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Damage to the mitotic spindle and centrosome dysfunction can lead to cancer. To prevent this, cells trigger a
succession of checkpoint responses, where an initial mitotic delay is followed by slippage without cytokinesis,
spawning tetraploid G1 cells that undergo a p53-dependent G1/S arrest. We describe the importance of Lats2
(Large Tumor Suppressor 2) in this checkpoint response. Lats2 binds Mdm?2, inhibits its E3 ligase activity, and
activates p53. Nocodazole, a microtubule poison that provokes centrosome/mitotic apparatus dysfunction,
induces Lats2 translocation from centrosomes to the nucleus and p53 accumulation. In turn, p53 rapidly and
selectively up-regulates Lats2 expression in G2/M cells, thereby defining a positive feedback loop. Abrogation

of Lats2 promotes accumulation of polyploid cells upon exposure to nocodazole, which can be prevented by
direct activation of p53. The Lats2-Mdm2-p53 axis thus constitutes a novel checkpoint pathway critical for

the maintenance of proper chromosome number.
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The p53 tumor suppressor gene is subject to frequent
mutational alterations in human cancer. The p53 protein
is a sequence-specific transcription factor, present in
very low amounts in normal cells. In response to various
types of stress, p53 is hyperactivated to modulate the
expression of numerous target genes (Vousden and Lu
2002; Oren 2003; Harris and Levine 2005; Vousden and
Prives 2005). p53 activation can lead to a variety of
changes in cell fate, most notably induction of cell cycle
arrest and apoptosis. In nonstressed cells, inappropriate
P53 activation is prevented through a network of tight
controls. Key to this network is Mdm?2, which partici-
pates in a negative feedback loop with p53, fueled by the
transcriptional activation of the mdm?2 gene by p53 (Mi-
chael and Oren 2003; Bond et al. 2005). Mdm?2 is an E3
ubiquitin ligase, which ubiquitinates p53 and promotes
its rapid proteasomal degradation. Furthermore, ubiqui-
tination of p53 by Mdm2 expels p53 from the nucleus,
keeping it away from its transcriptional targets. The
Mdm2-p53 loop is subjected to multiple checkpoint
regulations. Checkpoints exist at various stages of the
cell cycle to prevent propagation of damaged cells and
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thereby preserve genomic integrity. For instance, geno-
toxic agents trigger a DNA damage checkpoint, leading
to p53 stabilization and activation. p53 has also been
implicated in a checkpoint triggered in tetraploid cells
ensuing from defective mitosis. This checkpoint func-
tions to prevent the proliferation of cells with polyploid
genomes, and is particularly important in cancer, where
polyploidy often precedes aneuploidy, associated with
high malignancy and poor prognosis (Rajagopalan and
Lengauer 2004 and references therein).

Hyperploidy can arise in mammalian cells as a result
of centrosomal perturbations, errors in mitosis, or treat-
ment with anticancer drugs, including inhibitors of mi-
crotubule organization (Lanni and Jacks 1998; Nigg 2002;
Andreassen et al. 2003; Ditchfield et al. 2003; Barr et al.
2004; Rajagopalan and Lengauer 2004; Giet et al. 2005).
Prolonged treatment of cells with spindle-damaging
agents such as nocodazole leads to a transient preana-
phase arrest due to failure to satisfy the spindle assembly
checkpoint (Barr et al. 2004; Morrison and Rieder 2004,
Rieder and Maiato 2004). Irrespective of p53 status, these
cells usually exit from mitosis in an aberrant fashion,
without sister chromatid segregation or cytokinesis, a
process known as “mitotic slippage.” Cells possessing
functional wild-type p53 typically undergo a p53-depen-
dent growth arrest at the subsequent G1/S boundary.
Since this prevents replication of cells with tetraploid
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genomes, it is sometimes referred to as the “Gl tetra-
ploidy checkpoint” (Margolis et al. 2003). Direct damage
to the centrosome, as well as induction of centrosomal
stress by other means such as disruption of the micro-
tubule network, also triggers p53 activation and culmi-
nates in a p53-dependent G1/S arrest (Doxsey et al.
2005). In contrast, cells lacking functional p53 progress
into S phase to acquire polyploid genomes, and often
eventually undergo apoptosis. In this way, p53 acts in a
post-mitotic checkpoint that protects cells from poten-
tially hazardous polyploidization (Meek 2000; Castedo et
al. 2004; Rajagopalan and Lengauer 2004; Duensing and
Duensing 2005). The molecular mechanisms driving this
checkpoint are still poorly understood. However, the
triggering event is probably not simply the presence of
tetraploid genomes, but rather a stress signal emanating
from dysfunction of the mitotic machinery, which acti-
vates p53 in due course to prevent GI1/S transition
(Stukenberg 2004; Uetake and Sluder 2004; Wong and
Stearns 2005).

Lats (Large Tumor Suppressor) (WARTS; Wts) was first
found as a tumor suppressor gene in Drosophila (Justice
et al. 1995; Xu et al. 1995). Two mammalian homologs,
Latsl and Lats2, have been identified. Latsl-deficient
mice develop tumors (St John et al. 1999). The gene en-
coding Lats2, also known as Kpm (Hori et al. 2000;
Yabuta et al. 2000), resides in a chromosomal region that
exhibits frequent loss of heterozygosity (LOH) in human
cancers (Yabuta et al. 2000), consistent with the idea that
it, too, is a tumor suppressor. Human Lats2 is a centro-
somal protein (Toji et al. 2004), and recent work suggests
that it plays a role in regulating the formation of the
mitotic spindle apparatus (Abe et al. 2006). Clues from
overexpression experiments suggest that excess Lats2
can cause G2/M arrest (Kamikubo et al. 2003), G1/S ar-
rest (Li et al. 2003), or apoptosis (Ke et al. 2004). Exten-
sive Lats2 overexpression in human lung cancer cells
induces apoptosis via down-regulation of the anti-apo-
ptotic proteins Bcl-2 and Bel-xL (Ke et al. 2004). Lats2
knockout is embryonic lethal in mice; cells from such
mice display defects in contact inhibition and cytokine-
sis, coupled with centrosome amplification, multipolar
mitotic spindles, and genomic instability (McPherson et
al. 2004). Lats2 is a serine/threonine kinase, and its ki-
nase activity has been implicated in negative regulation
of CyclinE/CDK2 and in tumor suppression (Li et al.
2003).

We report that Lats2 interacts physically with Mdm2
to inhibit p53 ubiquitination and promote p53 activa-
tion. This interaction is enhanced in cells treated with
nocodazole, which causes microtubule and mitotic
spindle damage. Nocodazole causes Lats2 translocation
from the centrosome into the nucleus, followed by p53
activation. A moderate excess of wild-type but not ki-
nase-dead Lats2 potentiates the p53-dependent G1 arrest
of nocodazole-treated cells, thereby preventing tetra-
ploidization; whereas, down-regulation of Lats2 compro-
mises the p53-mediated G1 tetraploidy checkpoint. Fur-
thermore, the Lats2 gene is itself a target for positive
transcriptional regulation by p53. Nocodazole, but not
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DNA damage, rapidly and selectively induces p53-de-
pendent Lats2 transcription. Thus, the Lats2-Mdm2-p53
axis constitutes a novel positive feedback checkpoint
pathway, critical for the maintenance of proper chromo-
some number following mitotic apparatus dysfunction.

Results

Lats2 interacts with Mdm?2

A fragment of human Mdm2 comprising the central
acidic domain was used in a Ras recruitment yeast two-
hybrid screen (Aronheim 2001). Several novel and estab-
lished Mdm?2 interactors were isolated (data not shown).
One interacting clone corresponded to a fragment of
Lats2. To determine whether Lats2 could interact with
Mdm?2 within mammalian cells, HEK293 cells were co-
transfected with expression plasmids encoding Mdm2
and Myc-epitope-tagged human Lats2 (Myc-Lats2). Cell
lysates were subjected to immunoprecipitation with an-
tibodies directed against either Mdm2 or the Myc epi-
tope, followed by Western blot analysis. As seen in Fig-
ure 1A (upper two panels), Mdm2 and Myc-Lats2 copre-
cipitated specifically (for Myc-Lats2 cf. lanes 1,4, and for
Mdm?2, cf. lanes 2,3). This interaction was enhanced in
cells treated with the microtubule poison nocodazole
(noc) (for Myc-Lats2, see Fig. 1A, cf. lanes 5,8, and for
Mdm2, cf. lanes 6,7). Importantly, an interaction was
also found between endogenous Lats2 and Mdm2 (Fig.
1B); Lats2 coprecipitated with antibodies directed
against Mdm2 (Fig. 1B, lanes 1-3), but not against the
negative control, SV40 large T antigen (Fig. 1B, lane 4).
Of note, nocodazole also promoted the endogenous
Mdm2-Lats2 interaction (Fig. 1B, cf. lanes 2,3 and 1).

Lats2 inhibits the E3 ligase activity of Mdm2 and
promotes p53 stabilization

Mdm?2 is an E3 ubiquitin ligase. In this capacity, it ubiq-
uitinates several cellular proteins, most notably p53, and
also undergoes autoubiquitination. As expected, overex-
pression of Mdm2 promoted p53 ubiquitination in trans-
fected cells (Fig. 1C, lane 2). However, coexpression of
Lats2 virtually prevented this from occurring (Fig. 1C,
lane 3). Similarly, Lats2 overexpression led to a pro-
nounced decrease in polyubiquitinated Mdm?2 (Fig. 1D),
most probably due to aborted Mdm2 auto-ubiquitina-
tion. Hence, Lats2 is a potent inhibitor of the E3 activity
of Mdm?2.

The experiment in Figure 1C was performed in the
presence of the proteasome inhibitor MG-132; when the
proteasome was not inhibited, coexpression of Lats2 re-
sulted in significant protection of p53 against destabiliz-
ing effects of Mdm2 (Fig. 1E). In line with its ability to
block Mdm2 autoubiquitination, excess Lats2 also
caused an increase in Mdm2 stability and steady-state
levels (data not shown). All together, these data demon-
strate that Lats2 can stabilize p53 by alleviating Mdm2-
mediated p53 ubiquitination and degradation.
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Figure 1. Lats2 binds Mdm?2, inhibits its
E3 ligase activity, and stabilizes p53. (A)
Transfected Mdm2 and Lats2 interact in
cells. HEK293 cells were transiently trans-
fected with the indicated combinations of
expression plasmids encoding Myc epi-
tope-tagged human Lats2 (Myc-Lats2) and
Mdm?2. Twenty-four hours later, cells were
treated with 0.2 ng/mL nocodazole for an
additional 24 h, or mock-treated. Cell ly-
sates were immunoprecipitated either
with a mix of 4B2 and 4B11 anti-Mdm?2
monoclonal antibodies (MoAbs) or with
9E10 anti-Myc MoAb. Immunoprecipi-
tated proteins were resolved by SDS-PAGE
and subjected to Western blot analysis,
along with 2.5% of each total cell lysate
(TCL). Mdm2 was detected with a mix of
the anti-Mdm2 MoAbs 4B2 and 4B11; Myc-
Lats2 was detected using the 9E10 MoAb.
(B) Endogenous Mdm2 and Lats2 interact
within cells. Endogenous Mdm?2 was pre-
cipitated from U20S cell extracts using a
mix of 4B2, 4B11, and 2A9 MoAbs. Immu-
noprecipitation with MoAb against T-anti-
gen (PAb419) was used as a negative con-
trol. Immunoprecipitated proteins and 3%
of each TCL were detected using antibod-
ies against Mdm?2 (4B2, 4B11, and 2A9) or
Lats2 (LA-2). (C) Lats2 inhibits p53 ubiqui-
tination. p53/mdm?2 double-null MEFs
were transiently transfected with the indi-
cated combinations of plasmids encoding
p53, Mdm2, Myc-Lats2, and HA-tagged
ubiquitin (400 ng, 200 ng, 8 pg, and 1.5 g,
respectively). Forty-eight hours later, cells
were harvested. Extracts were denatured
and immunoprecipitated with antibodies
against p53 (mix of DO1 and PAb1801).
Ubiquitinated forms of precipitated p53
were visualized using an anti-HA poly-
clonal Ab. Western blot of TCL was carried
out as described in B. (D) Lats2 inhibits
Mdm?2 ubiquitination. p53/mdm?2 double-
null MEFs were transiently transfected
with the indicated combinations of plas-
mids encoding Mdm2, MycLats2, and HA-
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tagged ubiquitin (400 ng, 8 ug, and 1.5 pg, respectively). Forty-eight hours later, cells were harvested, and extracts were denatured and
immunoprecipitated with antibodies against Mdm2 (mix of 4B2, 4B11, and 2A9). Ubiquitinated forms of precipitated Mdm2 were
visualized using an anti-HA polyclonal Ab. Western blot of TCL was carried out as described in B. (E) Lats2 overexpression increases
p53 levels. p53/mdm2 double-null MEFs were transiently transfected with GFP (100 ng) expression plasmid together with the
indicated combinations of p53, Mdm?2, and Myc-Lats2 expression plasmids (40 ng, 40 ng, and 5 ng, respectively). Twenty-four hours
later, cells were treated with nocodazole (0.2 ng/mL) or mock-treated for 20 h, harvested, and subjected to Western blot analysis.

Quantification of relative p53 levels is shown below each lane.

Nocodazole causes nuclear translocation of Lats2,
increased Lats2-Mdm@ interaction, and p53
stabilization

Lats2 is localized preferentially to the centrosomes
throughout the cell cycle (McPherson et al. 2004; Toji et
al. 2004), whereas Mdm?2 is predominantly nuclear. We
reasoned that Lats2-Mdm?2 interaction might occur spe-
cifically when centrosome function is compromised.
The microtubule poison, nocodazole, affects adversely

microtubules, spindles, and centrosome homeostasis
(Scolnick and Halazonetis 2000; Dammermann and
Merdes 2002; Uzbekov et al. 2002; Burakov et al. 2003).
As shown in Figure 1, A and B, nocodazole treatment
markedly increased the Mdm2-Lats2 interaction. Of
note, augmented interaction between the two endog-
enous proteins was observed as early as 1 h after noco-
dazole treatment (Fig. 1B, lane 2).

To further explore the impact of nocodazole, we stably
transfected U20S osteosarcoma cells with an expression
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plasmid encoding Myc-tagged Lats2. (Supplementary Fig.
1). The levels of exogenous Lats2 in these cells were
comparable with those of the endogenous protein (see
Fig. 3A, below). The Myc-Lats2 protein localized to cen-
trosomes, marked by staining for y-tubulin (Fig. 2A, top
row; Supplementary Fig. 2 shows a higher-resolution pic-

A DAPI

Figure 2. Nocodazole induces Lats2
nuclear translocation and accumulation of ~ 3.5h
Lats2 and p53. (A) Nocodazole induces

Lats2 nuclear translocation. U20S cells

stably transfected with Myc-tagged Lats2
(U20S/Myc-Lats2) were seeded on cover-

slips. Twenty-four hours later, nocodazole

(0.2 pg/mL) was added, and cells were 8h
fixed at the indicated times thereafter and
subjected to immunofluorescence stain-
ing. Centrosomes were visualized with
anti-y-tubulin antibodies; Myc-Lats2 was
visualized with anti-KPM (Santa Cruz Bio-
technology) antibodies; nuclei were visu-
alized with DAPIL. Representative fields
are shown (magnification 100x). The ar-
row indicates a centrosome negative for B
Lats2 staining. (B) Kinetics of p53 induc-

tion by nocodazole. U20S/Myc-Lats2 cells

and control cells (U208 stably transfected

with pcDNA3 empty vector) were treated

with 0.2 pg/mL nocodazole (noc) and har-
vested at the indicated times. Endogenous

p53 was detected with a mix of DOI and

20 h

U20S/control

ture). Centrosomal localization of Lats2 was visualized
with two different Lats2-specific antibodies (data not
shown). Faint staining was also observed throughout the
cytoplasm, consistent with earlier findings (Li et al.
2003). Of note, the nucleus was devoid of any significant
staining. By 3.5 h of nocodazole treatment, some centro-

y-tubulin Lats2 merge

U20S/Myc-Lats2

4 8 24 noctreatment(ths) 0 1 4 8 24

e W aa ——  p53 > e e .

PADb1801 MoAbs; endogenous GAPDH
was used as a loading control (Chemicon).
Quantification of relative p53 levels is
shown below each lane. (C) Kinase activ- c
ity of Lats2 is essential for p53 induction
by nocodazole. U20S cells were tran-
siently transfected with wild-type (wt) or
kinase-dead (KD) Lats2 or vector-only con-
trol. Twenty-four hours after transfection,
transfected cells were selected for 3 d with
1 pg/mL puromycin. On the second day of
puromycin treatment, nocodazole (0.2 pg/
mL) was added for 24 h. Endogenous p53
was visualized with DOl and PAb1801
MoAbs; endogenous GAPDH was used as
a loading control. Quantification of rela-
tive p53 levels is shown below each lane.
(D) Nuclear accumulation of Lats2 corre- D
lates with p53 induction. U20S cells were
exposed to nocodazole, fixed after 8 h
(magnification 40x), and analyzed as in A.
Endogenous p53 and Lats2 were visualized
with DOIL + PAb1801 or anti-KPM anti-
bodies, respectively. A representative field
is shown.
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somes were no longer positive for Lats2 (Fig. 2A, second
row, arrow indicates a centrosome staining positive for
vy-tubulin but negative for Lats2). In parallel, a small
amount of Lats2 became discernable in the nucleoplasm,
in some cases exhibiting a fine punctate pattern. By 8 h,
many cells displayed an easily visible punctate nuclear
pattern of Lats2 staining (Fig. 2A, third row). After 20 h,
many cells exhibited a morphology indicative of a mi-
totic arrest (Supplementary Fig. 3A), but nonmitotic
cells displayed intense nuclear Lats2 staining (Fig. 2A,
fourth row). Within this timeframe, Mdm2 staining was
augmented and remained nuclear (data not shown). Of
note, in untreated mitotic cells, Lats2 was retained at the
centrosome (Supplementary Fig. 3B). In contrast to no-
codazole, the DNA damaging agent doxorubicin did not
induce Lats2 nuclear translocation (Supplementary Fig.
3C). Notably, unlike doxorubicin, nocodazole did not
cause any detectable DNA damage, as assessed by
nuclear yH2AX foci (Supplementary Fig. 3D). These ob-
servations suggest that Lats2 responds distinctly to mi-
crotubule damage; neither mitosis per se nor DNA dam-
age leads to a similar response. As early as 1 h after
nocodazole addition, an increase in steady-state p53 lev-
els already could be discerned (Fig. 2B, left panel). This
increase became more pronounced at 4 h, and continued
to escalate thereafter. Hence p53 accumulation, presum-
ably reflecting elevated protein stability, is initiated at a
time when Lats2 is just beginning to appear in the
nucleus and intensifies gradually in parallel with the in-
creased presence of nuclear Lats2. A similar picture was
observed in the stable Myc-Lats2 transfectants, except
that both basal and induced absolute levels of p53 were
higher (Fig. 2B, right panel). Moreover, the kinase activ-
ity of Lats2 was essential for optimal nocodazole-in-
duced p53 accumulation: A kinase-dead Lats2 mutant
was deficient in p53 induction (Fig. 2C).

The observations described above are consistent with
a scenario wherein nocodazole-induced stress causes
Lats2 to depart from the centrosome and translocate to
the nucleus, where it encounters Mdm2, inactivates it,
and promotes p53 stabilization. In agreement with this
scenario, staining intensities of nuclear endogenous
Lats2 and p53 staining coincided in nocodazole-treated
cells (Fig. 2D).

Lats2 expression is induced by nocodazole as part of a
p53-mediated positive feedback loop

Extended treatment of U20S cells with nocodazole re-
sulted in a pronounced increase in Lats2 protein levels
(Fig. 3A, left panel). A mild increase was already ob-
served after 4 h of treatment. Thus, the onset of Lats2
increase follows the accumulation of p53 (cf. Fig. 2B).
The pattern was similar in the Myc-Lats2 trans-
fectants, except that overall Lats2 levels (endogen-
ous + transfected) were higher, as expected (FIG. 3A,
right panel).

Transcription of the Iats2 gene has been reported to be
up-regulated by p53 (Kostic and Shaw 2000). We there-
fore generated derivatives of U20S cells in which endog-

Lats2-p53 feedback loop

enous p53 was stably knocked down by an integrated
plasmid expressing p53-specific short hairpin RNA
(shRNA) (Fig. 3B; Brummelkamp et al. 2002). Control
and knockdown cells were treated with nocodazole, and
the RNA was subjected to real-time quantitative RT-
PCR analysis. Basal lats2 mRNA levels were not affected
by p53 status (Fig. 3C, left panel). lats2 mRNA was in-
duced rapidly by nocodazole, but only in cells carrying
wild-type p53, where substantial lats2 mRNA induction
was seen within 3 h. In contrast, lats2 expression was
only marginally increased in p53-null cells. Thus, noco-
dazole leads to a rapid p53-dependent increase in lats2
mRNA. This pattern of induction was unique to noco-
dazole; exposure to doxorubicin (doxo, 1 uM) did not
promote lats2 mRNA induction. Conversely, p21 and
mdm2, two classical p53 response genes, exhibited p53-
dependent basal transcript levels, and a robust p53-de-
pendent induction in response to doxorubicin treatment.
Neither p21 nor mdm?2 was up-regulated within 3 h of
nocodazole treatment (Fig. 3C), although a gradual p53-
dependent induction of both transcripts occurred later
(Fig. 3C,D; data not shown). Importantly, optimal induc-
tion of p21 at late time points was dependent on both
Lats2 and p53, since p21 mRNA levels were markedly
attenuated in U20S cells stably knocked down for either
gene (Fig. 3C,D; data not shown). It is noteworthy that
the increase in Lats2 protein upon nocodazole treatment
was more pronounced than the increase in lats2 mRNA
(Fig. 3, cf. A and C), arguing that post-translational
mechanisms also contribute to Lats2 elevation.

Essentially identical results were obtained with p53-
positive HCT116 colorectal cancer cells and their deriva-
tives in which the p53 gene had been somatically
knocked out (Bunz et al. 1999). Here, too, prominent
p53-dependent induction of lats2 mRNA was observed
within 3 h of nocodazole treatment (Supplementary Fig.
4), whereas mdm?2 and p21 mRNA were only minimally
induced within this timeframe. Transcript levels of
Lats1, the other member of the mammalian Lats family,
were unaffected within the first 8 h of treatment.

In conclusion, nocodazole orchestrates a p53-depen-
dent transcription program that is very distinct from that
elicited by DNA damage; whereas the former entails a
rapid up-regulation of Iats2 but not p21 or mdm?2
mRNA, the latter induces transcription of p21 and
mdm?2 but not lats2.

Nocodazole causes depolymerization of microtubules,
which can result in the disorganization of major cellular
constituents including the Golgi and endoplasmic re-
ticulum. However, in cells approaching mitosis, a major
consequence of nocodazole treatment is disruption of
the mitotic spindle, which prevents the cell from satis-
fying the spindle assembly checkpoint. Theoretically,
the effect of nocodazole on lats? mRNA induction could
be uniform throughout the cell cycle, implying a general
nonspecific stress response, or it could be associated
with a particular phase of the cell cycle. To distinguish
between these possibilities, populations of cells enriched
at different stages of the cell cycle were separated by
centrifugal elutriation (Supplementary Fig. 5). The differ-
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Figure 3. Rapid transcriptional activation of Lats2 is p53 dependent, specific for nocodazole, and occurs preferentially at the G2/M
phase of the cell cycle. (A) Kinetics of Lats2 induction by nocodazole. U20S/Myc-Lats2 cells and control cells were treated and
analyzed as in Figure 2B. Lats2 (endogenous as well as stably transfected Myc-Lats2) was detected with LA-2 anti-Lats2 antibodies;
endogenous GAPDH was used as a loading control. Quantification of relative Lats2 levels is shown below each lane. (B) U20S cells
were infected with a recombinant retrovirus encoding p53-specific shRNA (U208S/sip53) or shRNA against lacZ (U20S/siControl).
From 24 h after infection, cells were maintained under puromycin selection. Endogenous p53 levels were monitored by Western blot
analysis using DO1 + PAb1801; endogenous GAPDH was used as a loading control. Quantification of relative p53 levels is shown
below each lane. (C) lats2 mRNA levels increase in a p53-dependent manner upon nocodazole treatment. U20S cells with shRNA
against lacZ (U20S/siControl) and their p53-depleted derivatives (U20S/sip53) were treated with 0.2 ng/mL nocodazole (noc) and
harvested after 3 h (Noc3) or 6 h (Noc6) of treatment or exposed to 1 nM doxorubicin (Doxo) for 6 h. RNA was extracted and subjected
to quantitative real-time RT-PCR, using primers specific for lats2, mdm?2, and p21 mRNA. All values were normalized for the amount
of HPRT RNA in the same sample. (D) Basal Lats2 levels modulate the extent of p27 mRNA induction by nocodazole. Stably
transfected U20S/control (transfected with pcDNA3), U20S/Myc-Lats2, U20S/siControl (shRNA against mouse PUMA, nonreactive
with human PUMA mRNA), or U20S/siLats2 (shRNA against lats2) cells were treated with 0.2 pg/mL nocodazole and harvested at
the indicated times. RNA was extracted from each sample and subjected to quantitative real-time RT-PCR analysis, using primers
specific for p21 mRNA. Values were normalized for the amount of HPRT RNA in the same sample. “relative p21 mRNA” represents
normalized RNA levels compared with ¢ = 0 levels in U20S/control cells. (E) Lats2 transcription is induced by nocodazole solely in
cells positioned in the G2/M phases of the cell cycle. U20S cells were fractionated by centrifugal elutriation (see Supplementary Fig.
6). Mock-elutriated asynchronous cells (asynch), or G1-, S-, or G2/M-enriched populations were harvested after 3 h of treatment with
0.2 pg/mL nocodazole. RNA was extracted from each sample and subjected to quantitative real-time RT-PCR analysis, using primers
specific for lats2 mRNA. Values were normalized for the amount of HPRT RNA in the same sample.

ent cell populations were treated with nocodazole for 3 h
and analyzed by quantitative real-time RT-PCR (Fig. 3E).
In untreated cells, basal Lats2 mRNA levels were unaf-
fected by cell cycle stage. Hence, elevated Lats2 gene
expression is not merely a consequence of altered cell
cycle distribution of nocodazole-treated cells. The rapid
elevation of Lats2 mRNA upon nocodazole treatment
was clearly dependent on cell cycle position at the time
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of drug addition; only the G2/M-enriched population (G2
in Fig. 3E, corresponding to FR 120 in Supplementary
Fig. 5) mounted such a response. This is consistent with
a rapid and specific induction of Lats2 only in cells ap-
proaching mitosis with spindle damage.

To further explore the up-regulation of Lats2 expres-
sion, we investigated the effect of nocodazole on recruit-
ment of p53 to the Lats2 promoter, as assayed by chro-



matin immunoprecipitation (ChIP). The Lats2 gene har-
bors three putative p53-responsive elements (p53REs)
(El-Deiry et al. 1992), two in the promoter region (p53RE-
I/-4703 to -4683 and p53RE-II/-2941to -2921) and one
within the first intron (p53RE-III/+5012 to +5032) (Fig.
4A). p53 was found to associate selectively with the
DNA region comprising p53RE-I, even without noco-
dazole treatment (Fig. 4B). Moreover, 3 h of nocodazole
treatment increased this association. In contrast, no in-
crease in occupancy of the p21 promoter by p53 was seen
even at 6 h. Conversely, doxorubicin (Doxo) led to an
increase in p53 binding to the p21 promoter, but not the
Lats2 promoter. p53RE-II also selectively associated
with p53, but was largely unaffected by nocodazole treat-
ment, whereas p53RE-III showed no detectable p53 bind-
ing (data not shown). Thus, p53 is selectively recruited to
specific regions of the Lats2 promoter early after expo-
sure to nocodazole, presumably giving rise to rapid se-
lective triggering of Lats2 transcription.

The contribution of Lats2 to induction of p53 by no-
codazole treatment was further assessed through the use
of U20S cells stably expressing Lats2 shRNA (siLats2-

A

-4703 -4683 -2941 -2921 +5012 +5032
AGGCATGTACCCCATGCCT  AGGCATGAGCCACCATGCCC GGGCATGGTGGCTCATGCCC

pS3RE-| pS3RE-I pS3RE-lI
'IES__’ Lats2
i { 1

0170 15286 15490

| O Lats2promoter
W p21 promoter

sl p53 si LacZ

Figure 4. p53 associates with the Lats2 promoter in vivo. (A)
Location and sequence of predicted p53REs in the Lats2 gene.
Numbers represent nucleotide positions relative to the accepted
5" end of the Lats2 mRNA transcription start site (TSS). Open
boxes represent untranslated regions, and dark boxes represent
coding regions. (B) ChIP analysis of DNA derived from stably
transfected U20S/sip53 or U20S/siControl (siLacZ) cells. Cells
were treated with 0.2 pg/mL nocodazole (noc) for 3 or 6 h or
with 1 uM doxorubicin (Doxo) for 6 h. p53-bound chromatin
was precipitated using CM1 polyclonal antibody (Novocastra).
Chromatin-derived DNA was subjected to real-time PCR analy-
sis with primer pairs bracketing the 5" p53RE of the p21 gene
and the Lats2 p53RE-I (see A). Values represent the ratio of the
value obtained for bound DNA over that obtained for total input
(chromatin before immunoprecipitation) DNA for each PCR
primer pair (bound/input).

Lats2-p53 feedback loop

581). Although Lats2 could be efficiently knocked down
transiently (Supplementary Fig. 6B), stable transfectants
exhibited only approximately a twofold reduction. As
seen in Figure 5A, even this modest decrease in Lats2
was sufficient to substantially delay the early noco-
dazole-induced p53 induction. Similar results were ob-
tained with a second Lats2 shRNA (siLats2-1438)
(Supplementary Fig. 7A). Importantly, Lats2 knockdown
compromised p53 induction in response to nocodazole
also in nontransformed human diploid WI-38 fibroblasts
(Supplementary Fig. 7B).

The involvement of Lats2 in p53 induction, on the one
hand (Fig. 5A), and the role of p53 in up-regulating Lats2
expression (Fig. 3C), on the other hand, suggest a positive
feedback loop. To further explore this notion, U20S/
siLats2, U20S/sip53, and control U20S cells were sub-
jected to nocodazole treatment. As expected, maximal
up-regulation of Lats2 was dependent on p53 status (Fig.
5B). Quantitative real-time RT-PCR analysis revealed
that Lats2 mRNA expression peaked rapidly, followed by
a return to basal levels by 24 h (Figs. 3C, 5C); the persis-
tent increase in Lats2 protein levels (Fig. 3A) may be due
to increased translation and/or protein stability. In con-
trast, nocodazole-treated U20S/siLats2 cells failed to ex-
hibit significant increases in Lats2 protein (Fig. 5B) or
RNA (Fig. 5C). This is not likely to be due to complete
ablation of newly synthesized Lats2 transcripts by the
resident siRNA, since this siRNA was relatively ineffi-
cient in reducing basal Lats2 mRNA levels in untreated
cells (Fig. 5C, time = 0). Hence, even a moderate reduc-
tion of basal Lats2 protein is enough to render the cells
incapable of up-regulating Lats2 mRNA upon noco-
dazole treatment. This implies that the positive p53-me-
diated feedback loop governing Lats2 transcription in re-
sponse to microtubule damage is very finely tuned; Lats2
protein below a certain level might not suffice to fuel
this loop.

Lats?2 is required to prevent polyploidization
in response to microtubule damage

Dysfunction of the mitotic apparatus, which can occur
as a result of microtubule damage, prevents cells from
satisfying the spindle checkpoint and leads to a p53-in-
dependent delay of the cell in mitosis. Cells ultimately
exit mitosis (“mitotic slippage”) and reenter G1 without
cytokinesis. This triggers a p53-mediated arrest at the
subsequent G1/S boundary (“G1 tetraploidy check-
point”) (Dash and El-Deiry 2004; Rieder and Maiato
2004; Stukenberg 2004), which acts to prevent further
DNA replication and emergence of polyploid genomes.
To assess the functional outcome of the Lats2-p53 loop,
flow cytometry was used to compare cells with different
genotypes after nocodazole treatment. Untreated cells
expressing wild-type Myc-Lats2 (Lats2-wt) or kinase-
dead Myc-Lats2 (Lats2-kd) exhibited a similar cell cycle
distribution as control cells (-noc in Fig. 6A). Within 24
h of nocodazole treatment, a prominent fraction of cells
with 4N DNA content became apparent in all cases. By
72 h, the majority of cells of all three genotypes were
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Figure 5. Lats2 is required for optimal induction of p53, p21, and Lats2 itself in response to nocodazole. (A) Optimal induction of p53
protein by nocodazole is compromised by Lats2 knockdown. Stably transfected U20S/siControl and U20S/siLats2-581 cells were
treated with 0.2 pg/mL nocodazole (noc) and harvested at the indicated times. Endogenous p53 was detected using DO1 + PAb18O1
antibodies, and GAPDH was used as a loading control. Quantification of relative p53 levels is shown below each lane. (B) Full
induction of Lats2 by nocodazole is dependent on p53 and Lats2 itself. Stably transfected U20S cells subjected to the indicated sShRNA
knockdown were treated with 0.2 pg/mL nocodazole (noc) and harvested after 8 h. Endogenous Lats2 was visualized using LA-2
antibodies, and GAPDH was used as a loading control. (C) Basal Lats2 is required for efficient induction of subsequent Lats2 mRNA
by nocodazole (positive feedback). Stably transfected U20S/siControl and U20S/siLats2 cells were treated with 0.2 ng/mL nocodazole
(noc) and harvested at the indicated times. RNA was analyzed by quantitative RT-PCR, as in Figure 3D. “Relative Lats2 mRNA"”
represents HPRT-normalized RNA levels compared with ¢ = 0 levels in siControl cells.

arrested with a 4N DNA content, consistent with acti-
vation of the tetraploidy checkpoint. However, control
U20S displayed also a significant subpopulation with
8N DNA content, implying that these cells had under-
gone an additional cycle of DNA replication despite cy-
tokinesis failure. Hence, U20S cells have a “leaky” tet-
raploidy checkpoint response. In contrast, only a minute
fraction of cells supplemented with Myc-Lats2 became
polyploid, arguing that the increased Lats2 levels equip
“leaky” cancer cells with a more effective checkpoint.
Unlike wild-type Lats2, Lats2-kd failed to rescue the
checkpoint defect, indicating that the kinase activity of
Lats2 is required for efficient checkpoint function. Inter-
estingly, at this late time, control cultures contained a
noticeable fraction of cells with sub-G1 DNA content
(asterisk), indicative of apoptosis, whereas very few of
the Lats2-wt cells were apoptotic. Lats2-kd failed to res-
cue this apoptotic phenotype.

Our findings predict that the effect of Lats2 inactiva-
tion on aberrant polyploidization should share common
features with the effect of p53 inactivation. To test this
prediction, U20S cells stably knocked down for both
Lats2 and p53 together (U20S/siLats2/sip53) were com-
pared with their single knockdown counterparts.
Twenty-four hours of nocodazole treatment caused all
cell types to uniformly accumulate with 4N DNA con-
tent (Fig. 6B). Even after 96 h, control cells carrying wild-
type levels of p53 and Lats2 (U20S/siLacZ) largely re-
mained arrested with 4N DNA content. In contrast,
many of the siLats2 and sip53 cells, as well as double-
knockdown cells, reduplicated their DNA and accumu-
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lated more than 4N DNA content. U20S/double-knock-
down cells exhibited a similar phenotype to that of each
of the single knockdowns, in line with our proposal that
Lats2 and p53 act epistatically. Quantification of the rel-
evant effects of Lats2 up-regulation as well as Lats2 and
p53 knockdown, as deduced from multiple experiments,
is presented in Supplementary Figure 8D. Practically
identical results were obtained with a different Lats2
shRNA (Supplementary Fig. 8A). Moreover, Lats2
knockdown and p53 knockout had a similar effect on the
tetraploidy checkpoint response also in HCT116 colorec-
tal cancer cells (Supplementary Fig. 8B). Hence, both
Lats2 and p53 are essential for preventing polyploidy. Of
note, Lats2 was instrumental for preventing polyploidy
also in nontransformed WI-38 cells (Supplementary Fig.
8C). Here, practically no 8N DNA population was pres-
ent after 72 h of nocodazole treatment of control cells.
Thus, in contrast to the two cancer cell lines, these non-
transformed fibroblasts possess a robust tetraploidy
checkpoint. Consistent with this notion, ablation of p53
resulted in only a modest checkpoint failure (9.8% poly-
ploid cells). Importantly, Lats2 ablation had a very simi-
lar effect.

Interestingly, many siLats2 cells underwent p53-de-
pendent apoptosis after failure to arrest effectively (Fig.
6B, cf. siLats2 and siLats2/sip53 at 96 h), suggesting that
proper levels of Lats2 are necessary for protective cell
survival in the face of mitotic apparatus dysfunction.
This conclusion was confirmed by direct analysis of cell
death (Supplementary Fig. 9).

Further support for a functional link between Lats2
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Figure 6. Lats2 modulates polyploidy and apoptosis
upon prolonged treatment with nocodazole. (A) Lats2

overexpression prevents polyploidy and apoptosis in
U20S cells in response to nocodazole treatment. U20S
cells stably transfected with vector only (control), wild-
type Myc-Lats2 (Lats2-wt), or kinase-dead Myc-Lats2
(Lats2-kd) were treated with 0.2 ng/mL nocodazole (noc)

and harvested at the indicated times. Fixed cells were
stained with propidium iodide (PI) to measure DNA con-
tent and subjected to FACS analysis. Horizontal bars
mark areas quantified to determine the proportion of

cells with the indicated DNA content. Asterisks indicate

apoptotic cells with sub-G1 DNA content. (B) Cells lack-
ing Lats2 reduplicate their DNA similarly to p53-null
cells. Stably transfected U20S/siControl (with shRNA
against LacZ), U20S/sip53, U20S/siLats2 (using siLats2-
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ug/mL nocodazole (noc) and harvested at the indicated
times. Fixed cells were stained with propidium iodide
(PI) to measure DNA content and subjected to FACS

and p53 was gained with the aid of the drug Nutlin-3
(Vassilev et al. 2004; Tovar et al. 2006), which directly
activates p53 irrespective of upstream signals. As seen in
Supplementary Figure 10, in Lats2-depleted cells but not
cells lacking p53, Nutlin almost completely abolished
nocodazole-induced polyploidy. The fact that the defect
caused by Lats2 depletion could be rescued by direct p53
activation corroborates that these two genes act epistati-
cally and that Lats2 is necessary for p53 activation to
prevent polyploidization.

Unlike the response to nocodazole, the cell cycle ef-
fects elicited by inhibition of ribonucleotide reductase
(hydroxurea, HU), endoplasmic reticulum stress (thapsi-
gargin, TG) or ionizing radiation (IR), all of which trigger
G1/S and/or G2/M checkpoints in a manner that is at
least partially p53-dependent, were unaffected by Lats2
modulation (Supplementary Fig. 11). Hence, Lats2 is spe-
cialized in its ability to promote p53-dependent check-
point activation selectively in response to stress induced
by microtubule damage.

Together, our findings demonstrate the existence of a
positive regulatory loop involving Lats2, Mdm?2, and
p53. Lats2 binds and inhibits Mdm2; this activates p53,
which, in turn, increases Lats2 transcription. Moreover,

analysis.

this signaling pathway is activated selectively in re-
sponse to mitotic apparatus damage. Optimal Lats2 ex-
pression is required for efficient orchestration of a check-
point response that prevents polyploidy and protects
cells from p53-dependent death that presumably occurs
when such damaged cells attempt to progress further
into the next cell cycle.

Discussion

Aneuploidy is a hallmark of many advanced tumors. Es-
tablishment of aneuploidy occurs much more readily in
cells lacking p53. The ability of p53 to prevent accrual of
aneuploidy and polyploidy is, to a great extent, due to its
ability to arrest cell cycle progression in the face of mi-
totic machinery dysfunction, via the so-called G1 tetra-
ploidy checkpoint (Meek 2000; Castedo et al. 2004; Ra-
jagopalan and Lengauer 2004; Duensing and Duensing
2005). The findings described here implicate Lats2 as a
key mediator of this response. More specifically we sug-
gest that, in response to stress signals generated by mi-
totic apparatus dysfunction, Lats2 translocates from cen-
trosomes into the nucleus. There, it binds and inacti-
vates Mdm?2 (Fig. 7), leading to rapid initial p53
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Figure 7. Model for the proposed roles of Lats2 and p53 in the
response to microtubule-damage-induced stress. In response to
microtubule damage and ensuing centrosome/mitotic appara-
tus dysfunction, Lats translocates from the centrosomes to the
nucleus, where it binds Mdm2 and inactivates it. This leads to
p53 activation, which selectively turns on Lats2 transcription,
resulting in general up-regulation of nuclear Lats2 levels and
further stabilization and induction of p53. The potent p53 acti-
vation leads to transcription of many other p53 target genes,
including p21, and consequent arrest of tetraploid cells at the
G1/S boundary, practically constituting a “Gl tetraploidy
checkpoint.” Upward arrows indicate activation; the number of
arrows indicates the relative extent of the activation. The posi-
tive feedback loop between p53 and Lats2 is also indicated.

activation. The activated p53 binds preferentially to the
Lats2 promoter, and triggers prompt, selective induction
of Lats2 gene expression in cells approaching mitosis (see
Fig. 3E). This further elevates nuclear Lats2 protein, fur-
ther driving p53 activation. Eventually, classical p53 tar-
get genes such as p21 are induced, leading to a cell cycle
arrest at the G1/S boundary. Our data implicate the ki-
nase activity of Lats2 in p53 induction following mitotic
apparatus stress (Fig. 2C) and in enforcement of an effec-
tive G1 tetraploidy checkpoint (Fig. 6A). At present, the
relevant substrate(s) of that kinase activity remain un-
known; neither p53 nor Mdm2 could be phosphorylated
in vitro by Lats2 in our hands (data not shown). The
notion that p53 and Lats2 are components of a common
checkpoint pathway is also supported by the finding that
the loss of either protein gives rise to a very similar cel-
lular phenotype, namely, centrosome amplification,
multipolar spindles, and genomic instability (Fukasawa
et al. 1996; Tarapore et al. 2001; McPherson et al. 2004).

We show that, in cells encountering microtubule dam-
age and mitotic apparatus dysfunction, p53 activation is
initiated very rapidly, well before mitotic slippage oc-
curs. Further p53 activation builds up gradually thereaf-
ter, through escalation of the output of the Lats2—p53
positive feedback loop. Accordingly, optimal levels of
inhibitory p53 activity may be achieved only at a time
when cells have already slipped out of mitosis and reen-
tered G1. Furthermore, the arrest may not occur before
the G1/S boundary because it is only then that p21 finds
and inhibits Cyclin E/Cdk2. Thus, although the check-
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point serves to effectively halt tetraploid cells from con-
tinuing into polyploidy, the triggering event occurs long
before tetraploidy is actually encountered. Cell fate in
response to mitotic spindle/centrosome dysfunction
may be dictated by the balance between Lats2 and p53.
Cells lacking either Lats2 or p53 do not activate effi-
ciently the tetraploidy checkpoint, and tend to accumu-
late SN DNA content. However, failure to activate this
checkpoint (as in the case of Lats2 depletion) in cells
possessing wild-type p53 results in augmented apoptosis.
Hence, p53 might act to shunt “escaper” polyploid cells
toward apoptosis. The reverse is also true; although
Lats2 helps activate p53 in response to spindle/centro-
some stress, mild overexpression of Lats2 actually de-
creases the portion of dead cells. This suggests that tet-
raploid cells that undergo a successful Gl arrest can
avoid catastrophic cell death.

Overexpression of Lats2 in HeLa cells, which lack
functional p53, can cause G2/M arrest and apoptosis
(Hori et al. 2000; Kamikubo et al. 2003). In contrast, in
transformed NIH-3T3 cells, which presumably possess
wild-type p53, excess Lats2 inhibits G1/S transition in
conjunction with down-regulation of Cyclin E/Cdk2 ki-
nase activity (Li et al. 2003); it is conceivable that this
G1/S arrest is mediated, at least in part, via the p53-p21
axis, as demonstrated in the present study. In concor-
dance with this notion, we observed that elevated levels
of Lats2 result in enhanced repression of Cyclin E
mRNA levels upon extended nocodazole treatment of
U20S cells, whereas knockdown of Lats2 leads to el-
evated Cyclin E mRNA (data not shown).

Although not proving so formally, our data suggest
that the effects of inactivation of either Lats2 or p53 on
the biological response to nocodazole are partially over-
lapping, consistent with the two proteins being compo-
nents of the same checkpoint pathway. However, addi-
tional proteins beyond Lats2 might relay microtubule
damage and centrosome/mitotic apparatus dysfunction
stress signals to p53, and some of the effects of Lats2 may
be exerted in a p53-independent manner. Of particular
interest is Latsl, which shares 52% overall sequence
identity with Lats2, with 85% sequence identity over
the kinase domain (Yabuta et al. 2000). Lats] also resides
on interphase centrosomes (Nishiyama et al. 1999;
Hirota et al. 2000). Indeed, overexpression of kinase-dead
Latsl, presumably acting in a dominant-negative fash-
ion, causes prolonged mitotic delay and impairment
of the G1 tetraploidy checkpoint as a result of inefficient
p53 induction (lida et al. 2004). Hence, Latsl may per-
form functions similar to those described here for
Lats2. Yet, it remains possible that these effects of the
kinase-dead Latsl might also be due to dominant-nega-
tive inhibition of endogenous Lats2, for example, by
depletion of upstream activators or coactivators com-
mon to Lats1 and Lats2, such as Mats, a direct interactor
of Wts (the fly ortholog of Latsl/Lats2), which is rate
limiting for Wts biochemical activation (Lai et al. 2005).
Numerous observations indicate that Latsl and Lats2
have nonidentical biological functions. For instance, the
consequences of their overexpression appear to be differ-



ent (Xia et al. 2002; Li et al. 2003). In particular, whereas
modest Lats2 overexpression in U20S cells delays mi-
totic exit in nocodazole-treated cells (data not shown),
similar Latsl overexpression facilitates mitotic exit
(Bothos et al. 2005). Moreover, while Lats2 overexpres-
sion protects nocodazole-treated cells from death (Fig. 6),
Lats] actually has the opposite effect (Iida et al. 2004).
The precise interplay between Lats] and Lats2 and its im-
pact on regulation of p53 activity remain to be explored.

One open question is how Lats2 is alerted to the stress
elicited by microtubule damage. Lats2 is subject to regu-
lation by numerous proteins. In addition to Aurora A,
which phosphorylates Lats2 directly (Toji et al. 2004),
Lats2 may also be targeted by kinases such as MST2,
which phosphorylates the fly Lats2 ortholog Wts
(O'Neill et al. 2005), and interacting proteins such as
Mats/MoblA, required for the activation of Wts as well
as of Lats] (Bothos et al. 2005; Lai et al. 2005; Hergovich
et al. 2006). It remains to be determined whether any of
these proteins play a role in the nuclear translocation of
Lats2.

Recently, Lats2 has also been implicated in the induc-
tion of p53-dependent senescence in response to Ras ac-
tivation (Voorhoeve et al. 2006). In that context, Lats2
was found to act downstream from p53, somehow en-
abling the inactivation of cyclin-dependent kinases by
p21. Although in our experimental model, driven by mi-
crotubule dysfunction, Lats2 is required for efficient in-
duction of p21 expression (Fig. 3D), it is quite likely that
an effect on p21 or cyclin E/Cdk2 function might also
contribute to its important role in the tetraploidy check-
point. Lats2 may thus operate at multiple levels down-
stream from and upstream of p53, further underscoring
the tight functional link between these two tumor sup-
pressors.

Normal cells likely contain optimal levels of Lats2,
sufficient for potent activation of p53 in response to cen-
trosome/mitotic apparatus dysfunction and effective
prevention of polyploidization. However in many tumor
cells, which often harbor inherent genomic instability,
Lats2 expression may become suboptimal and rate lim-
iting. This Lats2 shortage may be due to LOH, promoter
hypermethylation, or other mechanisms that suppress
Lats2 transcription or otherwise render the protein less
functional (Jimenez-Velasco et al. 2005; Takahashi et al.
2005). In fact, our data suggest that U20S cells may also
possess suboptimal Lats2 levels, therefore slipping into
polyploidy (Fig. 6A) despite their having wild-type p53.
Hence, tumors may conceivably bypass optimal G1 tet-
raploidy checkpoint control and accrue aneuploidy by
disabling either p53 or Lats2. Consequently, compro-
mised Lats2 functionality might reduce the selective
pressure for p53 inactivation during tumor progression,
as demonstrated recently (Voorhoeve et al. 2006).

Materials and methods
Plasmids

The plasmid for expression of 6xMyc-Lats2-wt was described
before (Toji et al. 2004). The expression plasmid for human
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Mdm2 (Hdm2) was kindly provided by B. Vogelstein, and ex-
pression plasmids for Mdm2 were kindly provided by B. Wasy-
lyk. Loading and transfection controls, GFP and Flag-H2B, were
described previously (Minsky and Oren 2004). Plasmids express-
ing Lats2 shRNA were generated as described in Supplementary
Figure 2A. For infections, inserts were transferred to an EcoRI-
HindIIl-digested pRetroSuper vector (Brummelkamp et al.
2002).

Cell culture, transfections, and viral infections

All cells were maintained at 37°C in a 5% CO, humidified
incubator. HEK293, U20S, and MCF7 cells and mouse embry-
onic fibroblast (MEF) cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM), and HCT116 cells were grown in Mc-
Coy’s medium supplemented with 2 mM L-glutamine (Biologi-
cal Industries) and 10% heat-inactivated fetal bovine serum (HI-
FBS; Sigma) and antibiotics. HEK293 were transfected by the
calcium phosphate coprecipitation method; MEFs, HCT116,
and MCF7 were transfected using JetPEI (PolyPlus Transfec-
tion); U20S were transfected using either JetPEI or FuGene
(Roche), according to the manufacturers’ instructions. To gen-
erate stable clones, transfected cells were diluted and selected
with the appropriate drug. Single colonies were isolated and
validated for proper expression patterns. Alternatively, U20S
cells stably expressing ectropic receptor were infected with
retrovirus and drug-selected to generate siLats, siLacZ, sip53,
and siPUMAmouse (siControl) cell pools. hTERT-immortalized
WI-38 human embryonic fibroblasts (gift of V. Rotter) were in-
fected with pRS-Lats2#2 (Voorhoeve et al. 2006), pRS-p53, or
with a retrovirus expressing mouse PUMA shRNA.

Nocodazole (Sigma) was used at 0.2 pug/mL; treatment was
generally performed 24 h after cell seeding. The proteasome
inhibitor MG-132 (Calbiochem) was administered either for 20
h (10 uM final) or for 4 h (25 pM final).

Isolation of total RNA and quantitative real-time PCR

Total RNA was isolated using a NucleoSpin RNA II kit (Mach-
erey-Nagel). A 2-ug aliquot of the total RNA was reverse-tran-
scribed using Moloney murine leukemia virus reverse transcrip-
tase (Promega) and random hexamer primers (Amersham). Real-
time PCR was done using SYBR Green Master Mix (Applied
Biosystems) on an ABI 7000 instrument (Applied Biosystems).
The values for specific genes were normalized to either GAPDH
or HPRT housekeeping controls. Primer sequences were as fol-
lows: (1) GAPDH forward, 5'-ACCCACTCCTCCACCTTTGA-
3'; reverse, 5'-ACGAATTTGGCTACAGCAACAG-3'; (2) HPRT
forward, 5'-TGACACTGGCAAA ACAATGCA-3’; reverse, 5'-
GGTCCTTTTCACCAGCAAGCT-3’; (3) Mdm2 forward, 5'-
AGGCAAATGTGCAATACCAACA-3'; reverse, 5'-GGTTA
CAGCACCATCAGTAGGTACAG-3'; (4) p21 forward, 5'-GGC
AGACCAGCATGACAGATT-3'; reverse, 5'-GCGGATTAG
GGCTTCCTCTT-3'; (5) Lats2 forward, 5'-GCAGATTGTGC
GGGTCATTA-3’; reverse, 5'-GGCATGAGCCCCTTTCCT-3;
(6) Lats1 forward, 5" TCATCAGCAGCGTCTACATCG-3'; re-
verse, 5'-TCCAACCCGCATCATTTCAT-3'.

Yeast two-hybrid screen

To identify proteins that interact with the human Mdm?2 acidic
domain in Saccharomyces cerevisiae, we used the cytoplasmic
yeast two-hybrid system designated the Ras recruitment system
(RRS) (Aronheim 2001). The bait was made as a hybrid protein
that included the entire acidic domain with a few flanking
amino acids (amino acids 222-304), fused C-terminally to the
activated Ras protein (L61) lacking the CAAX box. Yeast
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cdc25-2 cells were cotransformed with this plasmid and with a
human testis cDNA library encoding protein fragments fused to
the myristylation signal (Stratagene). We identified several pep-
tides capable of recruiting the acidic domain-Ras fusion protein
to the membrane; one of those was a fragment of 200 amino
acids derived from the N-terminal nonkinase domain of Lats2.

Coimmunoprecipitation analysis

The monolayer was gently washed twice with ice-cold PBS and
lysed on ice for 30 min with NP-40 lysis buffer (50 mM Tris-HCl
at pH 8.0, 150 mM NaCl, 1.0% NP-40, and protease inhibitor
mix [Sigma]). For denatured immunoprecipitation, cell pellets
were lysed in 1% SDS, 10 mM Tris-HCI (pH 7.5), 150 mM NaCl,
and protease inhibitor mix (Sigma) by consecutive vigorous vor-
tex and boiling. Protein A Sepharose beads (Repligen), pre-
blocked with BSA, were incubated with either anti-Mdm2 an-
tibodies (mix of 4B2, 2A9, and 4B11) (Chen et al. 1993), DO1 and
PAb1801 anti-p53 antibodies, anti-Myc antibodies (9E10), or
anti-T-antigen antibodies as a negative control. Lysates were
incubated with bound antibodies for 2 h at 4°C, washed with
NP-40 lysis buffer, released from beads by boiling, and resolved
by SDS-PAGE.

Fluorescence-activated cell sorting (FACS) analysis

For cell cycle analysis, cells were detached with trypsin, col-
lected with supernatant, and washed once with ice-cold PBS.
Cells were fixed in cold methanol for no less than 30 min,
washed, rehydrated, and then resuspended in PBS containing 50
pg/mL propidium iodide (PI) and 50 pg/mL RNase A. Samples
were analyzed by flow cytometry using a FACS sorter (Becton
Dickinson).

Immunofluorescence

Cells growing on 12-mm coverslips were fixed with ice-cold
methanol for 20 min. After gradual rehydration with PBS, cells
were permeabilized with 0.5% Triton X-100 in PBS, washed
with PBS, and then blocked with 3% BSA in PBST (phosphate-
buffered saline + 0.05% Tween 20). Samples were then incu-
bated for 1 h with primary antibody, washed, and then incu-
bated with secondary antibody and DAPI (2.5 png/mL final) for
40 min in the dark. To detect Lats2, anti-KPM/Lats2 (Santa
Cruz Biotechnology) or LA-2 antibodies were used. Affinity-
purified anti-Lats2 polyclonal antibody (LA-2) (N. Yabuta and
H. Nojima, unpubl.) was raised in a rabbit against the GST-fused
N-terminal portion of human Lats2 (amino acids 79-257). To
detect p53, a mix of antibodies DO1 + PAb1801 was used; an
antibody against y-tubulin (Sigma) was used to locate centro-
somes.

ChIP

ChIP analysis was performed as described previously (Minsky
and Oren 2004). The following PCR primers were used to detect
promoter sequences from immunoprecipitated chromatin:
Lats2 promoter (p53RE1) forward, 5-TGCAACCTCCACTT
CCTGGGCTC-3'; reverse, 5'-CCAACGTAGCGGAACCCTTT
CTC-3’; (2) p21 promoter forward, 5'-GCACTCTTGTCCC
CCAG-3’; reverse, 5'-TCTATGCCAGAGCTCAACAT-3".

Centrifugal elutriation

Centrifugal elutriation of 5 x 10° U20S cells was performed us-
ing a J-6 MI centrifuge and JE-5 rotor. Cells were loaded at a flow
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rate of 20 mL/min. After equilibration at 40 mL/min for 15 min,
150-mL samples were taken at 10 mL/min increments. Asyn-
chronous control cells were handled in parallel but did not un-
dergo centrifugation. Immediately after elutriation, cells were
counted, and then replated with or without nocodazole (0.2 ng/
mL), or taken for FACS analysis.

Signal quantification

Band intensity was quantified using the Image] program. Values
were standardized to GFP or GAPDH loading controls and nor-
malized to the control, untreated lane of each blot.
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