P� 0.8750). Therefore, overexpression of Pura
does not inhibit colony formation in the non-
transformed cells. On the other hand, ras-
transformed NIH3T3 cells cotransfected to
overexpress Pura formed 38% fewer colonies
than those transfected with empty expression
vector. Although when expressed in this man-
ner the effect is not large, it is highly statisti-
cally signi®cant (ANOVA F (1, 30)� 14.089
P� 0.0007). This effect of Pura is not simply a
result of decreased cell proliferation. Elevated
Pura levels inhibit proliferation of untrans-
formed NIH3T3 cells (Fig. 2) whereas they have
no effect on colony formation by the same cells
(Fig. 3). Furthermore, the overall number of

colonies of ras-transformed cells is reduced by
Pura, not just the size of colonies. Therefore, the
data indicate that cell survival of ras-trans-
formed NIH3T3 cells, vs. non-transformed cells,
is preferentially inhibited under conditions of
colony formation by overexpression of Pura.

Overexpression of Pura Inhibits Anchorage-
Independent Growth of Ras-Transformed

NIH3T3 Cells in Soft Agar

We asked whether the selective effect of Pura
on colony formation by ras-transfomed cells
would extend to inhibition of anchorage-inde-
pendent growth. Pools of ras-transformed
NIH3T3 cells stably transfected to express Pura
from pBKpura were plated in soft agar and
maintained in culture for 10 days then stained
with vital dye. Stably transfected pools of non-
transformed NIH3T3 cells were plated in soft
agar as a control. As expected, the non-trans-
formed NIH3T3 cells were unable to proliferate

Fig. 2. Rate of proliferation of NIH3T3 cells stably transfected
to overexpress Pura. Clonal populations of NIH3T3 cells stably
transfected to express either pEBV vector (open squares) or
pEBVpura (closed diamonds) were plated in 96 well culture
plates as described in Methods. At 12 h intervals, entire
microplates representing each time point were drained of
medium and stored at ÿ80. After four days, all wells were
analyzed for total cell number as described in Methods. For
each time point the replicate samples were averaged, and the
mean value is displayed with standard error bars. When no error
bars are shown, error was so small to register.

Fig. 3. Colony forming ef®ciency of ras-transformed NIH3T3
cells and non-transformed NIH3T3 cells. (A) Either untrans-
formed or ras-transformed NIH3T3 cells were transfected with
pBABE or cotransfected with pBABE and either pBK or pBKpura.
After selection with puromycin, colonies were stained and
counted as described in Methods. Representative plates from
one experiment are shown. (B) Six replicates for each sample, as
described in Panel A, were averaged. The values shown
represent the mean with bars to denote standard error. The
asterisk indicates a statistically signi®cant difference between
the Ras/3T3 pBABE�pBKpura group and the Ras/3T3 pBA-
BE�pBKpura group (ANOVA F (1, 30)�14.089 P� 0.0007).
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in the absence of adhesion, and formed no
colonies in soft agar (data not shown). For each
dish, three ®elds of view (each at the same
position on the dish) were scored for the number
of colonies and the average computed for each
data point. This number was used to assess
the total number of colonies formed, which is
expressed here as a percentage of the cells
initially plated (Fig. 4, top). Our ®ndings reveal
that overexpression of Pura in ras-transformed
cells resulted in 45% fewer colonies forming
in soft agar relative to cells transfected with
empty vector, a statistically signi®cant decrease
(ANOVA F (1, 24)� 45.833 P< 0.0001). In addi-
tion, the individual colonies were measured
using an ocular micrometer and the size dis-
tribution is expressed as three groups: less than
or equal to 0.2 mm, greater than 0.2 mm but less
than 1 mm, and greater than or equal to 1 mm.
The size distribution of colonies formed under
different transfection conditions is shown in
Figure 4, bottom. Contingency table analysis
of these data revealed a signi®cant dependent
relationship between the construct(s) trans-
fected and colony size (w2 (df� 4, N� 300)
� 30.45, P< 0.0001). Of the Ras /3T3 cells
transfected with pBABE, 18% formed colonies,
and 25% of those colonies were large (greater
than or equal to 1 mm). Of the cells co-
transfected with pBABE and pBK, 17% formed
colonies, and 26% of those were large. Only 11%
of ras-transformed cells which stably overex-
pressed Pura were able to form colonies, and
24% of these were less than or equal to 0.2 mm,
while only 8.7% were greater than 1 mm (Fig. 4,
top). Thus, the cells transfected to express Pura
formed only about 1/5 the number of large
colonies in soft agar as those cells transfected
with control vector. This repression of ancho-
rage independent growth correlates with the
inhibition observed using the colony formation
assay. These data are consistent with the notion
that Pura has an inhibitory effect on the overall
survival rate of ras-transformed NIH3T3 cells.

Pura Access to the Nucleus Involves Alterations
in Pura Protein

In order to help elucidate mechanisms of Pura
effects on proliferation and transformation,
intracellular location and properties of the
protein were examined biochemically. A retro-
viral infection system, vector pBABEpuro, was
initially employed to study details of Pura
nuclear localization since levels of Pura ex-

pressed in NIH3T3 cells from this vector would
closely approximate those of endogenous Pura.
The Pura expressed has no added epitope tag.
NIH3T3 cells were infected with a recombinant
retrovirus to express Pura or, as a control, virus
expressing only the parental vector, pBABE-
puro. Pools of stably infected cells were collected
and lysed, and the expression of Pura was
assayed by immunoblot. In uninfected NIH3T3
cells (Fig. 5A, lane 1) a rabbit polyclonal anti-
body to Pura recognizes a single band, repre-
senting the presence of endogenous Pura in

Fig. 4. Effect of Pura on anchorage-independent growth of ras-
transformed NIH3T3 cells. Ras-transformed cells were trans-
fected with either pBABE or co-transfected with pBABE and
either pBK or pBKpura and selected for puromycin resistance as
described in Methods. Pools of selected cells were then plated
in soft agar and cultured for two weeks. Nine replicates were
plated for each sample. Colonies were stained with INT vital dye
for 48 h, then colonies were counted. For each dish, the number
of colonies was counted in each of three ®elds of view at three
predetermined positions. Top: the total number of colonies
formed in soft agar is expressed as a percentage of the total
number of cells originally plated. The values shown represent
the mean with standard error. Colonies were measured with an
ocular micrometer, and the size distribution is expressed
graphically in three groups: �0.2 mm (small), 0.2 mm±1.0
mm (medium), �1.0 mm (large) [X axis]. The total number of
colonies formed is expressed as a percentage of the total number
of cells initially plated [Z axis]. For each combination of plasmid
constructs transfected [Y axis] the number of colonies in each
size group is depicted. Bottom: representative photographs of
colonies from each sample. Photographs are representative
®elds of view at equal magni®cation.

628 Barr and Johnson



NIH3T3 cells. When infected to overexpress
Pura (Fig. 5A, lane 2), NIH3T3 cells reveal a
band of the same molecular weight, although of
greater intensity, signifying that Pura, over-
expressed without additional sequences fused
to the primary amino acid sequence, migrates at
the same size as endogenous Pura protein but is
expressed to a greater degree. The predicted
size of Pura based on amino acid sequence is 35
kDa, which is in contrast with the observed
molecular weight of about 45 kDa. The possibi-
lity that this discrepancy is due, at least in part,
to posttranslational modi®cation is supported
by the demonstration that Sf9 cells infected
with a baculovirus construct to overexpress
Pura produce two polypeptides, observed on
immunoblot as a doublet migrating at 40±46
kDa [Itoh et al., 1998].

Further experiments were performed with
Pura expressed from a CMV promoter, which
produces Pura at a much higher level than does
the retroviral vector. In NIH3T3 cells transi-
ently (data not shown) or stably cotransfected
(Fig. 5B) with pBABE and pBKpura to over-
express Pura fused to the amino terminal HA
tag, Pura is visualized by immunoblot as a
doublet at approximately 46 kDa, with the

majority of the protein existing as the faster-
migrating species (Fig. 5B, lane 3). In lysates of
NIH3T3 cells stably transfected with the control
vectors pBABE or pBABE and pBK, (Fig. 5B,
lanes 1 and 2, respectively) endogenous Pura is
visualized as a single band migrating at 46 kDa.
The same result is obtained with CV1, HeLa,
and Cos7 cells. These observations indicate that
vast overexpression of Pura cDNA generates a
form of the protein that migrates faster than the
bulk of the endogenous form, and that the
production of a faster-migrating band is not cell
type or species speci®c. The difference in migra-
tion between the overexpressed and endo-
genous Pura may re¯ect the higher level of
the overexpressed protein, which could exceed
levels of an associated protein or cofactor re-
quired to modify Pura.

Endogenous Pura was originally isolated
from HeLa cell nuclei [Bergemann and John-
son, 1992], and has been puri®ed from the nuclei
of AKR-2B mouse ®broblasts [Kelm et al., 1997]
as well as from mouse cerebellar nuclei [Osugi
et al., 1996b]. Previous immuno¯uorescence
microscopy studies have localized Pura to both
the nuclei and cytoplasm of neuronal cell lines,
and predominantly to the nuclei of C6 glioma
cells [Osugi et al., 1996b]. In CV-1 cells,
endogenous Pura was localized to nuclear foci
using immunoelectron microscopy [Itoh et al.,
1998]. To determine whether overexpressed
Pura is primarily nuclear or cytoplasmic, non-
transfected NIH3T3 cells and pEBVpura /3T3
cells were fractionated into nuclear and cyto-
plasmic extracts. Equal amounts of protein, as
determined by the BCA assay, were loaded on a
12% SDS-polyacrylamide gel and the presence
of Pura was detected with either polyclonal
antiserum against Pura or the anti-Xpress
monoclonal antibody against the epitope tag.
Control lysates were blotted with anti-histone
deacetylase I to detect leakage of nuclear
proteins into the cytoplasmic extract, or with a
monoclonal antibody against a post-translation-
ally modi®ed form of a-tubulin present only in
the cytoplasm to test for contamination of the
nuclear extract with cytoplasmic protein. Both
controls con®rmed the integrity of the extracts
(Fig. 6, lower two panels). In NIH3T3 cells Pura
is a nuclear protein migrating at 46 kDa (Fig. 6,
lane 2). In pEBVpura /3T3 cells, stably trans-
fected to overexpress Pura fused to the amino
terminal Xpress tag, Pura-Xpress exists in both
the nucleus and the cytoplasm, while endogen-

Fig. 5. Electrophoretic comparison of endogenous NIH3T3
Pura with Pura overexpressed from plasmid or retroviral vectors.
(A) NIH3T3 cells were infected with a retrovirus to express
either empty vector (lane 1, pBABE) or to overexpress Pura (lane
2, pBABEpura). Cell extracts were prepared as described in
Methods and subjected to SDS gel electrophoresis on an 8%
polyacrylamide gel with molecular weight standards (Gibco-
BRL). Immunoblots of cell lysate were probed with anti-pura
polyclonal antisera followed by horseradish peroxidase-
coupled rat anti-rabbit antibody (Zymed). (B) NIH3T3 cells
transiently transfected to express either empty vector (lane 1,
pBABE), cotransfected to express empty vectors pBABE and pBK
(lane 2) or cotransfected to overexpress Pura (Lane 3,
pBABE� pBKpura). Samples were electrophoretically separated
and immunoblots prepared as described in Methods.
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ous Pura is present only in the nuclear fraction.
The epitope-tagged Pura is recognized by both
the anti-Pura polyclonal and the anti-Xpress
monoclonal antibodies. Pura-Xpress is resolved
as a doublet at approximately 46 kDa, migrat-
ing with greater mobility than the endogenous
Pura (Fig. 6, lanes 4 and 6). Signi®cantly, the
smallest species of Pura-Xpress, migrating at
approximately 45 kDa is almost entirely cyto-
plasmic. This ®nding suggests that it is prima-
rily a modi®ed, slower-migrating form of Pura
which localizes to the nucleus. It is conceivable
that modi®cation of Pura is necessary for either
nuclear transport or nuclear retention. Over-
expression of Pura-Xpress may result in a
fraction of unmodi®ed protein which is detected
in the cytoplasm. Systematic analysis of all
potential modi®cations of Pura is beyond the
scope of this paper, and at this point other
explanations for a slower-migrating form of
Pura cannot be ruled out. Modi®cations are
further considered in the discussion.

Sequences in Pura Mediate Nuclear Exclusion

Two series' of Pura deletion mutants were
employed to analyze sequences involved in Pura
nuclear retention or exclusion. One series was
constructed with Pura or its mutants fused
C-terminal to a 3 kDa Xpress epitope tag. The
second series was constructed with Pura or its
mutants fused C-terminal to the much-larger,
27 kDa enhanced green ¯uorescent protein
(EGFP). Cells were analyzed with a laser
scanning confocal microscope (Fig. 7). For the
®rst series immunolocalization was performed
on pEBVpura /NIH3T3 cells. Cells transfected
with empty vector expressed only the 3 kDa
Xpress peptide, which diffused throughout the
cell (Fig. 7A). It can be seen that full-length
Pura-Xpress localized to both the nucleus and
cytoplasm of proliferating cells (Fig. 7B,C),
being primarily cytoplasmic in the most ¯uo-
rescent cells (Fig. 7B). These cells were not
synchronized, but by far the majority would be
in mid to late G1, a time when Pura levels begin
to decline in the nucleus [Itoh et al., 1998]. The
deletion mutant pEBVpura(DN-167) also loca-
lized largely to the cytoplasm (Fig. 7D). The
mutants pEBVpura(D72-231) (Fig. 7E) and
pEBVpura(DC-108) (Fig. 7F) localized almost
entirely to the nucleus with strong nucleolar
staining. Non-transfected NIH3T3 cells did not
react with the anti-Xpress antibody (Fig. 7G).
Cells treated only with the FITC-conjugated
secondary antibody also showed no ¯uores-
cence, indicating an absence of non-speci®c
interactions (Fig. 7H).

For the series of mutants fused to EGFP,
expression of EGFP alone was used as a control,
and mock-transfected NIH3T3 cells were used
to assess auto¯uorescence. The results shown in
Figure 7I±L are from transient transfection of
NIH3T3 cells. EGFP alone, expressed by the
pEGFP-C2 vector, is able to diffuse throughout
the cell (Fig. 7I). EGFP-Pura is visualized only
in the cytoplasm, with minimal signal in the
nucleus above that of auto¯uorescence (Fig. 7J).
EGFP-Pura(DN-85) is seen in both the nucleus
(but not the nucleolus) and the cytoplasm, with
the majority of the protein localized in the
cytoplasm (Fig. 7K). EGFP-Pura(DN-167) is
present in the nucleus and the cytoplasm in
nearly equal proportion (Fig. 7L).

The data derived from deletion mutants allow
two conclusions: 1) protein size is not an over-
riding factor in Pura access to the nucleus; and

Fig. 6. Comparison of the nuclear and cytoplasmic distribution
of endogenous Pura with that of Pura expressed from pEBVpura.
Nuclear and cytoplasmic fractions were prepared from NIH3T3
cells or NIH3T3 cells stably transfected to overexpress Pura-
Xpress (pEBVpura/3T3) as described in Methods. Cytoplasmic
(C) and nuclear (N) fractions were separated on a 12%
polyacrylamide gel, transferred to PVDF membrane and blotted
with anti-Pura polyclonal antiserum or with anti-Xpress mono-
clonal antibody, which recognizes only the overexpressed,
epitope-tagged form of Pura. To control for adequate separation
of nuclei and cytoplasm, identical, parallel immunoblots
were probed with either antibody against histone-deacetlyase
1(HDAC1), found only in the nucleus, or antibody against a
post-translationally modi®ed form of a-tubulin found only in the
cytoplasm.
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Fig. 7. Deletion analysis of the effects of molecular domains of
Pura on subcellular localization. Deletion mutants of the Pura
cDNA were generated as clones in either vector pEBV or vector
pEGFP-C2 as described in Methods. Using these vectors Pura is
expressed either with an N-terminal Xpress epitope or with a
fused N-terminal enhanced green ¯uorescent protein, respec-
tively. After transfection, ¯uorescence was visualized either
indirectly, using anti-Xpress antibody and ¯uorescent secondary
antibody, or directly, by excitation of the green ¯uorescent
protein. Each image represents a single optical section of
transiently-transfected NIH3T3 cells obtained by confocal laser
scanning microscopy. The cells shown were transfected and
treated as follows: (A) vector pEBV, treated with anti-Xpress
monoclonal antibody followed by FITC-conjugated goat anti-

mouse (aX); (B) pEBVpura, aX; (C) pEBVpura, aX; (D)
pEBVpura(DN-167), aX; (E) pEBVpura(D72-231), aX; (F) pEBV-
pura(DC-108), aX; (G) non-transfected NIH3T3 cells, aX; (H)
stably transfected pEBVpura/3T3 cells treated only with the
FITC-conjugated goat anti-mouse secondary antibody; (I)
pEGFP-C2 to express the 27 kDa GFP protein; (J) pEGFP-C2-
Pura; (K) pEGFP-C2-Pura(DN-85); (L) pEGFP-C2-Pura(DN-167).
Panel M depicts full-length Pura and its deletion mutants, fused
C-terminal to either the Xpress eiptope tag (3 kDa) or EGFP (27
kDa). Positions are indicated of: potential cyclin-like destruc-
tion boxes [King et al., 1996], all possessing the motif RxxL (D);
a potential KEN box [P¯eger and Kirschner, 2000] possessing
the sequence KEN (K); a potential PEST sequence [Rechsteiner
and Rogers, 1996] of 15 aa possessing P,E,S, and T residues (P).



2) speci®c sequences in Puramediate its nuclear
exclusion. The fusion of Pura with GFP pro-
duces a protein with a predicted size of approxi-
mately 65 kDa, while the deletion mutants
GFP-Pura(DN-85) and GFP-Pura(DN-167) have
predicted molecular weights of approximately
57 kDa and 47 kDa, respectively. This last
protein is approaching the maximum size be-
lieved to allow diffusion through nuclear pores.
A comparison of the two Pura(DN-167) mutants
fused either to Xpress, Figure 7, panel D, or to
EGFP, Figure 7, panel L reveals that adding
more than 20 kDa to the protein, as in panel L,
does not hinder its ability to enter the nucleus.
While a small size is thus not an overriding
factor in Pura ability to enter the nucleus, it is
clear from both series' of mutants that removal
of sequences from 1 to 167 progressively allows
better Pura nuclear access. A comparison of
Xpress fusion proteins Pura (DN-167), (D72-231)
and (DC-108) is revealing. The ®rst of these
remains primarily cytoplasmic, while the latter
two are exclusively nuclear. This indicates the
particular importance of a sequence between
aa's 214 and 231 in mediating Pura exclusion
from the nucleus. This sequence is PAELPE-
GTSLTVDNKRF, a potential PEST sequence.
Such sequences have been implicated in target-
ing proteins for degradation via a proteosome-
mediated pathway [Rechsteiner and Rogers,
1996].

Pura Colocalization With Speci®c
Cyclin/CDK Complexes is Dynamically

Altered in the Cell Cycle

In addition to the above biochemical fractio-
nation, Pura intracellular localization was
analyzed by confocal laser microscopy. Immu-
nogold electron microscopy had previously
demonstrated a close association of Pura with
cyclin A and newly-replicated DNA in sub-
nuclear chromatin structures in CV-1 cells [Itoh
et al., 1998]. Here, localization of Pura, and its
colocalization with additional cyclins and CDKs
that control different points in cell cycle pro-
gression, were examined. To study cell cycle-
speci®c localization, pEBVpura /3T3 cells pla-
ted on coverslips were synchronized with a
double-thymidine block, and ®xed at regular
time points. The cells were treated with anti-
bodies directed against the Xpress epitope
attached to Pura and with antibodies directed
against CDK2, cyclin A, cyclin B1 or cyclin D1.
For this study, presented in Figure 8, ¯uores-

cence of the secondary antibody for Pura
appears green, and that for each cyclin or CDK
appears red. Confocal laser scanning micro-
scopy enabled the visualization of single optical
sections so that regions of protein colocalization
could be precisely de®ned. Merging the green
and red optical channels reveals areas of coloca-
lization, which appear yellow. Each row across
in Figure 8 presents the same ®eld of view with
different optical channels. Staining of chroma-
tin with Hoechst 33342 (Fig. 8, A,Q) is shown for
rows A±D and Q±T. To control for auto¯uores-
cence and non-speci®c antibody binding, the
pEBVpura /3T3 cells were stained with primary
antibody alone (Fig. 8E) or secondary antibody
alone (Fig. 8I), and non-transfected NIH3T3
cells were stained with the antibody against the
Xpress epitope (Fig. 8M). Previous reports have
indicated that CDK2 and cyclin A are primarily
localized to the nucleus [Pines and Hunter,
1991] and that during S phase they localize to
sites of chromosomal DNA replication [Cardoso
et al., 1993]. Endogenous CDK2 is visualized
primarily in the nucleus, but excluded from the
nucleoli in asynchronous cells (Fig. 8C) and in
cells synchronized to the G1/S transition (not
shown). Pura-Xpress is visualized primarily in
the cytoplasm of the same cell but also distinctly
in the nucleus (Fig. 8B). Since this is a single
confocal optical section, the nuclear staining
is not due to cytoplasmic overlayering of the
nucleus. The bulk of Pura staining in the
nucleus colocalizes with that of CDK2, as shown
by the presence of yellow color in Fig. 8D. It has
been previously reported that nuclear levels of
Puraare very low in early S phase and that Pura
and cyclin A colocalize to replication foci in late
S phase. In the present study, in S-phase cells
the majority of overexpressed Pura is distrib-
uted in the cytoplasm while a fraction of the
cellular Pura-Xpress is present in discrete
nuclear foci (Fig. 8F). Cyclin A is predominantly
nuclear, but non-nucleolar (Fig. 8G). Pura
colocalizes with cyclin A in these nuclear foci
and throughout the nucleus (Fig. 8H). The
colocalizations of Pura with CDK2 (Fig. 8D)
and cyclin A (Fig. 8H) are quite consistent. In
both cases bright non-nucleolar foci are seen.
Also in both cases there is considerable red
staining in addition to yellow in the nucleus,
indicating that not all CDK2 or cyclin A are
associated with Pura.

Colocalization of Pura with cyclin D1 was
examined since cyclin D1/CDK4 are implicated
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Fig. 8. Intracellular colocalization of Pura with cyclins or
CDKs involved in different cell cycle transitions. Immuno¯uor-
escence confocal laser microscopy was used to assay for the
colocalization of Xpress-Pura and speci®c cell cycle regulatory
proteins in NIH3T3 cells stably transfected to overexpress Pura
(pEBVpura/3T3). Fixation, staining, and confocal microscopy
were performed as detailed in Methods and in the legend to
Figure 7. A±D show the same cell from an asynchronous
population visualized to detect different stains. (A) Nucleus
stained with Hoechst 33342. (B) Anti-Xpress� FITC-conjugated
anti mouse to detect Xpress-Pura (aX). (C) Anti-CDK2�
Rhodamine-conjugated anti-rabbit to detect endogenous
CDK2. (D) Merged FITC and Rhodamine signals. Yellow
denotes colocalization of Pura and CDK2 (E) Non-transfected
NIH3T3 cells treated with aX. F±G show the same cell from a
population of cells synchronized in S phase, visualized to detect
different stains. (F) aX. (G) Anti-cyclin A� Rhodamine-

conjugated anti-rabbit to detect endogenous cyclin A. (H)
Merged FITC and Rhodamine signals. Yellow denotes coloca-
lization of Pura and cyclin A (I) pEBVpura/3T3 cells treated
with Rhodamine-conjugated anti-rabbit and FITC-conjugated
anti-mouse to detect non-speci®city of the secondary anti-
bodies. Rows J±L and N±P each show the same synchronous
cells at the G1/S transition visualized to detect different stains.
(J, N) aX. J is a color view of the cell shown in Figure 7B. (K, 0)
Anti-cyclin D1�Rhodamine-conjugated anti-rabbit to detect
endogenous cyclin D1. (P) Merged FITC and Rhodamine
signals. Yellow denotes colocalization of Pura and cyclin D1.
Q-T show the same synchronous cells in mitosis. (Q) Treated
with Hoechst 33342 to stain chromatin. (R) aX. (S) Anti-cyclin
B1� hodamine-conjugated anti-rabbit to detect endogenous
cyclin B1. (T) Merged FITC and Rhodamine signals. Yellow
denotes colocalization of Pura and cyclin B1.



in phosphorylation of Rb [Ewen et al., 1993;
Kato et al., 1993], which itself culminates in
release of Pura. Cyclin D1 accumulates in the
nucleus throughout G1, and rapidly exits into
the cytoplasm in early S phase [Diehl et al.,
1998]. Prominently or exclusively cytoplasmic
cyclin D1 has been reported in certain tumor
cells [Palmqvist et al., 1998; Dhar et al., 1999].
Cells in rows J±L and N±P were all examined at
the G1/S transition. At this time the presence of
Pura or cyclin D1 in the nucleus is essentially
mutually exclusive. In a cell in which cyclin D1
is nuclear (Fig. 8K, 8O bottom), Pura-Xpress is
largely excluded from the nucleus (Fig. 8J, 8N
bottom). In a cell in which cyclin D1 is largely
cytoplasmic (Fig. 8O top), Pura-Xpress is dis-
tributed throughout the cell, with the majority
of the protein present in the nucleus (Fig. 8N
top). Pura-Xpress colocalizes noticeably with
cyclin D1 in the cytoplasm, but is virtually
exclusive of cyclin D1 in the nucleus (Fig. 8L,
8P). The juxtaposition of two cells with such
mutually exclusive nuclear localization of Pura
and cyclin D1 as those in Figure 8, row N±P,
af®rms that G1/S is a point at which both
proteins are changing rapidly. We have pre-
viously reported that the level of endogenous
Pura declines precipitously in late G1/early S
phase when Pura is dissociated from the nuclear
protein Rb [Itoh et al., 1998]. One possible ex-
planation for the data in Figure 8L and P is as
follows: in late G1 when cyclin D1 is nuclear,
Pura has already been dissociated from Rb,
upon phosphorylation in mid G1, and due to
degradation and/or nuclear export, is at very
low levels in the nucleus (Fig. 8, panels J and N,
bottom). In S phase, however, when cyclin D1 is
exported to the cytoplasm, Pura-Xpress is
distributed throughout the cell, with a signi®-
cant proportion of the protein present in the
nucleus (Fig. 8, panel N, top).

Colocalization of Pura with cyclin B1 was
examined because the levels of the two proteins
both peak at mitosis. The localization of cyclin
B1 varies with the cell cycle. Cyclin B1 accu-
mulates almost exclusively in the cytoplasm,
where it is retained until the onset of mitosis
[Pines and Hunter, 1991; Hagting et al., 1998;
Yang et al., 1998]. In late prometaphase, the
cyclin B1/CDK1 complex rapidly enters the
nucleus. In a population of NIH3T3 ®broblasts
synchronized to enrich for mitotic cells, those
cells exhibiting nuclear cyclin B1 and con-
densed chromatin were considered to be in

prometaphase. In these prometaphase cells,
when cyclin B1 is localized to the nucleus
(Fig. 8S), Pura-Xpress staining correlates with
Hoechst 33342 stained-chromatin (Fig. 8R and
Q, respectively), indicating that Pura is present
on or very near the condensed chromosomes.
Pura-Xpress colocalizes with cyclin B1 through-
out the cell and at the periphery of the chro-
mosomes, revealed here by yellow color (Fig.
8T). The peak in levels of Pura at mitosis and its
location with condensed chromosomes suggest a
potential role for this protein at mitosis.

DISCUSSION

The present results indicate that Pura antag-
onizes colony formation and anchorage-inde-
pendent growth related to K-ras transformation
of NIH3T3 cells. Cellular ras protein plays an
important role in transducing mitotic signals to
the cell cycle machinery, acting speci®cally at
the G1 to S phase transition [Mulcahy et al.,
1985]. Cells transformed by a mutant, constitu-
tively activated ras gene exhibit accelerated
progression through G1 phase [Filmus et al.,
1994; Albanese et al., 1995; Liu et al., 1995;
Arber et al., 1996; Winston et al., 1996; Aktas
et al., 1997; Kawada et al., 1997]. Ectopic
expression of cyclin D1 has been shown to result
in a shortened G1 phase [Quelle et al., 1993;
Resnitzky, 1997] and anchorage independent
growth in rodent ®broblasts [Resnitzky, 1997].
Activated ras also up-regulates cyclins A, D3
and E1 [Fan and Bertino, 1997], and ras-
dependent cyclin A induction is important for
anchorage independent growth [Kang and
Krauss, 1996]. Since Rb hyperphosphorylation
is induced at least in part by cyclin D1/CDK4
(see Sherr and Roberts, 1995; Weinberg, 1995
for reviews), ras signaling pathways may in part
control the association of Rb and Pura.

One major difference between Pura and other
Rb-binding proteins is that upon release from
Rb in late G1, Pura levels decline [Itoh et al.,
1998]. Therefore, arti®cially raising intracellu-
lar levels of Pura can provide clues to the
cellular function of this decline. The results
of Figure 1, achieved by stable transfection to
express Pura, are consistent with results
obtained by microinjection of Pura [Stacey et al.,
1999] and further illuminate potential mechan-
isms of cell cycle hindrance. In the previous
studies, microinjection of Pura in G1 phase
arrested a high proportion of cells at the G1-S
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boundary leading to a programmed cell death.
In the present study, the lower levels of Pura in
the stably-transfected lines did not fully arrest
the cycle, but signi®cantly retarded the pro-
gression of the cycle at the same point. Taken
together, the results indicate a progressive,
dose-dependent action of Pura to inhibit the
onset of S-phase. Upon microinjection in S or
G2, Pura induced a G2-M arrest but did not
prevent complete replication of the genome. In
the present study the lower levels of Pura do not
cause a complete arrest of the cycle, but they do
retard progression of the cells through S-phase.
Again, however, Pura does not prevent cells
from completing replication of the genome.
Taken together, the results indicate an inhibi-
tory action of Pura that does not compromise the
DNA synthetic machinery. Results thus indi-
cate that a decline in Pura levels may be neces-
sary for progression of cells into S-phase.

While the present results document effects of
elevated Pura at cell cycle transition points,
they do not identify the exact role of the protein
in inhibiting either G1/S or G2/M transitions.
Analyses of the intracellular localization of Pura
at different times in the cell cycle and of its
associations with cell cycle regulatory proteins
provide clues regarding potential molecular
functions of the protein.

Localization studies suggest that Pura may
affect the cell cycle as cells approach mitosis.
Pura has been shown to coimmunoprecipitate
and colocalize with cyclin A and newly-repli-
cated DNA during late S and G2 phases of the
CV-1 cell cycle [Itoh et al., 1998]. Here we report
that exogenously-expressed Pura also coloca-
lizes with cyclin A, and with CDK2, in the
nucleus. The bulk of the exogenously-expressed
Pura, however, is present in the cytoplasm (Fig.
8B,F,J). It is clear from the juxtaposition of cells
(see Fig. 8, N±P) that cell cycle timing involves
rapid changes in localization of the exogen-
ously-expressed Pura to the nucleus, particu-
larly at the G1/S transition. At mitosis Pura
levels are high throughout the cell and particu-
larly on or about the condensed chromosomes.
Pura colocalizes with cyclin B1 in the cytoplasm
and at the periphery of the chromosomes. These
data suggest a role for Pura in the progression
of newly-replicated DNA through mitosis. Such
a role could include function of the single-
stranded DNA-binding activity of Pura in
monitoring and in repair or recombination of
ineffectively-replicated DNA or in preventing

re-replication of once-replicated DNA. Hin-
drance of S-phase progression by elevated levels
of Pura could, thus, stem from its interference
with the replication apparatus or from lack of
displacement of the protein from speci®c sites
on the DNA. This would explain the necessity
of Pura disappearance at the onset of DNA
replication. This inhibitory effect is also con-
sistent with previous observations that Pura
inhibits JC virus DNA replication in glial cells
[Chang et al., 1996]. Studies currently under-
way to assess the disposition of mice with gene-
tically inactivated PURA will shed further light
on the functions of the encoded protein.

It should be noted that endogenous cytoplas-
mic Pura has been seen in cells [Osugi et al.,
1996b; Tretiakova et al., 1999]. Furthermore,
Pura associates with RNA as well as DNA
[Herault et al., 1995; Gallia et al., 1999; Kelm et
al., 1999; Wortman et al., 2000]. Pura has been
reported to associate with RNA transcripts of
certain genes believed to be regulated by
promoter PUR elements [Chepenik et al.,
1998; Kelm et al., 1999]. It is conceivable that
effects of Pura on ras transformation could
be mediated, in addition to its demonstrated
effects in the nucleus, by interaction with RNA
in the cytoplasm.

Fluctuations in Pura levels and ensuing cell
cycle regulatory effects may become aberrant in
instances of disruption of the gene encoding
Pura, PURA. The human PURA gene is located
at chromosome band 5q31 [Ma et al., 1995], a
site frequently deleted in acute myelogenous
leukemia (AML) [Pederson and Jensen, 1991;
Le Beau et al., 1993]. Recently we have observed
PURA deletions in > 95% of patients with
myelodysplastic syndrome (MDS) that have 5q
abnormalities [Lezon-Geyda et al., 1997]. Muta-
tions in Rb are rare in AML, but it is conceivable
that Pura functions in a pathway mediating an
aspect of Rb control and that alterations in Pura
levels could in¯uence checkpoint control.

The present results indicate that access of
Pura to the nucleus is under complex control
potentially involving both post-synthetic mod-
i®cation and nuclear exclusion. Figures 5 and 6
indicate that the endogenous, nuclear form of
Pura migrates slower on an SDS gel than does a
largely cytoplasmic form observed upon vast
overexpression. A systematic analysis of all
Puramodi®cations has not been done, but there
is evidence, not shown here, that the protein is
modi®ed. A slower-migrating form of Pura has

Pura Inhibits ras Transformation of NIH3T3 Cells 635



been shown to react with anti-phosphoserine
antibody, and when excised from a gel, to con-
tain phosphoserine and phosphothreonine by
amino acid analysis. Pura contains 32 S and T
residues, many of them in consensus sequences
for various protein kinases. Interestingly, Pura
contains no CDK consensus sequences, and
Pura is not phosphorylated by puri®ed cyclin
A and CDK2, a protein with which PurA is seen
to colocalize (Fig. 8). Modi®cations of Pura in
addition to phosphorylation are also possible.
Pura does not possess a canonical nuclear
localization signal, and results in Figure 7 do
not provide clear evidence for one. Pura may
enter the nucleus by diffusion, since it is small
enough to traverse nuclear pores, or by co-
transport with known nuclear protein partners.
Results in Figure 7 indicate that below about
47 kDa, protein size is not an overriding factor
in Pura nuclear localization. Therefore, nuclear
retention is likely to be mediated by sequence
domains within the protein. Pura possesses
four RxxL sequences, certain of which are very
homologous to cyclin A and B1 destruction
boxes [King et al., 1996], a KEN box [P¯eger
and Kirschner, 2000] and a PEST sequence
[Rechsteiner and Rogers, 1996]. As indicated in
Figure 7M, these are all located in a region of
Pura which, when deleted progressively, con-
fers greater nuclear retention upon the protein.
The PEST sequence, in particular, may be im-
portant since it alone evidently assigns nuclear
exclusion to mutant Pura (DN-167). Each of
these categories of sequence motifs can target
a protein for ubiquitin-mediated degradation.
The mutational analysis carried out here
thus suggests the possibility that Pura may be
excluded from the nucleus at speci®c times in
the cell cycle via targeting of the nuclear protein
for proteolysis. The Pura PEST sequence of 15
aa contains 3 S and T residues, which are
potential phosphorylation sites. It is conceiva-
ble that modi®cations of Pura, including the
PEST sequence, KEN or destruction boxes,
could distinguish cytoplasmic from nuclear
forms of the protein and facilitate targeting
of the latter for proteolytic descruction. Casein
kinase 2-catalyzed phosphorylation of a PEST
sequence has been implicated in directing nu-
clear vs. cytoplasmic distribution of nucleosome
assembly protein 1 in HeLa cells [Li et al., 1999].
KEN-box-dependent proteolysis of CDC6 has
been implicated in licensing of replication
origins in the nucleus [Petersen et al., 2000].

The present results underscore the necessity for
a thorough analysis of Pura modi®cation sites
and of the mechanism by which Pura levels
decline in the nucleus during the cell cycle.
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