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Methylation of histone H3 Lys 9 and Lys 27 (H3K9 and
H3K27) is associated with transcriptional silencing. Here
we show that KDM7, a JmjC domain-containing protein,
catalyzes demethylation of both mono- or dimethylated
H3K9 and H3K27. Inhibition of KDM7 erthologs in
zebrafish resulted in developmental brain defects. KDM7
interacts with the follistatin gene locus, and KDM7 de-
pletion in mammalian neuronal cells suppressed folli-
statin gene transcription in association with increased
levels of dimethylated H3K9 and H3K27. Our findings
identify KDM7 as a dual demethylase for H3K9 and
H3K27 that functions as an eraser of silencing marks on
chromatin during brain development.

Supplemental material is available at http://www.genesdev.org.
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Histone methylation status defines the epigenetic pro-
gram of a cell by determining chromatin structure and
thereby regulating DNA-dependent processes such as
transcription (Strahl and Allis 2000; Lachner et al. 2003;
Margueron et al. 2005; Martin and Zhang 2005). Histone
methylation has also been linked to regulation of neuro-
nal function (Iwase et al. 2007). The recent discovery of
histone demethylases revealed that histone methylation
is a more dynamic process than previously recognized,
and that most identified demethylases show a strict sub-
strate specificity limited to a single methylation site
{Bannister et al. 2002; Shi et al. 2004; Klose et al. 2006a;
Tsukada et al. 2006; Shi and Whetstine 2007; Cloos et al.
2008; Lan et al. 2008). A number of histone demethylases
contain a JmjC domain, and a subfamily of JmjC domain-
containing proteins {comprising KIAA1718, PHF8, and
PHF2) is evolutionarily conserved from Caenorhabditis
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elegans to humans and is characterized by the presence of
a PHD-type zinc finger motif in addition to the JmjC do-
main (Supplemental Fig. S1A). Whereas the human genes
for PHF8 and PHF2 are associated with X-linked mental
retardation and hereditary sensory neuropathy type I,
respectively (Hasenpusch-Theil et al. 1999; Laumonnier
et al, 2005; Abidi et al. 2007; Koivisto et al. 2007), little is
known about KIAA1718. Bioinformatic analysis of the
JmjC domains of KIAA1718, PHFS, and PHF2 indicated
that predicted Fe(ll}- and o-ketoglutarate {o-KG}-binding
sites are conserved, with the exception of the former in
PHF2, and that they share extensive similarity with the
JmjC domain of JHDM1/KDM?2 (Supplemental Fig. S1B).
Conservation of residues within the putative cofactor-
binding sites of KIAA1718 suggested that this protein
might possess histone demethylase activity, and there-
fore might also contribute to transcriptional regulation of
genes in the nervous system.

Results and Discussion

KIAA1718 possesses histone demethylase activity

To examine whether KIAA1718 indeed possesses histone
demethylase activity, we generated the mouse protein
tagged with the Flag epitope at its C terminus in insect
cells {Fig. 1A), and incubated the recombinant protein
with histone substrates labeled with H at various char-
acterized methyl-lysine or methyl-arginine sites by cor-
responding histone methyltransferases {[HMTs). Histone
demethylase activity was monitored by measurement of
the release of the labeled demethylation product, form-
aldehyde. Substantial release of labeled formaldehyde
was observed in the reaction mixture containing histone
H3 labeled on Lys 9 {H3K9) by G9a, but not in those
containing histone substrates modified by other HMTs
(Fig. 1B}. Consistent with the notion that the observed
enzymatic activity was intrinsic to KIAA1718, formalde-
hyde release from G9a-labeled H3 was dependent on
KIAA1718 concentration (Fig. 1C). To ascertain whether
the demethylation mediated by KIAA1718 is oxidative in
nature, with Fe(ll) and «-KG as cofactors, we examined
whether the enzymatic activity of KIAA1718 is depen-
dent on these cofactors. The release of formaldehyde
mediated by KIAA1718 was indeed found to require both
Fe(ll}) and «-KG (Fig. 1D). Ascorbate was also required for
the enzymatic activity, presumably as a result of its
ability to regenerate Fe(ll} from Fe(lll). To verify further
that the observed enzymatic activity is attributable to
a genuine demethylase, we generated recombinant forms
of KIAA1718 that either lack the JmjC or PHD domains
or contain a mutation {(H282A) in the Fe(ll}-binding site
in insect cells (Fig. 1E). Analysis of similar amounts of
the mutant proteins for histone demethylase activity
revealed that deletion of the JmjC domain or mutation
of His*®? abolished the activity of KIAA1718, whereas the
PHD domain appeared to be dispensable for such activity
(Fig. 1E,F). Together, these results showed that KIAA1718
is a histone demethylase capable of removing methyl
groups from H3K9. Given that histone demethylase ac-
tivity is the first function attributed to KIAA1718, we
named this protein KDM7 on the basis of the previously
described nomenclature {Allis et al. 2007).
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Figure 1. KIAA1718 is a histone demethylase that targets H3K9. (A, right lane) SDS-polyacrylamide gel electrophoresis with Coomassie blue
staining of a C-terminally Flag-tagged recombinant KIAA1718 protein. Molecular size standards are shown in the left lane. (B} Histone
demethylase activity of purified KIAA1718-Flag with various methylated histone substrates. The HMTs used to generate the various substrates
and their sites of methylation are indicated. The methylated substrates were generated with the indicated forms of histone {[C] core histone
octamer; [O] oligonucleosome] on the basis of the substrate preference of each HMT. The presented counts have been corrected for control
counts. (C) Histone demethylase activity of the indicated amounts of KIAA1718-Flag. (D) Effects of removal of Fe(Il), a-KG, or ascorbate from the
reaction mixture on the histone demethylase activity of KIAA1718-Flag with G9a-methylated histone substrate. {E} Schematic representation of
wild-type (WT} and mutant forms of KIAA1718 showing whether they are active (+] or inactive {—) as H3K9 demethylases. {F, bottom panel}
Demethylase activity of purified wild-type or mutant forms of KIAA1718-Flag with G9a-methylated histone substrate. (Top panel) The similar
amounts of KIAA1718-Flag proteins used in the demethylase assay are revealed by immunoblot analysis with antibodies to Flag (a-Flag}.

KDM7 is a dual demethylase for dimethylated
and monomethylated H3K9 (H3K9me2/mel)
and H3K27me2/mel

To define the substrate and modification state specific-
ity of KDM7, we included core histones as substrates
in demethylation reaction mixtures and examined the
modification status of individual methylation sites by
immunoblot analysis with a series of methylation-
specific antibodies. Wild-type KDM7 mediated a marked
decrease in the methylation level of both H3K9me2 and
H3K?27me2, without affecting that of other histone meth-
ylation sites {Fig. 2A; Supplemental Fig. S2A). In addi-
tion, KDM7 efficiently removed methyl groups from
H3K9me2 and H3K27me2 in core histones, but not from
those in mono- or oligonucleosomes {Supplemental Fig.
S2B,C). These results suggested that KDM7 prefers core
histones rather than mono- or oligonucleosomes as sub-
strates, and explain why demethylase activity was not
detected by the radioactive formaldehyde release assay
with nucleosomal histones methylated by the HMT
EZH2 (Fig. 1B). They also suggested that the low level
of reactivity apparent in the formaldehyde release assay
with oligonucleosomes modified by DOT1 or Suv4-20hl
as substrates does not reflect demethylase activity of
KDM?7. To refine further the specificity of KDM7, we
used methylated peptides as substrates in demethylation
reactions and analyzed the removal of methyl groups
from the peptides by mass spectrometry. This assay
showed that KDM7 removed methyl groups from both
H3K9me?2 and H3K27me2 (Fig. 2B,C), eliminating the
possibility of cross-reaction of antibodies between meth-
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ylated H3K9 and H3K27 in the immunoblot analysis.
KDM7 also demethylated both H3K9mel and H3K27mel
(Fig. 2B,C), activity that was not apparent by immunoblot
analysis (Fig. 2A), probably because demethylation by
KDM? is not highly processive, so that a reduction in the
level of monomethylation is masked by production of
monomethylated histone from dimethylated histone in
a reaction with core histones that contain all three states
of methylation, as compared with peptides contain-
ing a single monomethylation state. No demethylation
was detected with trimethylated H3K9 (H3K9me3) or
H3K27me3 peptides. A low level of demethylation activ-
ity was also apparent with an H3K36me2 peptide, but no
demethylation of H3K36mel or H3K36me3 was detected
{Fig. 2D). The decrease in mass corresponding to a methyl
group was not detected in reaction mixtures containing
other methylated histone peptides (Supplemental Fig. S3).
Together, these data suggested that KDMY is an authentic
histone demethylase with the ability to mediate the
direct removal of methyl groups from H3K9me2/mel
and H3K27me2/mel.

Zebrafish KDM7 orthologs possess histone
demethylase activity for H3K9/K27 and are expressed
predominantly in the brain

To explore the biological function of KDMY7 in vivo, we
characterized the KDM7 orthologs in zebrafish—
LOC321248 and LOC558416, hereafter designated
drKDM7a and drKDM7b, respectively {Supplemental
Fig. S1A}—both of which were also found to manifest
histone demethylase activity toward H3K9me2 and
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Figure 2. KDM?7 is a histone demethylase specific for dimethylated or monomethylated H3K9 or H3K27. (A) Calf thymus core histones were
incubated in the absence or presence of 5 wg of wild-type or H282A mutant forms of KDM?7-Flag, after which histone demethylation was
evaluated by immunoblot analysis with antibodies to specific modified histones, as indicated on the left. (B-D) Mass spectrometric analysis of
the demethylase activity of 4 ug of wild-type or H282A mutant forms of KDM7-Flag with methylated H3K9, H3K27, or H3K36 peptide
substrates. Numbers represent the masses of the peptide substrates and products.

H3K27me2 in core histones {Supplemental Fig. S4A). We
first examined the expression patterns of kdm7a and
kdm7b during development by in situ hybridization.
Transcripts corresponding to kdm7a and kdm7b were
detected as early as the post-somitogenesis stage at 24 h
post-fertilization (hpf} in the brain and tail bud (Fig. 3A,B),
whereas no signals were observed in embryos at 6 or
12 hpf {data not shown). The expression of both kdm?7
genes became prominent in the tectum, hindbrain, fin
bud, and gill at 48 hpf {Fig. 3A,B). Corresponding sense
probes did not yield any signals at these various stages of
development (Supplemental Fig. S4B), indicating that the
signals attributed to kdm?7 transcripts were specific.

Zebrafish KDM7 orthologs are required for tectum
development

Given that both kdm?7 genes are expressed predominantly
in the brain, we examined whether drKDM7 might
function in brain development. To examine this possibil-
ity, we inhibited the function of drKDM?7 with the use of
two splicing-blocking antisense morpholino oligonucleo-
tides {MOs]) that independently target kdm7a or kdm?7b.
We also studied the stable transgenic line Tg(HuC:
Kaede), which expresses the fluorescent protein Kaede
in neurons under the control of the vertebrate neuron-
specific promoter of the HuC gene, in order to visualize
neurons (Sato et al. 2006). The level of mature mRNAs
derived from the two kdm7 genes was reduced specifi-
cally in embryos injected with the corresponding MO,
but not in those injected with a control MO {Supplemen-
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tal Fig. S5A). At 48 hpf, embryos that had been subjected
to simultaneous injection of both kdm?7 MOs at the one-
cell stage manifested a curly tail and marked decrease
in size of the tectum (Fig. 3C,D), consistent with the
observed expression of kdm?7 in the brain and tail bud.
Importantly, the reduction in tectum size was accompa-
nied by the loss of neurons from this region, although
neurons in the spinal cord and other regions of the brain
were unaffected (Fig. 3D; Supplemental Fig. S5B,C). In
contrast, injection of MOs specific for each kdm7 gene
alone elicited only marginal effects compared with those
of the control MO, a finding likely attributable to func-
tional redundancy of the two kdm7 genes. The persis-
tence at 72 hpf of the phenotypes of the embryos injected
with both Kdm7 MOs eliminates the possibility that they
were attributable to developmental delay (Fig. 3C; Sup-
plemental Fig. S5B,C). Embryos that had been subjected
to simultaneous injection of another set of MOs that
independently target kdm7a and kdm7b also manifested
phenotypes (Supplemental Fig. S6) similar to those ob-
served with the original set {Fig. 3C,D), suggesting that
the phenotypes were the specific consequence of deple-
tion of kdm7 transcripts. Coinjection of a validated
MO for p53 {Robu et al. 2007) with either of the two
independent sets of MOs for kdm?7 did not affect the
phenotypes induced by MO-mediated depletion of kdm?7
transcripts (Supplemental Fig. S7), eliminating the possi-
bility that the phenotypes were the result of p53 activa-
tion. Given that the phenotypes were not attributable
to cell death (Supplemental Fig. $8), drKDM7 might reg-
ulate the proliferation or differentiation of neurons. On
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Figure 3. Zebrafish kdm?7 genes are expressed predominantly in brain and are required for tectum development. (A} In situ hybridization of
whole-mount zebrafish embryos at the indicated stages (hpf] with antisense kdm7a or kdm7b RNA probes. (B) In situ hybridization of whole-
mount embryos at 48 hpf (left and middle panels} or 24 hpf {right panels} with antisense kdm7a or kdm7b RNA probes. Lowercase letters
indicate the tectum {t}, hindbrain (h), fin bud (f}, and gill (g}. Arrowheads indicate the tail bud. (C) The Tg({HuC:Kaede} embryos were injected at
the one-cell stage with antisense MOs for kdm7a (5 ng) or kdm7b (5 ng) or with a control MO {5 or 10 ng for a total of 10 ng of MO) in the
indicated combinations. The morphology of the embryos at the indicated times (hpf) was examined by bright-field microscopy. (D} Morphology
of the head region of embryos at 48 hpf that were injected with MOs as in C. {Bottom panels} Neurons expressing Kaede under the control of the
HuC gene promoter were visualized by fluorescence microscopy. Arrowheads indicate the tectum or presumptive tectal region. Bright-field

images are shown in the top panels.

the other hand, ectopic overexpression of a fragment of
drKDM7a comprising amino acids 1-480 (which mani-
fested demethylase activity similar to that of the full-
length protein) achieved by mRNA injection at the one-
cell stage resulted in severe developmental defects in
zebrafish embryos (Supplemental Fig. $9), suggesting that
spatially and temporally regulated expression of drKDM7
is necessary for proper development. Together, these
results thus indicated that KDM7 plays an important
role in brain development.

KDM7 directly regulates transcription and H3K9me2
and H3K27me?2 levels of the follistatin gene

Quantitative RT-PCR analysis revealed that Kdm7
mRNA was more abundant specifically in the cerebrum
and cerebellum than in other mouse tissues, although
low levels of Kdm?7 expression were apparent in a wide
spectrum of tissues in the mouse {Supplemental Fig.
S10A}. To investigate the molecular basis for the ab-
normal brain development in zebrafish embryos depleted
of drKDM7, as well as the function of KDM7 in neu-
rons, we examined the effect of KDMY7 depletion on the
mRNA profile of the mouse neuroblastoma cell line
Neuro24, in which the abundance of KDM7 was found
to be greater than that in other cell lines originating from
various tissues {Supplemental Fig. S10B}. To this end, we
stably transfected Neuro2A cells with vectors for two
shRNAs—KD1 and KD2—that target two different re-
gions of mouse Kdm7 mRNA. Quantitative RT-PCR and
immunoblot analyses revealed that the amounts of Kdm?7
mRNA and KDM7 protein were markedly decreased in
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cells transfected with either of these vectors compared
with those in parental cells or in cells transfected with
a vector for a control shRNA (Fig. 4A B). Microarray
analysis of mRINAs in control cells and in those depleted
of KDM7 resulted in the identification of genes whose
expression was affected by KDM?7 depletion (Supplemen-
tal Fig. S10C). One of these genes whose expression
was markedly decreased by loss of KDM7 was that
for follistatin, on which we initially focused, given that
follistatin functions as an endogenous inhibitor of mem-
bers of the transforming growth factor (TGF)-g superfam-
ily, including activin, which plays an important role in
brain development (Hemmati-Brivanlou et al. 1994; Lin
et al. 2003; Zhu et al. 2008). We confirmed by quantitative
RT-PCR analysis that the abundance of follistatin
mRNA was decreased in Neuro2A cells depleted of
KDM7 (Fig. 4C). Consistent with the results obtained
with Neuro2A cells, depletion of KDM7 by RNAI in
primary cultured mouse neurons also resulted in down-
regulation of follistatin mRNA (Fig. 4D).

To determine whether the follistatin gene is a direct
target of KDM7, we performed a series of chromatin
immunoprecipitation {ChIP) experiments to examine its
promoter and coding regions in Neuro2A cells (Fig. 4E).
This analysis revealed the association of KDM7 with the
follistatin gene, predominantly around the transcription
start site {Fig. 4F). To investigate the consequences of
this association, we analyzed H3K9me2 and H3K27me2
levels in the promoter and coding regions of the gene.
Depletion of KDM7 resulted in an increase in both
H3K9me2 and H3K27me2 levels around the transcrip-
tion start site of the gene that appeared to correlate

GENES & DEVELOPMENT 435



Downloaded from genesdev.cship.org on March 1, 2010 - Published by Cold Spring Harbor Laboratory Press

Tsukada et al.

with KDM7 occupancy {Fig. 4G}. Depletion of KDM7 by
RNAiin Neuro2A cells did not markedly affect H3K9me3
levels of the follistatin gene (Supplemental Fig. S11A). In
contrast, depletion of KDMY7 paradoxically increased
H3K27me3 levels in the entire region of the gene (Sup-
plemental Fig. S11B), although KDM7 showed no activity
toward H3K27me3 in vitro. Given that the regions in
which H3K27me3 levels were increased did not corre-
late with KDM7 occupancy, the observed changes in
H3K27me3 levels were most likely an indirect effect of
KDM7 depletion. These results suggested that the folli-
statin gene is a direct target of KDM7-mediated tran-
scriptional activation.

We thus examined whether the zebrafish follistatin
gene is dysregulated in kdm7 morphants with the use of
in situ hybridization. Whereas control morphants showed
expression of the follistatin gene in an anterior edge
region of the tectum at 48 hpf, kdm7 morphants man-
ifested a substantial decrease in such expression (Fig. 4H).
The down-regulation of follistatin gene expression in this
particular region was sustained at 60 and 72 hpf {Supple-
mental Fig. S12A}. The corresponding sense probe did not
yield any signals at the corresponding stages (Supplemen-
tal Fig. S12B). These results thus suggested that KDM?7 is
recruited to specific regions of the genome, and there
functions as an H3K9 and H3K27 demethylase in vivo.
To investigate whether follistatin contributes to brain
development in zebrafish, we inhibited the function of
follistatin with the use of two independent MOs that
target the follistatin gene. At 48 hpf, embryos that had
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been injected with either follistatin MO at the one-cell
stage manifested a loss of neurons from the tectum
region, although neurons in the spinal cord and other
regions of the brain were unaffected (Supplemental Fig.
S13). Coinjection of the validated MO for p53 did not
affect this phenotype (Fig. 41; Supplemental Fig. S13C).
Together, these results indicated that KDM7 contributes
to brain development at least in part through regulation
of follistatin gene expression.

Methylation of H3K9 and H3K27 is linked to formation
of tightly packed chromatin (heterochromatin) and tran-
scriptional silencing (Martin and Zhang 2005). We
showed here that KDMY is a histone demethylase that
catalyzes demethylation at both H3K9 and H3K27.
Among the JmjC domain-containing histone demethy-
lases, only JHDM3/JMJD2 has been shown to act as a dual
demethylase, targeting both H3K9 and H3K36 and func-
tioning as a transcriptional repressor of the ASCL2 gene,
although the consequence of simultaneous methyla-
tion of these sites remains unclear (Klose et al. 2006b;
Whetstine et al. 2006). We therefore propose that KDM7
functions as an eraser of silencing marks on chromatin
to unlock gene silencing. Consistent with this notion,
we found that removal of methyl groups from H3K9
and H3K27 by KDM?7 is associated with transcriptional
activation of the follistatin gene. KDM7 belongs to the
subfamily of JmjC domain-containing proteins composed
of PHF2 and PHF8 in addition to KDM7. The expression
of Phf2 is concentrated in the embryonic neural tube and

Figure 4. KDM7 directly regulates transcription and both
H3K9me2 and H3K27me?2 levels of the mouse follistatin gene. {4)
Quantitative RT-PCR analysis of Kdm7 mRNA in Neuro2A cell
lines stably transfected with vectors for one of two KDM7 shRNAs
(KD1 or KD2), with a vector for a control (EGFP) shRNA, or with the
empty vector. The amount of Kdm7 mRNA was normalized by that
of Gapdh mRNA, and the normalized values are presented relative
to that for the parental cells. Data are means * SD. {B) Immunoblot
analysis of KDM7 and Hsp70 (loading control) in the cell lines
described in A. {C) Quantitative RT-PCR analysis of follistatin
mRNA in the cell lines described in A. The amount of follistatin
mRNA was normalized by that of Gapdh mRNA, and the normal-
ized values are presented relative to that for the cells transfected
with the empty vector. Data are means * SD. {D} Quantitative RT-
PCR analysis of Kdm7 and follistatin (Fst} mRNAs in primary
cultured mouse neurons treated with control or Kdm7 siRNAs.
The amounts of Kdm7 and follistatin mRNAs were normalized by
that of Gapdh mRNA, and the normalized values are presented
relative to that for control cells, Data are means *+ SD. {E] Schematic
representation of the mouse follistatin genomic locus. The region
from a to i was analyzed by ChIP experiments. The transcription
start site is indicated by the arrow. (F,G} ChIP analysis of the relative
occupancy of the sites in the follistatin genomic region indicated in
E with KMD?7 {F), as well as with H3 {white bars), H3K9me2 (gray
bars), and H3K27me2 {black bars} (G}. The analysis was performed
with cells stably transfected with the vector for EGFP shRNA
(control] and with cells stably expressing the KD1 shRNA for
KDM?7 (KD}, and the results are presented as the percent of input
for control cells (F} or the control/KD ratio {G). All data are means *
SD. (H} In situ hybridization of whole-mount zebrafish embryos at
48 hpf with an antisense follistatin RNA probe. Arrowheads indicate
regions expressing the follistatin gene in embryos injected at the
one-cell stage with antisense MOs for kdm7a {5 ng) and kdm7b
{5 ng} or with a control MO {10 ng). {I) The Tg(HuC:Kaede} embryos
were injected at the one-cell stage with antisense MOs for follistatin
(5 ng) or p53 {5 ng) genes or with a control MO {5 ng) in the indicated
combinations. The morphology of the embryos at 48 hpf was
examined by bright-field (left panels) or fluorescence (right panels)
microscopy. Arrowheads indicate the tectum or presumptive tectal
region.
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root ganglia in mice, and mutation of human PHFS8 causes
inherited X-linked mental retardation (Hasenpusch-Theil
et al. 1999; Laumonnier et al. 2005; Abidi et al. 2007;
Koivisto et al. 2007). Our results showed that KDM?7 is
expressed predominantly in the brain of fish and mice as
well as in mammalian neuronal cells and is essential for
development of the fish brain, suggesting that transcrip-
tional regulation of the follistatin gene by KDM7 may be
evolutionarily conserved. Functions in neuronal develop-
ment based on their demethylase activity may thus be
common to this class of JmjC domain-containing pro-
teins.

Materials and methods

In vitro histone demethylase assays

We performed in vitro demethylation assays with the use of purified
recombinant proteins and various forms of histone substrates. Demethy-
lase activity was detected by measurement of formaldehyde release,
immunoblot analysis with a series of methylation-specific antibodies
{Supplemental Table S1), or matrix-assisted laser desorption ionization
{MALDI}-time-of-flight {TOF] mass spectrometry, as detailed in the
Supplemental Material.

In situ hybridization

Whole-mount zebrafish embryos were subjected to in situ hybridization
under standard conditions with digoxigenin-labeled antisense RNA probes
prepared from zebrafish kdm7a (XM_687822), kdm7b (XM_681621}, or
follistatin 1 {DQ317968) genes.

Other methods

Details of other procedures are provided in the Supplemental Material.
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Skp2 targeting suppresses tumorigenesis
by Arf-p53-independent cellular senescence

Hui-Kuan Lin"*?, Zhenbang Chen"**t, Guocan Wang"***, Caterina Nardella">**, Szu-Wei Lee’*,
Chan-Hsin Chan®, Wei-Lei Yang?, Jing Wang®, Ainara Egia®, Keiichi |. Nakayama®, Carlos Cordon-Cardo*t,
Julie Teruya-Feldstein? & Pier Paolo Pandolfi>*

Cellular senescence has been recently shown to have an important role in opposing tumour initiation and promotion.
Senescence induced by oncogenes or by loss of tumour suppressor genes is thought to critically depend on induction of the
p19”7f-p53 pathway. The Skp2 E3-ubiquitin ligase can act as a proto-oncogene and its aberrant overexpression is frequently
observed in human cancers. Here we show that although Skp2 inactivation on its own does not induce cellular senescence,
aberrant proto-oncogenic signals as well as inactivation of tumour suppressor genes do trigger a potent, tumour-suppressive
senescence response in mice and cells devoid of Skp2. Notably, Skp2 inactivation and oncogenic-stress-driven senescence
neither elicit activation of the p19”*-p53 pathway nor DNA damage, but instead depend on Atf4, p27 and p21. We further
demonstrate that genetic Skp2 inactivation evokes cellular senescence even in oncogenic conditions in which the p19**-p53
response is impaired, whereas a Skp2-SCF complex inhibitor can trigger cellular senescence in p53/Pten-deficient cells and
tumour regression in preclinical studies. Our findings therefore provide proof-of-principle evidence that pharmacological

inhibition of Skp2 may represent a general approach for cancer prevention and therapy.

Cellular senescence represents an irreversible form of cell-cycle arrest
that can be triggered by a variety of insults. Induction of cellular
senescence (for example, by oncogenic Ras) results in p19*™
(encoded by the Ink4a/Arflocus, also known as Cdkn2a locus) and
p53 accumulation, which is critical for this senescence response.
Recent studies suggest that cellular senescence can act as an impor-
tant tumour-suppressive mechanism to restrict tumour develop-
ment in vivo'™.

Inactivation of Pten functions is frequently observed in human
cancers®™®. Although Pten negatively regulates cell proliferation
and survival, we surprisingly discovered that acute Pten inactivation
triggers the accumulation of p19°”—p53 and cellular senescence?.
Concomitant inactivation of p53 (also known as Trp53 in mice,
and TP53 in humans) and Pten abrogates this senescence response,
in turn promoting invasive and lethal prostate cancer’. Although
these findings further underscore the critical importance of the cel-
lular senescence Arf-p53 failsafe pathway, the frequent loss or muta-
tion of ARF or P53 in human cancers would compromise the
tumour-suppressive efficacy of this response, thereby limiting thera-
peutic potential.

Skp2 is a critical component of the Skp2—SCF complex, which acts
as an E3 ligase to target p27 and other substrates for ubiquitylation
and degradation'"'?, Recent studies suggest that Skp2 may have
oncogenic activity'*'%, Notably, SKP2 overexpression is frequently
observed in human cancer'"'>", strongly suggesting that SKP2 over-
expression may contribute to tumorigenesis. Skp2-knockout mice
are viable and fertile'®. Hence, specific inactivation of Skp2 may rep-
resent an appealing therapeutic modality. Here we show that Skp2
inactivation profoundly restricts tumorigenesis by eliciting cellular

senescence only in oncogenic conditions. Remarkably, this sen-
escence response is triggered in a p19*-p53-independent manner.
Skp2 pharmacological inactivation may therefore represent a general
approach towards a ‘pro-senescence’ therapy for cancer prevention
and treatment.

Skp2 loss restores cellular senescence by Ras and ET1A

Skp2 deficiency delays cell cycle progression'™?. We therefore asked
whether Skp2 deficiency would trigger cellular senescence. We isolated
mouse embryonic fibroblasts (MEFs) from wild-type and Skp2™"~
mice and determined cellular senescence in these cells by senescence-
associated B-galactosidase (SA-B-gal) staining. Although Skp2~'~ MEFs
proliferated less than wild-type MEFs (Supplementary Fig. le)'"?, cel-
lular senescence in Skp2~/~ MEFs was comparable to that in the wild-
type MEFs (Supplementary Fig. 1a). In contrast, acute inactivation of
Pten in MEFs markedly increased cellular senescence as previously
reported (Supplementary Fig. 1a)’. Thus, Skp2 deficiency by itself does
not elicit cellular senescence.

Ectopic overexpression of proto-oncogenic Ras (Ras(G12V)) in
MEFs elicits cellular senescence through the p19*™—p53 pathway'*2,
Simultaneous co-expression of E1A and Ras in MEFs overcomes
Ras-induced senescence by preventing activation of the p19™p53
pathway and resulting in oncogenic transformation®. Thus, E1A
enables Ras to overcome the cellular senescence response. As Skp2 also
cooperates with oncogenic Ras to induce cell transformation®, it is
conceivable that Skp2 might also display its oncogenic activity by
antagonizing Ras-induced cellular senescence. On this basis, we tested
whether endogenous Skp2 activity is required for cellular transforma-
tion induced by Ras and E1A. Although cellular senescence was not

'Cancer Biology and Genetics Program, 2Department of Pathology, Sloan-Kettering Institute, Memorial Sloan-Kettering Cancer Center, 1275 York Avenue, New York, New York 10021,
USA. *Department of Molecular and Cellular Oncology, The University of Texas M.D. Anderson Cancer Center, Houston, Texas 77030, USA. “Cancer Genetics Program, Beth Israel
Deaconess Cancer Center and Department of Medicine, Beth Israel Deaconess Medical Center, Harvard Medical School, 330 Brookline Avenue, Boston, Massachusetts 02215, USA.
SDepartment of Molecular and Cellutar Biology, Medical Institute of Bioregulation, Kyushu University, Fukuoka, Fukuoka 812-8582, Japan. {Present addresses: Department of
Biochemistry and Cancer Biology, Meharry Medical College, 1005 Dr D, B. Todd Jr Boulevard, Nashville, Tennessee 37208-3599, USA (Z.C.); Irving Cancer Research Center, Room
309, 1130 St. Nicholas Avenue, New York, New York 10032, USA (C.C.-C). 1 05
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observed in wild-type MEFs after Ras and E1A overexpression, Skp2
deficiency triggered cellular senescence (Supplementary Fig. 1b, ¢). We
also found that the ability of Ras to induce cellular senescence was
far greater in Skp2~’~ MEFs than in wild-type MEFs (Supplemen-
tary Fig. 1b, c). It should be noted that the induction of p19* and
p53 protein levels in Skp2™/~ MEFs by Ras was comparable if not lower
than that of wild-type MEFs (Supplementary Fig. 1d). Moreover, Skp2
inactivation profoundly restricted cell proliferation and transforma-
tion after Ras and E1A overexpression (Supplementary Fig. le, f).
Thus, Skp2 inactivation triggers cellular senescence in the presence of
powerful oncogenic signals, even when the p19*-p53 response is
evaded.

Skp2 loss causes senescence in Pten*’/™ and Arf ™/~ mutants

We assessed whether Skp2inactivation would trigger cellular senescence
even when cells experience loss of major tumour-suppressive networks
such as those controlled by Pten and p19*™-p53. To this end, we crossed
Skp2™'~ mutants with Pten*’” and Arf’" mutants. The resulting
compound mice were further intercrossed to generate MEFs of different
genotypes for cell proliferation and senescence assays. As aforemen-
tioned, Skp2~’~ MEFs grew much slower than wild-type MEFs,
whereas wild-type and Pten*'~ MEFs grew comparably (Supplemen-
tary Fig. 2a). No obvious cellular senescence was observed in wild-type,
Pten’™ and Skp2™/~ MEFs (Fig. 1a). Surprisingly, Pten™'” Skp2™"~
MEFs had a slower growth rate than Skp2™/~ MEFs and exhibited
full-blown characteristics of cellular senescence such as flattened large
cells and positive SA-B-gal staining (Fig. 1a and Supplementary Fig. 2a).
We also detected cellular senescence in Pten™”™ Skp2™/~ MEFs under
hypoxic conditions (Supplementary Fig. 2b). We did not see coopera-
tion between Pten inactivation and Skp2 deficiency in triggering apop-
tosis, although Skp2™/~ MEFs had a higher rate of apoptosis than
wild-type MEFs (Supplementary Fig. 3a)'®, However, the apoptosis rate
in the prostate of Pten™ ™ Skp2~/~ mice was higher than in wild-type,
Pten™'™ and Skp2™/~ mice (see later and Supplementary Fig. 3b).

As cellular senescence is largely dependent on activation of the
p19*"p53 pathway in MEFs***, we determined whether this pathway
is activated in Pren’’” Skp2~/~ MEFs. Notably, we found that p1o™*
and p53 protein levels in Pten™’™ Skp2~'~ MEFs were comparable to
levels in wild-type MEFs (Fig. 1b and Supplementary Fig. 4), suggesting
that the p19*7-p53 pathway may not be involved in the senescence
response in Pren*’” Skp2™/~ MEFs. To test this hypothesis further,
we exposed MEFs of various genotypes to two well-established p53-
inactivating tools: a short hairpin RNA (shRNA) against p53 (ref. 23) or
a dominant-negative p53 mutant (p53-DN)*, Notably, in both condi-
tions cell growth was promoted in wild-type and Pten™’~ MEFs
(Supplementary Fig. 5a, b), but neither of them overcame the cellular
senescence nor the growth arrest in Pten*’” Skp2™/~ MEFs (Fig. lcand
Supplementary Fig. 5¢), suggesting that Skp2-deficiency cooperates
with Pten inactivation to trigger a new senescence response by a
p19*"_p53-independent pathway.

p19*T induction is required for cellular senescence in MEFs in the
context of acute Pten inactivation?®, whereas loss of p19°™ leads to cell
immortalization™*"?%. We investigated whether Skp2 inactivation
could elicit cellular senescence in an Arf-deficient genetic background.
Notably, Arf~’~ Skp2~/~ MEFs showed massive cellular senescence
similar to Pten™’~ Skp2~/~ MEFs (Fig. 1d). Moreover, p53 expression
was not induced in Arf™’~ Skp2~’~ MEFs (Supplementary Fig. 6a).
This cellular senescence profoundly suppressed the growth of Arf~ ~
MEFs (Supplementary Fig. 6b). Skp2 deficiency also induced cellular
senescence after p53 inactivation {(Supplementary Fig. 6c, d).

DNA damage has been recently associated with cellular sene-
scence’® 2, However, we found no evidence of DNA-damage-
response activation in Pten™’” Skp2™/~ MEFs, as determined by
the levels of phosphorylated-(S15)-p53 and -y-H2ax (also known

as y-H2afx) (Supplementary Fig. 4). Collectively, these results SuprOG

port the notion that Skp2 inactivation can trigger a new type o
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Figure 1| Skp2 loss triggers a new senescence response in MEFs in the
context of Pten inactivation and Arf deficiency by a p19°*~p53-independent
pathway. a, Primary MEFs at passage 5 from various mouse embryos were
plated for senescence assay. WT, wild type. b, Cell lysates were collected from
primary MEFs of various genotypes of mouse embryos for western blot
analysis. The lysates from wild-type MEFs treated with y-irradiation for
60 min served as a positive control for p53. ¢, Primary Pten™’™ Skp2™'~ MEFs
infected with retroviruses expressing various control shRNA (shRNA-ctrl),
P53 shRNA (shp53), or dominant-negative p53 (p53-DN) were plated for
senescence assay and western blot analysis. d, Primary MEFs at passage 5 from
various genotypes of mouse embryos were plated for senescence assay.
Results are presented as mean = s.d. from a representative experiment
performed in triplicate. ***P < 0.001 using two-tailed Student’s t-test, n = 3.

cellular senescence that does not involve DNA damage and can sup-
press transformation even when the p19A'f—~p53 response is impaired.

p27, p21 and Atf4 induction contribute to senescence
We next examined the molecular mechanism by which Skp2 defi-
ciency synergizes with oncogenic insults to trigger cellular sene-
scence. Although p53 and p19* levels remained unchanged, we
found that Skp2 deficiency cooperated with Pten inactivation or
Arfloss to induce p27 expression (Fig. 2a, b). p21 expression was
also increased in Pren™’™ Skp2™/~ and Arf /"~ Skp2~’~ MEFs (Fig. 2a,
b). E2F1, cyclin D1 and Cdtl, involved in cell cycle progression and
DNA replication, are also targets for Skp2 (refs 12, 29). We found that
cyclin D1, but not E2F1 and Cdt1, were induced in Pren*’™ Skp2™'~
MEFs (Supplementary Fig. 7a). Because cyclin D1 promotes cell cycle
progression, its upregulation is unlikely to be involved in mediating
senescence in Pten*’” Skp2™/~ MEFs.

Endoplasmic reticulum (ER) stress proteins such as BiP (also
known as Hspa5 or GRP78), phospho-Perk (p-Perk), and Atf4 are
induced after oncogenic insults and have an important role in cellular
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Figure 2 | Upregulation of p27, p21 and Atf4 drives cellular senescence in
Pten*/~ Skp2~/~ and Arf/~ Skp2~/~ MEFs. a, b, Cell lysates were
collected from primary MEFs of various §enotypes of mouse embryos for
western blot analysis. ¢, d, Pten™'™ Skp2~'~ MEFs at passage 2 infected with
lentiviruses expressing green fluorescent protein (GFP) shRNA (shGFP) or
p27 shRNA (shp27-1 and -2) were plated for western blot analysis (c) and
senescence assay (d). Results are mean = s.d. from a representative
experiment performed in triplicate. e, f, Pren*'™ Skp2™'~ MEFs at passage 2
infected with lentiviruses expressing GFP shRNA or Atf4 shRNA were plated
for western blot analysis (e) and senescence assay (f). g, h; Ptent!™ Skpz" -
METFs at passage 2 infected with lentiviruses expressing GFP shRNA or p21
shRNA were plated for western blot analysis (g) and senéscence assay (h).

senescence®®. We did not find a significant increase in BiP or p-Perk
(Supplementary Fig. 7b and data not shown) in Pten®™’~ Skp2~/~
MEFs. In contrast, Atf4 was markedly induced in Pten™’~ Skp2™/~
MEFs (Fig. 2a). Likewise, we also observed a marked increase in Atf4
protein levels, but not p-Perk, in Arf~’~ Skp2~/~ MEFs (Fig. 2b and
Supplementary Fig. 7¢). The induction of Atf4 protein levels in
Pten*’~ Skp2~/~ MEFs was not accompanied by messenger RNA
upregulation, nor by the enhanced Atf4 protein stability (Sup-
plementary Fig. 8 and data not shown). Instead, we observed an
increase in phosphorylated elF2a (p-elF2¢; also known as p-Eif2s1)
in Pten*’™ Skp2™'" and Arf '~ Skp2™/~ MEFs compared to wild-type
cells (Fig. 2a, b). Because p-elF2a positively regulates Atf4 trans-
lation®, our results indicate that Atf4 upregulation is probably trig-
gered by the enhancement of p-eIF2a levels,

As p27, p21 and Atf4 were induced in both Pten™™ Skp2™/~ and
Arf~"~ Skp2™’/~ MEFs, we next determined whether their upregula-
tion contributes to senescence. p27 (also known as Cdknlb) shRNA
efficiently abrogated p27 expression and partially rescued growth
arrest and cellular senescence in Pten*’~ Skp2~/~ MEFs (Fig. 2c, d
and Supplementary Figs 9a, b and 10a). Similarly, knockdown of Atf4
or p21 (also known as Cdknla) in these cells also partially reversed
cellular senescence and cell arrest (Fig. 2e-h and Supplementary
Figs 9¢ and 10b, ¢). Concomitant knockdown of Atf4, p21 and p27
in these cells reversed cellular senescence more efficiently than their
individual knockdown (Supplementary Fig. 10d). In contrast, in
Skp2™/~ MEFs, p27 knockdown accelerated growth whereas Atf4
knockdown did not (Supplementary Fig. 10e, f). These results
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strongly indicate that the concomitant upregulation of p27,
p2land Atf4 is a required and powerful engine for the induction of
cellular senescence upon Skp2 inactivation.

Skp2 loss restricts tumorigenesis independently of Arf-p53

We found that inactivation of Skp2 in the presence of an oncogenic
stress results in the induction of cellular senescence that opposes trans-
formation in vitro even when the p19*-p53 response is impaired. We
next determined whether Skp2 loss restricts tumorigenesis in vivo
through similar mechanisms, and first analysed tumorigenesis in
Skp2™’~ Pten*’~ compound mutants (Supplementary Fig. 11a).
Although Pten heterozygous inactivation reduced lifespan in mice,
compound Skp2 deficiency prolonged overall survival (Fig. 3a).
Pten*’” mice develop lymphadenopathy and adrenal tumours (pheo-
chromacytoma) at complete penetrance*>*. As expected, Pten*/” mice
developed adrenal tumours with 100% penetrance by 1 year of age,
whereas Skp2loss remarkably abrogated adrenal tumour formation in
compound mutants (P <0.0001; Fig. 3b, top, ¢ and Supplementary
Fig. 11b). Pten protein expression in adrenal tissues was comparable
between wild-type, Pren™’™ and Pten™’™ Skp2™'~ mice, before or after
tumour occurrence, suggesting that there is no loss of heterozygosity at
the Pten locus in the adrenal tissues in any of these mutants and con-
ditions (Supplementary Fig. 11¢). Lymphadenopathy after Pten inac-
tivation was also profoundly inhibited by Skp2loss (P < 0.01; Fig. 3b,

w-Win=31 b s P <0.0001
1109 i GhpZ L100
5100 P g a0 1010
< 90 - 8 Adrenal
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Figure 3 | Skp2 deficiency restricts tumorigenesis after Pten inactivation
by inducing cellular senescence in vivo. a, Kaplan-Meier plot analysis of
cumulative survival of indicated mouse genotypes. b, Top, adrenal tissues
from various mouse genotypes (1012 months) were analysed for
tumorigenesis; bottom, lymphoid tissues within the neck were obtained and
weighed from female mice of various genotypes (around 5 months).

**P < 0.01 using two-tailed Student’s t-test, n = 6. ¢, Histological analysis of
adrenal tissues from 12-month-old Pren*/™ and Pten™™ Skp2™/~ mice.
Pten™™ mice developed adrenal tumour (pheochromocytoma), which was
profoundly inhibited in Pten™’~ Skp2™/~ mice. d, Senescence analysis of
lymphoid tissue from 5-month-old Pten™’~ and Pten™'™ Skp2™/~ mice.

e, Lymphoid tissues from 5-month-old mice of the indicated genotypes were
obtained for p27 immunohistochemistry. f, Quantification of Ki67 staining

ng lymphoid tissues from 5-month-old mice. Results are mean * s.d.
*

P < 0.01 using two-tailed Student’s t-test, n = 3.
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bottom and Supplementary Fig. 11d). Tumorigenesis was also markedly
suppressed in other organs (for example, in the prostate, where the
prostatic intraepithelial neoplasia (PIN) incidence was profoundly
restricted by Skp2 inactivation; data not shown).

To determine whether Skp2 inactivation along with Pten inactiva-
tion would trigger cellular senescence in vivo, we performed SA-B-gal
staining in the few hyperplastic lymphoid lesions still identified in
Pren™'™ Skp2™'™ mice (see, for example, Supplementary Fig. 10d).
We observed both cellular senescence and p27 induction in the
lymphoid tissues from Pren™'™ Skp2™'~ mice (Fig. 3d, e and Sup-
plementary Fig. 12), which inversely correlated with cell proliferation
(Fig. 31).

We then examined whether Skp2 inactivation would also restrict
tumorigenesis after Arfloss by crossing Skp2™'~ with Arf ™'~ mice
(Supplementary Fig. 13). Skp2 inactivation markedly prolon/ged the
overall survival of Arf~'~ mice (Fig. 4a). Around 33% of Arf '~ mice
developed sarcoma and/or lym/phoma within 1 year (Fig. 4b—d)>**.
In contrast, none of the Arf '~ Skp2™'~ compound mutant mice
showed signs of tumour formation (P < 0.02; Fig. 4b—d).

Senescence after Pten and Skp2 inactivation in the prostate

Complete Pten inactivation in the prostate triggers a tumour-
suppressive cellular senescence response’. We therefore examined
whether this response could be further potentiated by Skp2 loss and
affect tumorigenesis after complete Pten inactivation in the prostate.
For prostate-specific inactivation, we made use of Cre-loxP-mediated
recombination and probasin (Pbsn, also known as PB)-Cre4
transgenic mice expressing the Cre recombinase after puberty in the
prostatic epithelium®. We obtained Pten'™" loxP:pB-Cre4 and
Prer/¥1¥ Skp2™' " PB-Cre4 compound mutant mice, hereafter
referred to as Pren’*™’" and Pten’™’” Skp2™/~ mice, respectively
(Supplementary Fig. 14a). Although complete Pten inactivation in
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Figure 4 | Skp2 inactivation restricts tumorigenesis upon Arf deficiency.
a, Kaplan—Meier plot analysis of cumulative survival of Arf '~ and

Arf '~ Skp2™'" mice. b, A cohort of wild-type, Arf " and Arf " Skp2™'”
mice were analysed for tumorigenesis within a 1-year period. Arf ==
Skp2~'~ mice did not develop any tumour up to 1 year observation. Nine out
of twenty-seven Arf ~'™ mice developed either sarcoma or lymphomas,
whereas none of 12 Arf ~/~ Skp2™/~ mice developed tumours. The statistic
was analysed by chi-squared test, 5”. ¢, Histopathological analysis of skin
tissues from Arf '~ and Arf ™'~ Skp2™'~ mice at 1 year old. Arrow indicates
sarcoma. d, Histopathological analysis of lymphoid tissues lymphoid tissues

from Arf '~ and Arf '~ Skp2™'~ mice at 1 year of age. The arrow indicatefos

lymphoma. Original magnification, X40 (c, d).

mouse prostates leads to invasive prostate cancers, it does not affect
overall survival>. We did not detect a difference in overall survival
between Pren’™’” and Pten’™’” Skp2™'~ mice (Supplementary
Fig. 14b).

Prostate cancer development in these mice was monitored by
magnetic resonance imaging (MRI) and histopathological analysis.
Consistent with our previous findings?, MRI analysis showed pro-
state tumour masses in Pten’™’” mice at 6 months of age, which
were significantly reduced in Pten”*™'~ Skp2~'~ mice (Supplemen-
tary Fig. 14c). The average size of the prostate in Pren”” /" mice was
tenfold larger than in wild-type mice, whereas complete Skp2 loss
markedly reduced tumour weight after complete Pten inactivation
(Fig. 5a). Histological analysis showed that Skp2loss inhibited invas-
ive prostate cancer after Pfen inactivation, albeit PIN lesions were still
observed in Pten” '~ Skp2~'~ mice (Supplementary Fig. 14d, e).
Furthermore, this suppressive effect by Skp2 loss was pefsistent, as
we also observed a profound reduction in tumour weight and inva-
sive prostate cancer in Pren?’~ Skp2™'" mice at 15 months of age
(Supplementary Fig. 141, g).

We next investigated, in vivo, the molecular basis for tumour sup-
pression elicited by Skp2 inactivation. We found that p27 protein
expression was synergistically induced in prostates from compound
mutants, as determined by immunohistochemistry and western blot
analysis (Supplementary Fig. 15a, b), whereas p53 expression was
comparably induced in Pten” ' and Pten’ '~ Skp2™’~ mice
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Figure 5 | Skp2 deficiency restricts prostate cancer development by
triggering cellular senescence in vivo. a, Biopsy of anterior prostate (AP)
tumours at 24 weeks from various genotypes of mice and their actual sizes
and weights. Results are mean * s.d. *P < 0.05 using two-tailed Student’s
t-test, n = 5. b, ¢, Senescence analysis of anterior prostate from Ptent<™/~
and Pten™ ™'~ Skp2™'" mice aged 3 months {b) or 15 months (c). A
representative section from three mice is presented for each genotype.
Original magnifications, X40 (b) and X20 (c). d, PC3 cells were treated with
vehicle or 0.1 uM MLN4924 for 4 days and collected for cellular senescence
assay. e, Nude mice bearing PC3 xenograft tumours (around 300 mm®) were
treated with vehicle or MLN492, and tumour weight was measured.

f, Working model for tumour-suppressive cellular senescence driven by
oncogenic insults and Skp2 deficiency.
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(Supplementary Fig. 15¢). Skp2 deficiency profoundly enhanced cel-
lular senescence upon Pten inactivation (Fig. 5b). This was observed
at earlier time points and inversely correlated with cell proliferation
(Supplementary Fig. 16a, b). Notably, this response was also sus-
tained over time. We could detect massive f-gal positivity in pros-
tates from Pten” ™'~ Skp2™/~ mice even at 15 months of age, whereas
B-gal positivity was barely detected at that age in prostates from
Pten’*™’" mice (Fig. 5¢c). Thus, Skp2 inactivation potentiates and
sustains over time the senescence response elicited by an oncogenic
stimulus, suggesting that pharmacological inhibition of Skp2 may be
used as a powerful pro-senescence approach for cancer therapy and
chemoprevention.

Skp2-SCF complex inactivation triggers senescence

To corroborate the potential use of such an approach for cancer
therapy, we determined whether pharmacological inactivation of
the Skp2-SCF complex induces cellular senescence in p53-deficient
cells and, importantly, suppresses the growth of the pre-formed
tumours. To this end, we took advantage of MLN4924 (ref. 36)—
an inhibitor for the neddylation of cullin 1, which is a component of
Skp2-SCF complex. We used PC3 prostate cancer cells for this pre-
clinical analysis because these cells are both p53-null and Pten-null,
hence representing one of the most aggressive genetic states encoun-
tered in human cancer. Remarkably, treatment of MLN4924 in PC3
cells triggered cellular senescence (Fig. 5d). Moreover, the growth of
PC3 tumours treated with MLN4924 in vivo was also suppressed
(Fig. 5e). Coherent with these findings, Skp2 silencing in PC3 and in
DU 145 prostate cancer cells, which have also evaded the p53 response,
triggered cellular senescence and cooperated with the DNA-damaging
agent doxorubicin to induce cellular senescence and growth arrest
(Supplementary Fig. 17). These results demonstrate the critical role
of Skp2 inactivation in the induction of cellular senescence not only
in mouse cells, but also in human cancer cells experiencing failure of
p53 and other major tumour-suppressive networks.

Discussion

On the basis of our results, we propose a working model for the role of
Skp2 inactivation-induced cellular senescence in tumour prevention
and suppression in vivo (Fig. 5f). This model rests on three new and
unexpected findings with important therapeutic implications. First,
Skp2 inactivation does not trigger cellular senescence in vivo or in vitro
on its own, but rather elicits a senescence response after oncogenic
stress. This response is critically dependent on p27, p21 and Atf4
induction. Our results are supported by recent reports showing that
acute inactivation of the von Hippel-Lindau (VHL) tumour sup-
pressor in vitro or overexpression of the human T-lymphotropic virus
type 1 (HTLV-1) Tax triggers Skp2 downregulation and cellular sen-
escence®”. Second, we show that cellular senescence driven by Skp2
inactivation along with oncogenic insults takes place without the
activation of the p19*"-p53 failsafe pathway. Although senescence
is also observed in p53/Pten-null cells such as PC3, it will be important
to determine the specific genetic states that favour evasion of this
failsafe mechanism, also in a cell-type-specific manner. For instance,
loss or constitutively low expression of p27, p21 and Atf4 could impair
this response. This knowledge will in turn identify new pharmaco-
logical nodes of tumour-type-specific intervention. Third, we show
that Skp2 deficiency in conjunction with oncogenic signals elicits a
senescence response that profoundly restricts tumorigenesis in vivoin
numerous mouse models in which tumour suppressor networks are
faulty or inactive. Our findings are consistent with a recent report
demonstrating that mice transplanted with BCR-ABL-transduced
Skp2~’~ bone marrow cells show a delayed onset of a myeloprolifera-
tive syndrome’.

As Skp2 can in principle be subjected to specific pharmacological
inhibition because of its enzymatic activity, our results call for the

_ NATURE|Vol 464[18 March 2010

effective in view of the fact that complete Skp2 inactivation in the mouse
is compatible with life, whereas cellular senescence is only triggered by
Skp2 inactivation in conjunction with oncogenic conditions.

METHODS SUMMARY

Pren®™ P Arf and Skp2™'" mice were generated as described previ-
ously>'$%, Female Pren™ """ mice were crossed with male PB-Cre4 transgenic
mice for the prostate-specific deletion of Pten. MEFs from wild-type and
Skp2™'™ mice were prepared as previously described™ and cultured in
DMEM containing 10% FBS. Cellular senescence was determined by assessing
SA-B-gal activity, and the in vivo cell proliferation assay was performed by Ki67
staining on the paraffin tissue sections. The cell transformation assay was deter-
mined by the soft agar assay. p53 shRINA is from S. W. Lowe and the pBabe-p53
dominant-negative construct is a gift from M. Oren. MLN4924 was obtained
from Millennium Pharmaceuticals.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature,
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METHODS

shRNA-mediated silencing. For the retrovirus-infection system, p27 shRNA
(5'-GTGGAATTTCGACTTTCAG-3'), Atf4 shRNA (5'-GAGCATTCCTTTAG
TTTAG-3), and GFP shRNA (5'-GCAAGCTGACCCTGAAGTTC-3") were sub-
cloned into the pSUPER-puro vector (Oligoengine) according to standard proce-
dures and transfected into Phoenix packaging cells. For lentiviral shRNA infection,
293T cells were co-transfected with p27, Atf4, p21, Skp2 or GFP control shRNA
along with packing plasmids (AVPR8.9) and envelope plasmid (VSV-G) using
Lipofectamine 2000 reagents according to the manufacturer’s instructions. Skp2-
lentivivral shRNA-1 (5'-GATAGTGTCATGCTAAAGAAT-3'), p27-lentivivral
shRNA-1 (5'-CGCAAGTGGAATTTCGACTTT-3'), p27-lentivivral shRNA-2
(5'-CCCGGTCAATCATGAAGAACT-3"), Atf4-lentivivral shRNA-1 (5'-GCGAG
TGTAAGGAGCTAGAAA-3'), Atf4lentivivral shRNA-2 (5'-CGGACAAAGATA
CCTTCGAGT-3"), p2l-lentivivral shRNA-1 (5 CTGGTGTCTGAGCGGCCT
GAA-3'), p2l-lentivivral shRNA-2 (5'-GACAGATTTCTATCACTCCAA-3'),
and GFP shRNA (5'-GCAAGCTGACCCTGAAGTTC-3') were transfected with
packing plasmidsinto 293T cells for 2 days, and virus particles containing p27, p21,
Atf4, Skp2 or GFP shRNA were used to infect mammalian cells. All the infected cells
were cultured in a medium containing the appropriate antibiotics.

Western blot analysis and immunohistochemistry. Cell lysates were prepared
with RIPA buffer (PBS, 1% Nonidet P40, 0.5% sodium deoxycholate, 0.1% SDS
and protease inhibitor cocktail (Roche)). The following antibodies were used for
western blot analysis: anti~p19Arf(NeoMarkers), anti-p53 (Novocastra), anti-p21
(Santa Cruz), anti-B-actin (Sigma), anti-Hsp90 (BD transduction laboratories),
anti-p27 (BD transduction laboratories), anti-a-tubulin (Sigma), anti-phospho-
p53 (Ser15) (Cell Signaling), anti-phospho-H2ax (Ser139) (Cell Signaling),
anti-phospho-elF2a (Ser51) (Cell Signaling), anti-elF20 (Cell Signaling), anti-
phospho-Perk (Thr980) {Cell Signaling), anti-cyclin D1 (Santa Cruz), anti-E2F1
(Santa Cruz), anti-Cdtl (Proteintech Group), anti-Ras (Oncogene), anti-E1A
(Neomarkers), and anti-Atf4 (Santa Cruz). For immunohistochemistry, tissues
were fixed in 10% formalin and embedded in paraffin in accordance with
standard procedures. Sections were stained with anti-p27 (BD transduction

nature

laboratories), anti-Ki67 (Novocastra), anti-Pten (Neomarkers) and anti-p53
{Novocastra) antibodies.

Cell proliferation, transformation and senescence. Primary MEFs were iso-
lated from individual embryos of various genotype at passage 2, infected with
retroviruses or lentiviruses expressing GFP shRNA, p27 shRNA or A#f4 shRNA
for 2 days, selected with 2 pgml™" puromycin for 4 days, and plated for the cell
proliferation and senescence assay. For cell proliferation assay, 2 X 10* MEFs
were seeded in 12 wells in triplicate, collected, and stained with trypan blue at
different days. Numbers of viable cells were directly counted under the micro-
scope. To determine cellular senescence, MEFs were plated at 10 cells per well of
a 6-well plate in triplicate, and after 4 days SA-B-gal activity was measured using
the senescence detection kit (Calbiochem) and quantified (around 100-200 cells
per well). For in vivo cellular senescence, frozen sections 6-pum thick were stained
for B-gal as described earlier. For in vivo cell proliferation, the paraffin section
was used for Ki67 staining, and the percentages of Ki67-positive cells (around
500 cells) from each sample were counted. For transformation assay, wild-type
and Skpz"/‘ MEFs (3 X 10*) infected with Ras(G12V) and E1A were suspended
in a medium containing 0.3% agar onto solidified 0.6% agar per well of a 6-well
plate, and the number of colonies was counted after 21 days.

Apoptosis assay. Primary MEFs of various genotypes of mouse embryos were
cultured in 10% FBS for 2 days; cells were collected and labelled with Annexin-
V-FITC, followed by a flow cytometry analysis.

MRI. Individual mice were subjected to MRI assessment for the detection of
prostate tumours as described™.

In vivo drug treatment in the preclinical tumour model. Nude mice bearing
PC3 xenograft tumours (around 300 mm?) were treated with vehicle or
90 mgkg™' MLN492. Tumour weight was measured at the time of collection
after 15 days of treatment with a scheduling regimen of 3 days of treatment
followed by 3 days without treatment for a total of three courses.

42, Chen, Z.etal. Crucial role of p53-dependent cellular senescence in suppression of
Pten-deficient tumorigenesis. Nature 436, 725-730 (2005).
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