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The pituitary tumor transforming gene, PTTG, is
abundantly expressed in several neoplasms. We recently
showed that PTTG overexpression is associated with
apoptosis and therefore have now studied the role of p53
in this process. In MCF-7 breast cancer cells that express
wild type p53, PTTG overexpression caused apoptosis.
P53 was translocated to the nuclei in cells expressing
PTTG. Overexpression of p53, along with PTTG, aug-
mented apoptosis, whereas expression of the human
papillomavirus E6 protein inhibited PTTG-induced ap-
optosis. In MG-63 osteosarcoma cells that are deficient
in p53, PTTG caused cell cycle arrest and subsequent
apoptosis that was inhibited by caspase inhibitors. A
proteasome inhibitor augmented PTTG expression in
stable PTTG transfectants, suggesting that down-regu-
lated PTTG expression is required for cell survival. Fi-
nally, MG-63 cells expressing PTTG showed signs of ane-
uploidy including the presence of micronuclei and
multiple nuclei. These results indicate that PTTG over-
expression causes p53-dependent and p53-independent
apoptosis. In the absence of p53, PTTG causes aneu-
ploidy. These results may provide a mechanism for
PTTG-induced tumorigenesis whereby PTTG mediates
aneuploidy and subsequent cell transformation.

Pituitary Tumor Transforming Gene (PTTG)! is highly ex-
pressed in pituitary tumors and other neoplasms (1-3). In
vitro, PTTG transforms 3T3 fibroblasts (1, 4), but the full
mechanism of PTTG action has not been clarified. PTTG in-
duces basic fibroblast growth factor secretion (1, 5) and trans-
activates DNA transcription (6, 7). PTTG is a mammalian
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securin that maintains binding of sister chromatids during
mitosis (8). We recently studied the cellular characteristics of
PTTG (9) and showed that PTTG mRNA and protein expres-
sions are cell cycle-dependent and peak at the G,/M phase.
PTTG is localized to both the nucleus and cytoplasm and is
degraded at the initiation of anaphase. PTTG overexpression
causes apoptosis and inhibits mitosis (9).

Tumor suppressor p53 subjects cells with severe DNA dam-
age or other stress to apoptosis by transactivating apoptosis-
inducing genes. Expression of oncogenes such as myc (10-12)
activates p53 and renders cells apoptotic. The same oncogenes,
however, also activate p53-independent apoptosis (13, 14). In
this report, we studied p53 involvement in PTTG-induced cell
death in cells expressing or lacking wild type p53. Our results
show that PTTG overexpression causes p53-dependent and
p53-independent apoptosis. Aneuploidy arises as a result of
PTTG overexpression in p53-negative cells. These results sug-
gest that aneuploidy may be a mechanism for PTTG-induced
tumorigenesis.

EXPERIMENTAL PROCEDURES

Cell Culture, Plasmids, and Transfection—MCF-7 and MG-63 cells
were grown in Dulbecco’s modified Eagle’s medium with 10% fetal calf
serum in a 37 °C, humidified incubator with 5% CO,. Cells were syn-
chronized with double thymidine block (9). Cell cycle was analyzed with
a fluorescence-activated cell sorter. Plasmids encoding wild type and an
enhanced green fluorescent protein (EGFP)-tagged human PTTG and
the parental plasmid pEGFP-N3 were described before (9). Plasmids
encoding p53 and R175H p53 were gifts from Dr. C. W. Miller (Cedars-
Sinai Medical Center, Los Angeles, CA). Plasmid encoding human pap-
illomavirus (HPV) E6 protein was described before (15). Cells were
transfected with FuGene (Hoffmann-La Roche). Stable MG-63 cell lines
expressing EGFP or PTTG-EGFP were established by incubating cells
with 1 mg/ml G418 after transfection. Caspase inhibitors I and III were
from Calbiochem (La Jolla, CA).

Apoptosis Assay—Cells transfected with EGFP or PTTG-EGFP were
fixed with 4% paraformaldehyde and permeabilized with 0.6% Tween
20 and stained with Hoechst 33258 (1:10,000; Molecular Probes,
Eugene, OR). Slides were observed with a 40X objective, and green cells
with apoptotic nuclear characteristics such as nuclear condensation and
fragmentation were scored as apoptotic. Apoptosis was confirmed by
terminal dUTP nick-end labeling staining. 200-300 green cells were
examined on each slide. Nuclear morphology of green cells was also
examined for signs of aneuploidy such as micronuclei and macronuclei.

Immunofluorescent staining and fluorescence microscopy were per-
formed as described (9). An antibody to p53 (1:1,000; Calbiochem) or to
mdm2 (16) was used and detected with rhodamine-labeled goat anti-
mouse IgG (1:500; Molecular Probes). Cells were finally stained with
Hoechst 33258 (Molecular Probes). Several hundred cells were observed
in each of the 2 to 3 staining experiments, and representative cells
are depicted. Western blotting of PTTG-EGFP was performed as
described (9).

Metaphase Karyotyping—Growing cells were treated with 100 ng/ml
colcemid (Calbiochem) for 90 min, and G,/M cells were isolated by brief
trypsinization and gentle tapping. These cells were incubated with 75
mM KCl for 30 min and fixed and washed with methanol-acetic acid
(3:1) and dropped onto glass slides. Metaphase chromosomes were
observed.

RESULTS

PTTG Causes Apoptosis in MCF-7 and MG-63 Cells—Hu-
man breast cancer MCF-7 cells express wild type p53 (17), and
human osteosarcoma MG-63 cells are deficient in p53 (18).
Both MCF-7 and MG-63 cells express PTTG mRNA (data not
shown). EGFP had no significant effect on apoptosis in either
MCF-7 or MG-63 cells (Fig. 1). Expression of PTTG-EGFP
caused apoptosis in both MCF-7 and MG-63 cells. In MCF-7
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Fic. 1. PTTG induces apoptosis in MCF-7 and MG-63 cells.
MCF-7 (left) and MG-63 (right) cells were transfected with EGFP or
PTTG-EGFP. On each day after transfection, cells were fixed and
stained with Hoechst 33258. Nuclei of green cells were examined with
fluorescence microscopy, and the number of cells with apoptotic nuclei
was divided by the number of all green cells examined. 200-300 cells
were examined for each point.

cells, apoptosis occurred earlier. These results demonstrate
that PTTG-induced apoptosis occurs independently of the pres-
ence of p53.

PTTG Activates p53-mediated Apoptosis in MCF-7 Cells—
p53 mostly distributes in the cytoplasm in normal MCF-7 cells.
64 of 215 cells (30%) expressing PTTG-EGFP had bright nu-
clear p53 staining (Fig. 2a), versus 20 of 217 cells (9%) express-
ing EGFP (p < 0.05), suggesting that p53 is translocated to the
nuclei as a result of PTTG expression. Very few cells (<1%)
expressing PTTG-EGFP revealed nuclear staining of mdm2, a
negative regulator of p53, suggesting that mdm2-induced inhi-
bition of p53 export from the nucleus is not responsible for p53
up-regulation. Overexpression of wild type p53 increased ap-
optosis of MCF-7 cells expressing either EGFP or PTTG-EGFP;
however, a preferential increase of apoptosis in cells expressing
PTTG-EGFP was observed (Fig. 2b). Overexpression of mutant
(R175H) p53 did not have a significant impact on MCF-7 cell
death. Overexpression of E6, a protein that targets p53 to
degradation, eliminated p53 immunoreactivity in most cells
expressing PTTG-EGFP (Fig. 2b, inset). E6 promoted death of
cells expressing EGFP, possibly because of lowered checkpoint
function, but it protected MCF-7 cells from death induced by
PTTG-EGFP. Similar experiments on MG-63 cells showed that
p53 did not affect apoptosis induced by PTTG (Fig. 2¢).

PTTG Arrests MG-63 Cell Cycle—To investigate the relation-
ship between apoptosis and cell cycle changes induced by
PTTG, we first observed the same live cells expressing either
EGFP or PTTG-EGFP after they were released from a double
thymidine block, using fluorescence microscopy (Fig. 3a). In the
18 h after release, 16 of 39 cells (41%) expressing EGFP di-
vided, 1 cell (3%) died, and 22 cells (56%) did not change
appreciably. EGFP fluorescence was stable among all cells
expressing EGFP alone. During the same period, none of the
cells expressing PTTG-EGFP divided, 6 of 30 cells (20%) died,
EGFP fluorescence disappeared in 3 cells (10%), and 21 cells
(70%) exhibited no obvious change. Consistent with our previous
observation (9), these results demonstrated that PTTG blocked
mitosis, and cells were able to degrade PTTG in interphase.

To determine where the cell cycle was blocked by PTTG, we
analyzed the cell cycle of unsynchronized MG-63 cells express-
ing EGFP or PTTG-EGFP 48 h after transfection (Fig. 3b).
EGFP itself did not affect the cell cycle (Fig. 3b, left). PTTG-
EGFP-expressing cells had a similar number of cells in S phase
(Fig. 3b, right), but a prominent Go/M phase (14%) and a
corresponding smaller G; phase were observed, suggesting a
blockade on exit from mitosis.

Caspases have been implicated in apoptosis induced by taxol
and human immunodeficiency virus viral protein R (19, 20),
both blocking cell cycle at Go/M phase. We used the total
number of green cells and the number of live green cells on day
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Fic. 2. PTTG activates p53, and p53 facilitates apoptosis in
MCF-7 cells. a, MCF-7 cells were transfected with PTTG-EGFP (2 ug
of plasmid/well) and fixed 24 h later. Cells were stained with an anti-
body to p53 and Hoechst 33258. Images were acquired under appropri-
ate filters. b, MCF-7 cells were cotransfected with PTTG-EGFP (0.4 ug
of plasmid/well) and p53, R175H p53, or E6 (1.6 ug/well). Cells were
fixed 24 h later, and apoptotic cells were counted as described in the
legend to Fig. 1. Inset, images of a cell co-transfected with PTTG-EGFP
and E6. The cells were stained similarly as in a. p53 was negative in
this cell. Note that in this experiment, MCF-7 cell death rate was lower
(compare Fig. 1 and Fig. 2b), probably because much less PTTG-EGFP
plasmid was used to accommodate the other plasmids. ¢, MG-63 cells
were co-transfected with PTTG-EGFP (0.4 ug of plasmid/well) and p53,
R175H p53, or E6 (1.6 pg/well). Cells were fixed 48 h later, and apo-
ptotic cells were counted as described in the legend to Fig. 1. Inset,
images of a cell co-transfected with PTTG-EGFP and p53. The cells
were stained similarly to those in a. Bar, 10 um.

5 after transfection with PTTG-EGFP as indicators of cell sur-
vival. Both caspase inhibitor I (Z-VAD-FMK) and III (Boc-D-
FMK) promoted survival of PTTG-EGFP-expressing cells (Fig.
3c).

PTTG Protein Is Continuously Degraded— 7 h after treat-
ment with a proteasome inhibitor, LLnL, there was no signif-
icant change in EGFP fluorescence (Fig. 4a) or in EGFP protein
level, revealed by Western blotting of MG-63 cells stably ex-
pressing EGFP (Fig. 4b). In cells stably expressing PTTG-
EGFP, PTTG-EGFP fluorescence and PTTG-EGFP protein
level were both enhanced after LLnL treatment. These results
show that PTTG-EGFP was continuously degraded through the
ubiquitin pathway and suggested that cells stably expressing
PTTG escape apoptosis by down-regulating PTTG.

PTTG Overexpression Causes Aneuploidy—Because PTTG is
a mammalian securin that helps keep sister chromatids to-
gether, its overexpression may cause abnormal chromosomal
separation. In both the parental MG-63 cells and in cells ex-
pressing EGFP, signs of aneuploidy were uncommon. In MG-63
cells transiently or stably expressing PTTG-EGFP, the severity
and frequency of aneuploidy signs such as micronuclei, macro-
nuclei, or chromosomal bridges were both enhanced (Fig. 5). In
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Fic. 3. PTTG arrests MG-63 cell growth. a, MG-63 cells tran-
siently transfected with EGFP or PTTG-EGFP were synchronized with
double thymidine block and released. The same live cells were contin-
uously observed for 18 h after double thymidine block. Shown are the
numbers of cells that remained unchanged, divided, degraded EGFP, or
died. 39 EGFP-expressing and 30 PTTG-EGFP-expressing cells were
observed. b, MG-63 cells were transfected with EGFP (left) or PTTG-
EGFP (right). 2 days later, cells were fixed and cell-cycle analyzed for
cells that express EGFP or PTTG-EGFP only and all cells (Total)
including green and non-green cells. ¢, 2,000 MG-63 cells were plated in
each well of a 48-well plate. Cells were transfected the next day with
PTTG-EGFP and treated with 1% Me,SO or 100 uM caspase inhibitor I
(Inh. I) or 111 (Inh. III). Medium was changed every day with fresh drugs
added. Shown are total numbers of green cells (Total) including live and
apoptotic cells and the number of live cells on day 5 after transfection.

a representative experiment, only 3 of 253 cells (1%) tran-
siently expressing EGFP were aneuploid, whereas 45 of 133
cells (34%) transiently expressing PTTG-EGFP were aneu-
ploid. In MG-63 cells stably expressing EGFP or PTTG-EGFP,
the observed differences in aneuploidy were less dramatic. In a
representative counting, 12 of 244 cells (5%) stably expressing
EGFP were aneuploid, whereas 21 of 203 cells (10%) stably
expressing PTTG-EGFP were aneuploid. The modal number of
chromosomes was counted on metaphase chromosome spreads
derived from cells stably expressing EGFP or PTTG-EGFP.
Both cells had a modal chromosome number of 56, and occa-
sionally (<5%) tetraploid chromosomes were observed with a
modal number of about 100. There was no significant difference
in the frequency of tetraploid chromosomes between cells ex-
pressing EGFP or PTTG-EGFP. The lack of differing in chro-
mosome numbers may be because most aneuploid cells did not
divide or because of the low frequency of aneuploid cells.
PTTG-EGFP did not induce aneuploidy in MCF-7 and hu-
man choriocarcinoma JEG-3 cells, which also express wild type
p53 (data not shown). Aneuploidy was observed in some MCF-7
and JEG-3 cells transfected with PTTG-EGFP and HPV E6
protein. Because the transfection efficiency in MCF-7 cells was
low, we counted the rate of aneuploidy only in JEG-3 cells where
transfection efficiency was higher. In one representative experi-
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Fic. 4. Proteasome inhibitor increases PTTG protein expres-
sion. MG-63 cells stably expressing EGFP or PTTG-EGFP were estab-
lished. Cells were treated with LLnL (50 um) for 7 h. a, fluorescence
images were acquired under identical conditions from cells expressing
EGFP (A and B) or PTTG-EGFP (C and D) before (A and C) and after (B
and D) LLnL treatment. Bar, 50 um. b, in parallel experiments, cells
were lysed and EGFP, and PTTG-EGFP proteins were assayed with
Western blotting using an anti-EGFP antibody. The same blot was
stained with an antibody to nuclear lamin to ensure equal loading.

ment, 24 of 650 cells (3.7%) expressing PTTG-EGFP and HPV E6
protein were aneuploid, whereas only 5 of 647 cells (0.8%) ex-
pressing EGFP and HPV E6 protein were aneuploid. These re-
sults suggested that p53 prevents aneuploidy induced by PTTG.

DISCUSSION

In this study, we have elucidated mechanisms for PTTG-
induced apoptosis. Although all results shown were derived
from the comparison of PTTG-EGFP and EGFP, PTTG-EGFP
appears to faithfully represent PTTG, because they exhibit
similar cellular characteristics (9) and caused similar cell death
(data not shown). Several lines of evidence from our study
indicate that p53 mediates PTTG-induced apoptosis in MCF-7
cells. PTTG up-regulated and translocated p53 to the nucleus,
overexpression of p53 augmented PTTG-induced apoptosis,
and the HPV E6 protein, a p53 inactivator, prevented PTTG-
induced apoptosis. It is not clear, however, how p53 is activated
by PTTG. myc and ras activate p53 by activating ARF, a tumor
suppressor protein (12, 21) that in turn causes nuclear accu-
mulation of mdm2, preventing p53 nuclear export and subse-
quent degradation (22, 23). We did not observe a simultaneous
nuclear accumulation of p53 and mdm2, suggesting that the
ARF mechanism may not apply to PTTG-induced apoptosis, yet
PTTG may induce p53 nuclear accumulation by inhibiting
mdm2 expression through other mechanisms (23). The domi-
nant negative p53 mutant did not inhibit PTTG-induced apop-
tosis in MCF-7 cells, possibly indicating that the mutant p53
may not completely inhibit endogenous p53 activity as effec-
tively as the HPV EG6 protein. It is also likely that mechanisms
other than p53 are also involved in PTTG-induced apoptosis.

PTTG caused apoptosis in p53-negative MG-63 cells, demon-
strating that PTTG-induced apoptosis can be p53-independent.
It appeared that PTTG causes cell cycle arrest prior to apopto-
sis. This was evident inasmuch as cells expressing PTTG did
not divide after release from double thymidine block, and cy-
cling PTTG-expressing cells were also partially blocked at
Go/M. The PTTG effect on the cell cycle may therefore be both
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Fic. 5. PTTG-induced aneuploidy. MG-63 cells were transiently
(A and B) or stably (C and D) transfected with PTTG-EGFP. An MG-63
cell transiently expressing PTTG-EGFP and a group of MG-63 cells
stably expressing PTTG-EGFP are shown in phase contrast (A and C)
and after staining with Hoechst 33258 to depict the nucleus (B and D).
The asterisk indicates two micronuclei, and the arrowhead indicates a
cell with eight apparent nuclei. Bar, 50 p m.

direct and indirect. The securin function of PTTG (8, 9) would
predict that exit from mitosis is inhibited in cells overexpress-
ing PTTG, and overexpression of a nondegradable PTTG dis-
rupts sister chromatid separation (8). The direct impact of
PTTG overexpression on mitosis does not explain why only a
small percentage of cells were blocked at Go/M after one to two
doubling times, therefore suggesting an additional indirect
mechanism, i.e. that PTTG activates a surveillance mechanism
other than p53, which in turn causes cell cycle arrest. The
nature of this surveillance is not clear, but the checkpoint
kinases chkl and chk2 are possible candidates, because they
have been involved in p53-independent apoptosis induced by
DNA damage (24, 25). Apoptosis may thus result from PTTG-
induced cell cycle arrest.

We show evidence that PTTG causes aneuploidy in MG-63
cells. Transient and stable PTTG expression is associated with
a higher frequency of aneuploidy. PTTG degradation is re-
quired to start the anaphase (8, 9). When a cell overexpresses
PTTG, sister chromatids may not separate completely, result-
ing in a cell with one or more extra chromosomes manifesting
as micronuclei. Sister chromatids may not separate at all,
forming cells with multiple nuclei or macronuclei. It appears
that p53 plays a role in preventing PTTG-induced aneuploidy,
because aneuploidy was evident in p53-deficient MG-63 cells
and in MCF-7 and JEG-3 cells after endogenous p53 was in-
hibited. Similar observations have been made on the myc (26)
and ras (27) oncogenes that induce chromosome instability only
after p53 is inactivated.

The dual effects of PTTG on apoptosis and aneuploidy are
distinct but closely related in tumorigenesis. Apoptosis does not
occur as a result of aneuploidy, because the majority of cells
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were not aneuploid before they entered apoptosis. Rather, by
clearing cells that can become aneuploid, apoptosis appears to
be a means of protecting against aneuploidy and the resultant
tumorigenesis. The dual effects of PTTG on apoptosis and ane-
uploidy suggest a mechanism for PTTG-induced tumorigenesis.
PTTG overexpression activates p53 and a p53-independent
apoptosis pathway. Where both apoptotic systems fail, PTTG-
induced aneuploid cells survive and divide, prompting daugh-
ter cells to be tumorous. This model implies that PTTG-induced
tumorigenesis is a slow process, and tumors do not form until
apoptosis surveillance systems fail. On the other hand, if PTTG
expression is down-regulated by the ubiquitin pathway as we
show in this paper, the resultant slightly increased PTTG
expression may still escape surveillance and cause aneuploidy.
Thus PTTG potentially can contribute to tumorigenesis even
when the apoptosis surveillance systems are intact. Because
aneuploidy is assumed to be less severe when PTTG is down-
regulated, tumorigenesis should also be slow.

In summary, we show that PTTG induced both apoptosis and
aneuploidy, and the results suggest that apoptosis may play an
important role in preventing tumorigenesis. We have now es-
tablished mice deficient in PTTG? and will more directly ad-
dress the mechanism of PTTG-induced tumorigenesis in these
animals.
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