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Caspases uncouple p27Kip1 from cell cycle regulated
degradation and abolish its ability to stimulate cell
migration and invasion
SR Podmirseg1, H Jäkel1, GD Ranches1, MK Kullmann1, B Sohm2,3, A Villunger4,5, H Lindner6 and L Hengst1

In addition to their role in programmed cell death, caspases exert non-lethal functions in diverse developmental processes including
cell differentiation or tissue remodeling. Terminal cell cycle exit and differentiation can be promoted by increased level of the CDK
inhibitor p27Kip1. Activated caspases cause proteolytic processing of p27, and we identified a novel caspase cleavage site in human p27
that removes a C-terminal fragment of 22 amino acids from the CDK inhibitor, including a phosphodegron. Thereby, caspases protect
the inhibitor from SCF-Skp2-mediated degradation in S, G2 and M phases of the cell cycle. As a consequence, p27 becomes stabilized
and remains an efficient nuclear inhibitor of cell cycle progression. Besides controlling cyclin/CDK kinase activity, p27 also regulates
cytoskeletal dynamics, cell motility and cell invasion. Following processing by caspases, p27 fails to bind to RhoA and to inhibit its
activation, and thereby abolishes the ability of p27 to stimulate cell migration and invasion. We propose that the stabilization of the
CDK inhibitor and elimination of RhoA-induced cytoskeletal remodeling upon caspase processing could contribute to cell cycle exit and
cytoskeletal remodeling during non-lethal caspase controlled differentiation processes.
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INTRODUCTION
The CDK inhibitor p27Kip1 controls cell proliferation by binding and
regulating a broad range of cyclin-dependent kinases (CDKs).1,2

A conserved N-terminal CDK-inhibitory domain is required and
sufficient for CDK inactivation by Cip/Kip family proteins.3

In addition to controlling cell cycle progression and cell cycle
exit into quiescence,1 CDK-independent functions of p27 have
been established.4 A mutant of p27 that fails to bind and regulate
CDK complexes has oncogenic properties.5 Upon export to the
cytoplasm, p27 can regulate cytoskeleton dynamics, cell motility
and cell invasion.4,6–8 These functions depend on C-terminal
domains of the protein.
Already shortly after its identification,9–13 p27 was proposed

to modulate apoptosis.14,15 In multicellular organisms, apoptosis
and the executing caspases are involved in the regulation of tissue
homeostasis, development, the removal of damaged or infected
cells,16–19 differentiation and cancer development.20 Interestingly,
different molecular mechanisms have been proposed by which
p27 may either promote or inhibit apoptosis. Expression of p27
delays DNA fragmentation and morphological changes associated
with apoptosis,21 whereas deletion or knockdown of p27 renders
cells more susceptible to apoptosis.15,22,23 Other reports find that
overexpression of p27 can induce cell death14 and p27 upregulation
caused by treatment with various anticancer drugs can induce
p27-dependent cell cycle arrest, followed by apoptosis.24–26

Proteases of the caspase family have a central role in the
regulation of apoptosis,16,27 but also exert non-lethal functions
during development, inflammation, differentiation and tissue
remodeling.17–19,28 Proteolytic processing of p27 executed by

caspases has been observed during apoptosis.29,30 A potential
cleavage site in human p27 was identified within a D136PSD139S
consensus motif,29 which would separate the nuclear localization
signal (NLS) from the CDK-inhibitory domain. On the basis of this
finding, it was expected that truncated p27 loses its ability to
shuttle between cytosol and nucleus31 and accumulates in the
cytoplasm,32,33 as it has been described for the closely related CDK
inhibitor p21Cip1/Waf1.30,32 This could in turn relieve nuclear cyclin/
CDK complexes from inhibition and promote apoptosis.15,32,34

However, it was also observed that p27 can remain nuclear
in apoptotic cells30,32 and retains its ability to inactivate CDKs.29

An inherent conundrum in either scenario is that caspase activation
in most apoptosis paradigms follows mitochondrial outer membrane
permeabilization that constitutes a point of no return in cell death
signaling.16,28,35 Limited caspase-mediated proteolysis of distinct
substrates, however, has recently been reported in the context of
death receptor activation, for example, upon ligation of the TNF,
TRAIL or FAS receptors that can mediate cell survival, differentiation
and promote inflammatory as well as migratory responses.17–19,28,36

In contrast to common believe, we now report that caspases do
not cleave the human p27 protein at aspartate 139 (D139) in vivo
or in vitro. Instead, we discovered a novel and conserved caspase
consensus motif that leads to proteolytic processing of the CDK
inhibitor at aspartate 176 (D176). Cleavage at this site fails to
separate the NLS from the CDK-inhibitory domain, permitting
nuclear import and CDK inhibition of caspase-processed p27.
Caspase cleavage, however, removes the phosphodegron
surrounding T187,1,37,38 which leads to the stabilization of the
truncated CDK inhibitor in S, G2 and M phases. In addition,
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cleavage by caspases removes a domain of p27 that is required for
the regulation of cell motility by binding to RhoA. We demonstrate
that truncated p27 fails to bind RhoA and inhibit its activation.
Consistent with this observation, caspase-processed p27 was unable
to promote cell migration or cell invasion. Caspases17,28 as well as
p2739–43 are regulating differentiation of various cell types. Using
this novel mechanism, caspases and p27 could cooperate to induce
a robust cell cycle exit, tissue remodeling and differentiation.

RESULTS
p27 is a caspase substrate in vitro and becomes processed upon
caspase activation in vivo
The CDK inhibitor p27Kip1 has been identified as a caspase
substrate,29,30,33 and a potential cleavage site was identified at the
D136PSD139S consensus motif in the human protein.29 The serine
residue in position 140 (S140) has recently been proposed as
a phosphorylation site of p27.44 As the residue following the
cleavage site is a critical residue within caspase consensus
motives, we speculated that phosphorylation might impair
caspase processing.45–47 To test this hypothesis, we generated
a potentially phosphomimetic mutant by replacing serine residue
140 with glutamic acid. Purified recombinant p27 wild-type and
the S140E mutant were incubated with recombinant caspase-3,
and caspase-induced proteolysis was followed for 90 min.
Surprisingly, the mutant protein was processed with similar
efficiency as wild-type p27 (Figure 1a), indicating that the
disruption of this proposed caspase consensus motif does not
impair cleavage. We speculated that a different caspase consensus
motif of p27 might be used or that a different protease might
truncate p27 at this site in apoptotic cells. Such an enzyme might,
for example, be ‘KIPase’, a protease with caspase-like activity that
is part of the 20 S proteasome.48,49

Previously, processing of p27 by mulitple caspases (3, 6, 7 and 8)
has been observed in vitro.29,30 When apoptosis was induced
by ultraviolet (UV) irradiation in WM35 melanoma cells, p27 was
efficiently cleaved, following the activation of caspase-3 (Figure 1b).
An induction of p27 protein level precedes the cleavage. This
increase in protein level may be caused by the decline of the F-box
protein Skp2, an ubiquitin ligase subunit that controls p27
stability.1,38 The levels of cyclins D1, A and B1 declined, but cyclin
E remained expressed and, as reported previously, the protein was
also caspase-processed.50

The glucocorticoid analog dexamethasone initiates apoptosis
in the human T-cell lymphoblast-like cell line CEM C7H2.51

Dexamethasone is also used for the treatment of acute
lymphoblastic leukemia. As in WM35 cells (Figure 1b), p27 levels
were strongly induced during apoptosis (Figure 1c), whereas Skp2
level declined, as we recently described.52 Again, a shorter form of
p27 becomes readily detectable at the time of caspase-3
activation. This form co-migrates with the shorter form of p27
found in UV-treated WM35 cells (Figure 1c). To determine whether
it also co-migrates with in vitro caspase-cleaved p27, the size
of truncated p27 was compared with recombinant p27 that was
incubated with caspase-3 (Figure 1c). The co-migration of all
truncated forms in SDS–PAGE indicates that truncated p27 might
be a product of caspase cleavage in intact cells. Since mutation
of the proposed caspase consensus motif did not impair caspase
processing in vitro, we decided to determine whether this
or alternative sites become cleaved.

Caspases cleave p27 at amino-acid residue 176
In order to investigate if the product of in vitro caspase cleavage
corresponds to the previously reported product (amino acids
1–139), we replaced the serine codon in position 140 by a stop
codon and expressed the truncated protein in Escherichia coli.
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Figure 1. p27 is a substrate of caspases in vitro and in vivo. (a) In vitro cleavage of recombinant wild-type (wt) p27 and a p27-S140E mutant with
caspase-3. Samples were taken from the reaction at the indicated time points and hexahistidine (His)-tagged p27 protein was detected
by western blotting using anti-p27 antibodies. These antibodies detect the N-terminal fragment of the processing product. − represents
recombinant p27 incubated in the absence of caspase-3 for 90 min. Representative blots of three independent biological experiments.
(b) Apoptosis was induced in WM35 melanoma cells by irradiation with UV-light (80 J/m2). Cells were collected at the indicated time points
and extracts were separated by SDS–PAGE and analyzed for endogenous p27, Skp2, cyclin D1, cyclin E, cyclin A, cyclin B1, cleaved caspase-3
(C3) and β-tubulin. − indicates untreated cells. Representative blots of four independent biological experiments. (c) Apotosis was induced in
CEM C7H2 cells by treatment with the glucocorticoid analogue dexamethasone (Dex) at a final concentration of 10− 7 M. Cells were collected
at the time points indicated and extracts were blotted for endogenous p27, Skp2, cleaved caspase-3, PARP1 and β-tubulin. p27 cleaved
by caspase-3 in vitro and extract derived from UV-treated WM35 cells were loaded for size comparisons. Representative blots of three
independent experiments are shown. (Co) represents a solvent (ethanol) control; − represents untreated cells.
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The size of the truncated protein was compared with purified p27
that was cleaved by caspase-3 in vitro. The caspase-3 processed
human p27 migrated significantly slower in SDS–PAGE than
truncated p27 (1–139) (Figure 2a). Even after extended incubation,
we failed to detect a fragment co-migrating with the p27 1–139
fragment. To identify potential caspase processing sites in vitro
and in vivo, we mutated three aspartate residues present in
minimal caspase consensus sequences at the C-terminus of p27.
Mutations D139E or D159E failed to impair caspase cleavage
in vitro. Only when aspartate 176 was mutated, human p27 was no
longer cleaved by caspase-3 (Figure 2b). Importantly, the mutation
D176E also prevented processing of overexpressed p27 in WM35
cells undergoing apoptosis after UV-induced DNA damage
(Figure 2c). Truncated p27 co-migrates with a fragment of p27
including amino acids 1–176 (Figure 2c). To exclude that different
caspases use different sites, we incubated purified human p27 as
well as the D176E mutant with purified recombinant effector
caspases 3 and 7 and the initiator caspases 2 and 8 (Figure 2d).
Prior to the experiments, activities of these caspases were
matched using specific fluorescent substrates. All caspases could
process p27 but not the mutant D176E, and caspase-7 processed
p27 most effectively (Figure 2d). To exclude potential contamina-
tions with bacterial proteases, we incubated p27 in presence of
a catalytic inactive mutant of caspase-2, which was purified
following the same procedure as the active caspases. Incubation
with the inactive mutant did not result in p27 cleavage, excluding
such possibility (Figure 2d, lower panel).

To determine the caspase processing site in p27, the products
of a caspase-3 in vitro cleavage reaction (Figure 3a) were subjected
to mass spectrometric analysis using MALDI-TOF. p27 including its
N-terminal methionine has a calculated molecular weight of
22 073 Da, but migrates at a significant larger size (27–28 kDa) in
SDS–PAGE. If analyzed by mass spectrometry, purified bacterially
expressed p27 had a molecular weight of 21 935 Da, which
corresponds to full-length p27 lacking the N-terminal methionine
(calculated molecular weight 21 942 Da; Figure 3b, upper panel).
Following caspase processing, a second peak with smaller mass
was detected (19 600 Da; Figure 3b, lower panel), in addition to
the peak representing full-length p27 (21 948 Da). A number of
potential internal p27 peptide sequences could theoretically fit to
this peak. Only one of these sequences starts at the N-terminal
serine following the initiator methionine and this fragment ends
at aspartate residue 176 (Figure 3c). To confirm that the 19 600 Da
fragment is this peptide and not an internal p27 fragment,
we performed N-terminal sequencing of this fragment and
found five amino acids following the start methionine (which is
missing in the recombinant protein). This clearly identified the
2–176 N-terminal processing product of human p27 and demon-
strated that caspases cleave p27 at aspartate D176.
The caspase motif that we have identified is highly conserved in

p27 orthologs from mammalian species, whereas sequences
surrounding D139 are less conserved (Figure 3d). Interestingly,
p27 from human, rhesus monkey, chinese hamster or long-tail
chinchilla lack a good caspase consensus motif preceding D139.
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Figure 2. Caspases cleave p27 at residue 176 in vivo and in vitro. (a) SDS–PAGE analysis of in vitro caspase-3 processed recombinant N-terminal
His-tagged p27 with recombinant N-terminal His-tagged p27 truncated at position 139. His-tagged proteins were detected by western
blotting using antibodies directed against the N-terminal hexahistidine tag. (b) Recombinant His-tagged p27 wild-type (wt) protein as well as
His-tagged mutant proteins (D139E, D159E, D176E) were subjected to caspase-3 cleavage in vitro followed by western blotting. (c) WM35
melanoma cells were transfected with untagged p27 wild-type, a D176E mutant of p27 and a mutant carrying a stop codon following
aspartate 176 (1–176). Apoptosis was induced by irradiation with UV-light (80 J/m2). Cells were collected 16 h after UV irradiation. Due to
different expression levels, p27 levels have been matched before western blot analysis. One representative blot of 3 independent biological
experiments is shown. (d) Recombinant His-tagged p27 wild-type and the D176E point mutant (DE) were incubated with the indicated
caspases (caspases 2, 3, 7 and 8). p27 proteins were detected by western blotting. A control of recombinant caspase preparation is shown in
the lower panel: Recombinant His-tagged p27 wild-type (wt) was incubated either with recombinant wild-type caspase-2 (wt) or an inactive
mutant C326G (inact.).
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This is due to the proline residue in position 137, which has been
shown to break a caspase consensus site.53,54 Interestingly, other
mammalian species including mouse exhibit a caspase consensus
sequence surrounding D139 (Figure 3d). To investigate p27
cleavage upon induced cell death in primary cells and
to investigate caspase processing of murine p27, we used mouse
primary thymocytes that are destined to die when grown in cell
culture.55 Cell death can even be accelerated by treatment with
dexamethasone.56 To characterize the size of p27 cleavage
products that occur during apoptosis, we overexpressed murine
p27 and fragments truncated at D176 or at D139 in mouse
embryonic fibroblasts (MEFs). In apoptotic primary thymocytes, we
detected a caspase cleavage product of endogenous p27 that
comigrated with the fragment of murine p27-1–176 (Figure 3e).
This confirmed that the novel cleavage fragment exists in primary
cells and in mice. In addition to this fragment, mouse p27
is processed into a second fragment which co-migrates with the
p27-1–139, suggesting that the second site is also used in mice
(Figure 3e). This difference was also confirmed using purified
recombinant human and mouse p27 in vitro (Figure 3f). Whereas
the human protein is exclusively processed into the fragment
1–176, two fragments were obtained from the mouse protein
(Figure 3f).
Compared to the shorter product, caspase cleavage fails

to remove the NLS from the CDK-inhibitory domain (Figure 3g).
Cleavage of p27 will, however, remove two important phosphor-
ylation sites that control the cell-cycle-dependent stability
of p27.1,57 The loss of the SCF-Skp2 ubiquitin ligase recognition
motif might render p27 stability independent from CDK activities
and cell cycle positioning. Phosphorylation at residue T198
stabilizes the CDK inhibitor in early G1 and promotes its cytosolic
localization,1,58 and deletion of T198 or the loss of the surrounding
region stabilizes p27.58,59 Therefore, truncation of the C-terminus
may permit a cell cycle phase-independent accumulation of p27,
by disrupting two important pathways of p27 degradation.

Caspase-processed p27 remains an inhibitor of nuclear CDKs and
is stabilized in S, G2 and M phases of the cell cycle
It was previously suggested that cleavage of p27 by caspases
generates a protein that cannot be imported in the nucleus and
therefore fails to inhibit nuclear cyclin/CDK complexes.30,32,33

As the NLS is still present in the large fragment of caspase-cleaved
p27 (Figure 3g), we wished to determine whether the product
of caspase processing remains nuclear. Immunofluorescence
analysis of HeLa cells transfected with Flag-tagged proteins
revealed that truncated p27 predominantly localized in the
nucleus, similar to the full-length protein. In contrast, the earlier
described fragment ending at residue 139 was located throughout
the cell (Figure 4a). To confirm the distribution of p27 in apoptotic
cells, we fractionated WM35 melanoma cells induced to undergo
apoptosis by UV irradiation (Figure 4b). Both, p27 and the
truncated p27 were found in the nuclear fraction. The finding that
endogenous cleaved p27 remains nuclear is consistent with some
earlier observations.29

We also determined whether the truncated fragment of human
p27 still binds cyclin/CDK complexes. Cyclin E remains expressed
in apoptotic WM35 cells (Figure 1b). We precipitated endogenous
cyclin E from apoptotic cells and analyzed the presence of full-
length and truncated p27 in the immune complexes. Endogenous
full-length and truncated p27 were in complex with cyclin E in
apoptotic cells (Figure 4c).
Previous studies reported that p27 binding to CDK2 complexes

is reduced during apoptosis.30 We investigated the ability of
cleaved p27 to act as a CDK inhibitor in vivo in HEK 293T cells and
immortalized p27− /− MEFs. When overexpressed in 293T cells, p27
as well as the truncated form induced a strong accumulation
of cells in G1 phase (Supplementary Figure 1a). To investigate cell

cycle regulation at expression level close to the endogenous
protein, we used lentivirally transduced p27− /− MEFs. Expression
level did not severely exceed that of endogenous p27 in wild-type
MEFs (Figure 4d). Cell cycle profiles revealed that moderate
overexpression of full-length but also truncated human p27
slightly increased the percentage of cells in G1 phase and
decreased cells in S phase, suggesting that the CDK-inhibitory
potency of these proteins is similar in vivo (Figure 4e). Despite
of being expressed at higher levels (Figure 4d), which may stem
from loss of feedback regulation,1,60 human p27 mutants deficient
for cyclin/CDK complex binding (CK−)61 used as controls had no
effect on cell cycle distribution.
p27 is stable in early G1 phase and becomes unstable upon CDK

activation at the restriction point.1,38 Efficient proteasomal
degradation of p27 in S/G2 phase results from its phosphorylation
at T187 and subsequent ubiquitination by the SCF-Skp2 ubiquitin
E3 ligase. Deletion of the C-terminal phosphodegron could
stabilize p27 in S, G2 and M phase. In order to investigate the
stability of truncated p27 in different cell cycle phases, we treated
HeLa T-REx cells that conditionally express p27 full-length or
p27-1-176 with lovastatin (G1 arrest), thymidine (S phase arrest)
or nocodazole (G2/M arrest). The expression of the different p27
mutants was subsequently induced in arrested cells. Even in
asynchronous cells, the wild-type protein was expressed at lower
levels than the truncated form 1–176 (Figure 4f). Both proteins
were stable in lovastatin-arrested cells, where Skp2 levels
are low.62 In thymidine-arrested cells, p27 is unstable due to
SCF-Skp2-dependent degradation. However, the p27-1-176 mutant
was stable in thymidine-arrested cells, as was a p27-T187A point
mutant lacking the Skp2-specific phosphodegron (Supplementary
Figure 1b). Compared with wild-type p27, the p27-1–176 mutant was
also stabilized in nocodazole-arrested cells (Figure 4f).

Truncated p27 does no longer bind or inhibit RhoA
A CDK-independent function of p27 is the regulation of
cytoskeleton dynamics. The C-terminal domain of p27 interacts
with the small GTPase RhoA and inhibits its binding to guanine
exchange factors.63 This prevents the activation of the GTPase
and influences the formation of stress fibers and cell motility.
Interestingly, phosphorylation of p27 on the very C-terminal
threonine residue (T198) enhances the binding to RhoA.8

Cleavage of the C-terminal domain might alter the ability
of p27 to bind and regulate RhoA. To test this hypothesis,
we performed a co-immunoprecipitation analysis of full-
length and truncated p27. As demonstrated previously,63 RhoA
co-immunoprecipitates with p27 (Figure 5a). In contrast, the
truncated protein lacking the C-terminal 22 amino acids failed to
interact with RhoA even under this condition of overexpression
of both proteins (Figure 5a). This indicates that the C-terminal 22
amino acids of p27, which are removed by caspase processing,
are required for stable interaction with the small GTPase RhoA.
To determine whether truncation of p27 alters RhoA activation
in vivo, we determined the abundance of active GTP-bound
RhoA in pull-down assays. Whereas HeLa cells stably expressing
full-length p27 had strongly reduced levels of active GTP-bound
RhoA, cells expressing the truncated protein were characterized
by a RhoA-GTP level similar to those of control cells (Figure 5b).
The model that caspases render p27 unable to inhibit RhoA
activation is supported by the observation that stress fiber
formation can only be inhibited by overexpressing full-
length p27 but not by overexpressing the truncated protein
(Supplementary Figure 2).

Cleaved p27 fails to stimulate cell migration and invasion
One important physiological consequence of RhoA regulation
by p27 is the induction of cell migration.63 We speculated that
truncated p27, which fails to bind RhoA, should no longer
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stimulate cell migration. Using in vitro scratch assays,64 we
compared cell migration of p27-deficient MEFs reconstituted for
expression of either full-length or truncated p27 to levels close
to that of endogenous protein (Figure 4d). Following serum
starvation cell migration was stimulated by the addition of fetal
calf serum (Figures 5c and d) or PDGF (Supplementary Figure 3).
As reported previously,63 cells expressing full-length p27 exhibited

increased cell motility. Importantly, the truncated protein
was unable to stimulate cell migration (Figures 5c and d;
Supplementary Figure 3). p27 has also been demonstrated
to enhance cell invasion.6–8 To investigate the effect of truncated
p27 on cell invasion, we lentivirally transduced the invasive breast
cancer cell line MDA-MB-231 with p27 mutants that do not inhibit
CDK kinase activity (CK−)61 (Figure 5e). This should exclude
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a potential contribution of different cell proliferation rates to the
assay. The invasive capacities of cell lines expressing full-length
or truncated p27 were compared in trans-well invasion assays.
Expression of full-length p27 clearly enhanced invasion of stably
transduced MDA-MB-231 cells (Figure 5f). This stimulatory effect
was absent when the caspase cleavage product of p27 was
expressed.

DISCUSSION
In this manuscript, we identify the caspase cleavage site of the human
CDK inhibitor p27Kip1. In contrast to previous speculations,30,32,33 this
site is located close to the C-terminus and does not separate the NLS
from the CDK-inhibitory domain. Identification of this novel site is
based on multiple lines of experimental evidence: Whereas mutation
of the previously proposed site in the human protein fails to inhibit
caspase processing, mutation at the novel cleavage site renders p27
resistant to caspase cleavage. The cleavage product is larger than the
truncated p27 fragment 1–139 and co-migrates with a fragment
of amino acids 1–176. Finally, mass spectrometry and N-terminal
protein sequencing revealed that the product of p27 digestion with
caspase-3 is a protein of amino acids 2–176. Of note, the region
surrounding the newly identified cleavage motif is highly conserved
among p27 orthologs from different mammalian species, contrasting
the weaker conservation of the sequence surrounding D139.
This suggests that caspase processing at D176 is conserved and
an important mechanism of p27 regulation. The human protein
carries a proline residue in position 137, which is predicted
to disrupt the caspase processing site.53,54 Interestingly, a number
of mammalian species, including mice, express a p27 protein that
maintains the second caspase consensus motif. Using primary
mouse thymocytes, we can show that two fragments arise during
apoptosis in vivo. Concurrently, using purified recombinant
proteins and purified caspase, two fragments also originate from
purified mouse p27, whereas the single larger fragment originates
from the human protein. This suggests that the proline residue
present in the human and other mammalian p27 may prevent
cleavage. Importantly, the larger nuclear product is present
following caspase activation in both species.
Compared with the closely related CDK inhibitor p21Cip1/Waf1,

caspase processing of human p27 does not separate the NLS from
the CDK-inhibitory domain.30 Consistently and in contrast to the
smaller proposed product p23,33 the novel identified caspase
cleavage product of human p27 remains predominantly nuclear
and binds and inhibits CDKs. This can explain earlier observations
that p27 remains nuclear during apoptosis30 and an inhibitor
of CDK2.29 In addition to maintaining the function of p27 as a
potent inhibitor of CDK complexes, caspases can even lead to
stabilization of the processed protein. Loss of domains recruiting
ubiquitin ligases to p27 is one important consequence of the
C-terminal truncation. These sequences include the C-terminal

residue T1981,58,65 and the phosphodegron surrounding T187.
Upon phosphorylation of T187, p27 becomes a substrate of the
ubiquitin ligase SCF-Skp2, which eventually leads to proteasomal
degradation of p27.1,38,66 Among the kinases that can phosphor-
ylate T187 are active CDKs. Therefore, starting with CDK2
activation at the restriction point and until CDK inactivation in
mitosis, a positive feedback loop leads to accelerated p27
degradation and increased CDK activation.60 Processing by
caspases can uncouple p27 from this feedback loop, leading to
its stabilization in cell cycle phases where the protein is usually
unstable. The robust stabilization of processed p27 may be
especially important in caspase-induced differentiation,17,18 where
processing may contribute to a rigid accumulation of p27, and
promote cell cycle arrest and cell cycle exit. Removal of the
C-terminal phosphodegron resulting from caspase processing
in differentiating cells could prevent unscheduled degradation, for
example resulting from mitogen-induced T187 phosphorylation.60

When p27 is localized in the cytoplasm, a CDK-independent
function is the regulation of cytoskeleton dynamics and cell
motility. In fibrosarcoma cells, p27 was reported to inhibit cell
motility by stoichiometrically interacting with the microtubule
destabilizing protein stathmin (oncoprotein 18).67 A second
well-defined mechanism by which p27 contributes to the
modulation of the cytoskeleton and cell motility is its ability to
inhibit activation of the small GTPase, RhoA. Binding of p27
prevents RhoA association with guanine-nucleotide exchange
factors and thereby the activation through GTP-binding.4,63

This inhibition of RhoA activation reduces stress fiber formation,
and promotes cell migration. The interaction with the small
GTPase is mediated by the C-terminus of p27, and it was recently
demonstrated that phosphorylation of the very C-terminus can
regulate this interaction and that a p27 mutant 1–190 was unable
to regulate RhoA.8,68 Caspase processing of p27 abolishes this
interaction and eliminates its ability to inhibit RhoA activation.
During the execution of apoptosis cells undergo strong morpho-
logical changes that are partially controlled by the RhoA
pathway.69,70 p27 processing might contribute to increased RhoA
activity like it is observed during apoptosis.
Reduction of cell motility after caspase processing of p27 may

also be an important contribution to reduce spreading of
pathogens, like viruses from infected cells during apoptosis.
Limited cell invasion could help to keep cells within encapsulated
areas and prevent cells to gain neighboring tissues.
p27 may further be especially important for non-lethal functions of

caspases. It could for example be a means how caspases limit tumor
progression without actually causing tumor cell death by reducing
the invasive capacity of transformed cells. The CDK inhibitor is a
crucial regulator of neurogenesis,71–73 oligodendrocyte develop-
ment74 and the formation of the organ of corti.42,75 Recently p27 was
demonstrated to promote neuronal differentiation and cell migration
in the cerebral cortex.76 By modulating RhoA activity, p27 also

Figure 3. Identification of a novel and conserved caspase cleavage motif in p27 by mass spectrometry. (a) Recombinant purified p27 was
incubated in presence + or absence − of a caspase-3 preparation. Proteins were separated by SDS–PAGE and stained with Coomassie brilliant
blue. *, full-length p27; Δ, cleaved p27. (b) Analysis of the reaction in presence (bottom) or absence (top) of caspase-3 as shown in a by mass
spectrometry (MALDI-TOF). The mass of peak fragments in Da is shown above the corresponding peaks. Upon caspase processing, the peak of
21.9 kDa declines and a novel peak of 19.6 kDa arises. *, peak for full-length p27; Δ, novel peak after incubation with caspase-3. (c) Table with
p27 sequences that fit the mass of 19.6 kDa. A sequence starting at the N-terminus of the protein is highlighted in red. This sequence carries
the aspartate residue 176 at the very C-terminus. (d) Alignment of the C-terminal sequences of p27 orthologs from different mammalian
species. Caspase consensus sequences are shown in boxes. (e) Primary thymocytes were cultured with or without the addition of
dexamethasone (10− 7 M). Extracts from MEFs transiently overexpressing full-length and truncated forms of murine p27 were loaded for size
comparison. The levels of transiently expressed p27 mutants were matched for western blot analysis. Extracts were blotted for p27, PARP1 and
GAPDH. (f) Recombinant human and murine p27 were incubated with recombinant caspase-3 (C3). Samples were taken at the indicated time
points (min). Proteins were separated by SDS–PAGE and stained with Coomassie brilliant blue. The caspase cleavage products are indicated by
arrows. Human p27 was untagged and murine p27 carries an N-terminal 6xHis tag. − , purified p27 incubated in the absence of caspase-3.
(g) Schematic representation of p27. The nuclear localization signal (NLS) and two C-terminal phosphorylation sites (T187 and T198) that can
regulate p27 stability are indicated. A previously proposed and the newly identified caspase cleavage sites are shown.
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regulates the morphological remodeling and the motility of
neurons.68 As caspases fulfil non-lethal roles in neuron cell
differentiation,28,73,77 processing of p27 during neuronal devel-
opment could be an important regulatory mechanism to
mediate a robust cell cycle exit as well as trigger cytoskeletal

remodeling. Similarly, the expression of p27 is associated with
cell cycle arrest and differentiation in hematopoietic cells40,41,43

where it is crucial for the maintenance of stem cell quiescence.78

Interestingly, caspase-3 has recently been revealed to be a
regulator of hematopoietic stem cell quiescence.79
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Figure 4. Caspase processed p27 remains nuclear and an inhibitor of cell cycle progression. (a) Immunofluorescence analysis of HeLa cells
transfected with N-terminally Flag-tagged p27 proteins (wt, 1–139 and 1–176). The transfected proteins were detected with anti-Flag
antibodies and marked with Alexa Fluor 488 labeled secondary antibodies (bottom panel, green). The DNA was stained with Hoechst (top
panel, blue). Representative pictures from three independent biological experiments are shown. (b) Subcellular fractionation of apoptotic
WM35 melanoma cells and subsequent analysis of endogenous p21, p27, lamin and GAPDH in cytosolic (C) and nuclear (N) fractions. GAPDH
and lamin served as controls for the cytoplasmic or nuclear fractions. Representative blots of three independent experiments are shown.
(c) Cyclin E binds to caspase processed p27 in apoptotic cells. WM35 melanoma-derived cells were irradiated with UV (80 J/m2) and cyclin E
complexes were immunoprecipitated. Immunoprecipitates of endogenous proteins were analyzed for cyclin E and co-immunoprecipitated
p27. ad. indicates adherent cells; de. indicates detached (apoptotic) cells; Co. indicates control immunoprecipitation with anti-HA antibodies.
(d) p27 knockout MEFs (p27− /−) were lentivirally transduced with p27 mutants as indicated. Protein extracts were blotted for p27 and
β-tubulin. (e) Moderate expression of p27 or p27-1–176 both lead to a moderate increase in G1 and a moderate decline in S-phase cells.
Bar graph representing cell cycle analysis of p27 knockout MEFs constitutively expressing the indicated variants of p27 or a GFP-vector
(control). G1 (% of cells in G1 phase); S (% of cells in S phase); G2/M (% of cells in G2 or M phase). Graph represents the mean values of three
independent biological experiments with standard deviations. *Po0.01 by Student’s t-test of percentage of cells in S phase; NS, non
significant difference in S phase percentage by Student’s t-test. (f) HeLa T-REx Flp-In cells inducibly expressing either p27 wild-type (wt) or
p27-1–176 were grown asynchronously (A) or arrested with either lovastatin (L), thymidine (T) or nocodazole (N) for 16 h. Subsequently, p27
protein expression was induced with doxycycline (1 μM) for 8 h. Total cell extracts were blotted for p27, Skp2 and β-tubulin. Lovastatin was
added at a final concentration of 40 μM. Thymidine was added at a final concentration of 2 mM. Nocodazole was added at a final concentration
of 50 ng/ml. Representative blots of three independent experiments are shown.
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The abundance of expressed proteins in total extracts is shown in western blot analysis (Input, lower panels). A representative experiment of
three independent biological experiments is shown. (b) Pull-down assay for active GTP-bound RhoA from HeLa T-REx cells stably expressing
p27 wild-type or a mutant p27 truncated at residue 176. The input and the pull-down fractions were blotted for p27, RhoA and β-tubulin.
A representative blot of three independent biological experiments is shown. (c) Migration analysis of lentivirally transfected MEFs (GFP, p27
wt, p27-1-176) by time-lapse video microscopy. Pictures taken at 0 and 24 h are shown. Cells were serum starved for 36 h (0.1% FCS). At 0 h,
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independent biological experiments summarized in (d, Exeriment #2) is shown. (d) Comparison of cell migration of p27 wt and p27-1–176 in
comparison to GFP-transfected control cells. The relative increase or decrease compared to GFP-transfected cells is shown in percent. Three
independent experiments (Ex.#1, Ex#2, Ex#3) as in c are shown. (e) MDA-MB-231 breast cancer cells were lentivirally transduced with a control
plasmid (C), p27CK− or p27CK−-1-176. Extracts were blotted for p27 and β-tubulin. ‘C’ indicates MDA-MB-231 cells transduced with a p27
construct in which codon 2 was mutated to a stop codon, which results in no exogenous expression of p27. (f) Transduced MDA-MB-231 cells
were analyzed in transwell cell invasion assays and analyzed for cell invasion after 20 h. The changes of invasion in percent compared to cells
transduced with a control plasmid are shown.
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In addition to their key role in programmed cell death, caspases
exert non-lethal functions in diverse processes including inflam-
mation, cell differentiation or tissue remodeling. We have now
identified the caspase cleavage site in human p27 and observed
that caspase processing does neither alter localization nor CDK
inhibition of human p27. Removal of a C-terminal phosphodegron
stabilizes p27 by uncoupling its stability from cell cycle regulated
proteolysis. In addition, caspase cleavage abolishes the ability
of p27 to stimulate cell migration and cell invasion. By inducing
a robust CDK inhibition combined with regulation of cytoskeletal
remodelling, processing of p27 could promote non-lethal func-
tions of caspases for example in cell cycle exit and differentiation.
It will be exciting to determine the contribution of caspase
cleavage of p27 in these processes in the future, for example,
by knock-in of a caspase resistant p27 allele.

MATERIALS AND METHODS
Cell culture and treatments
WM35 (laboratory of Joyce Slingerland) and CCRF-CEM-C7H2 (CEM)
(laboratory of Reinhard Kofler) cells were grown in RPMI (Sigma-Aldrich, St.
Louis, MO, USA), 10% fetal calf serum (FCS; PAA, Pasching, Upper Austria,
Austria), penicillin/streptomycin (Sigma-Aldrich). HeLa, HeLa T-REx (Invitro-
gen, Carlsbad, CA, USA), MDA-MB-231 (laboratory of Stephan Geley) and
MEFs (laboratory of Nisar Malek) were cultured in Dulbecco’s modified Eagle
media (Sigma-Aldrich), 10% FCS (PAA), penicillin/streptomycin. Cells were
irradiated in a UV Stratalinker 1800 (Stratagene, La Jolla, CA, USA). Cells were
lyzed in Laemmli buffer80 or IP-buffer81 using an ultrasonic homogenizer
(Sonoplus, Bandelin, Berlin, Germany). Subcellular fractionation was per-
formed as previously described.31 Thymocytes were isolated from the thymus
of a 4-week-old male C57BL/6 mouse using a sterile cell strainer (#352360,
BD, Heidelberg, Germany). Single cells were grown in RPMI (Sigma-Aldrich),
10% FCS (PAA), 50 μM β-mercaptoethanol (Sigma-Aldrich), 1 mM pyruvate
(Gibco Life Technologies, Carlsbad, CA, USA), penicillin/streptomycin (Sigma-
Aldrich) with or without dexamethasone (10−7 M).

Antibodies and reagents
anti-p27 (mouse monoclonal anti-p27 #610242, BD Transduction Labora-
tories, Franklin Lakes, NJ, USA), anti-p21 (mouse monoclonal anti-human
Cip1 #610234, BD), anti-Skp2 (rabbit polyclonal sc-7164, Santa Cruz, Santa
Cruz, CA, USA), anti-β-tubulin (mouse monoclonal β-tubulin AA2 #T8328,
Sigma-Aldrich), anti-active-caspase-3 (rabbit monoclonal 5A1E #9664,
Cell Signaling, Danvers, MA, USA), anti-cyclin D1 (mouse monoclonal
DCS6 sc-20044, Santa Cruz), anti-cyclin E (mouse monoclonal HE12 sc-247,
Santa Cruz), anti-cyclin E (mouse monoclonal HE172 #32–1500, Invitrogen),
anti-cyclin A (polyclonal rabbit serum, Hengst laboratory), anti-cyclin B1
(mouse monoclonal #V152, Cell Signaling), anti-RhoA (rabbit monoclonal
#2117 (67B9), Cell Signaling), anti-PARP (rabbit monoclonal 46D11 #9532, Cell
Signaling), anti-lamin A/C (mouse monoclonal clone14, Upstate, Millipore,
Billerica, MA, USA), anti-GAPDH (mouse monoclonal 6C5 ab8245, Abcam),
anti-Flag (mouse monoclonal M2 #F3165, Sigma-Aldrich), anti-HA (mouse
monoclonal 12CA5 ab16918, Abcam, Cambridge, MA, USA), horse raddish
peroxidase-conjugated anti–His antibody (His-probe sc-8083, Santa Cruz).
Dexamethasone (D4902, Sigma-Aldrich), digitonin (D5628, Sigma-Aldrich),

propidium iodide (PI) (81845, Sigma-Aldrich), doxycycline (#44577,
Sigma-Aldrich), lovastatin (#L-154, MERCK, Darmstadt, Germany), thymi-
dine (#T9250, Sigma-Aldrich), nocodazole (#1404, Sigma-Aldrich) and
PDGF (PeproTech, Rocky Hill, NJ, USA).

Plasmids
For cloning the Gateway recombination cloning system (Invitrogen) was
used. p27 mutants were generated by site-directed mutagenesis. In BP
reactions (Invitrogen) PCR products were recombined with the pDONR207
(Invitrogen) vector. Entry vectors were recombined with destination
vectors carrying the desired tags (LR reactions, Invitrogen). To generate
stable cell lines, pTO destination vectors (generated by Stephan Geley)
were co-transfected with the Flp-recombinase expression vector pOG44
(Invitrogen). To lentivirally transduce p27− /− MEFs and MDA-MB-231 cells,
the plasmids pHR-SFFV-IR-puroSG (a generous gift from Stephan Geley),
pVSVG-G (Invitrogen) and psPAX2 (Addgene, Cambridge, MA, USA) were
used. pET3c-p27 (wild-type) was used to produce recombinant untagged

human p27. Murine p27 was cloned into pET21eSG (a generous gift from
Stephan Geley) for expression in E. coli. Rho binding domain of rhotekin
was expressed in E. coli using pGEX-2 T-RBD. For transfection Lipofecta-
mine 2000 (Invitrogen) or PolyFect (Qiagen, Venlo, Netherlands) were used.

Recombinant proteins and in vitro cleavage assays
Recombinant p27 mutants and caspases were expressed in E. coli BL21 (DE3).
His-tagged proteins were purified by Ni2+-affinity chromatography (Invitrogen).
Caspase cleavage reactions were set up in 10 mM HEPES pH7, 300 mM

sucrose, 10 mM KCl, 10 mM DTT, 1.5 mM MgCl2, 0.5% NP40, plus protease
inhibitors (SIGMAFAST, Sigma-Aldrich) for caspases 3, 7 and 8; in 25 mM

HEPES pH7, 300 mM sucrose, 10 mM KCl, 10 mM DTT, 1,5 mM MgCl2,
plus protease inhibitors (SIGMAFAST™, Sigma-Aldrich) for caspase-2.

Immunoblotting, immunoprecipitation and pull-down assays
Proteins were transferred to PVDF membranes (Immobilon IPVH00010,
Millipore) by electroblotting. Primary antibodies were detected using horse
raddish peroxidase-coupled secondary antibodies and chemilumines-
cence. For immunoprecipitation, total cell lysates were incubated with
antibodies and protein A (Immunosorb A 10–1257, Medicago, Durham,
NC, USA) or protein G (Fast Flow 16–266, Millipore) agarose beads. To pull-
down active RhoA, cell lysates were incubated with GST-tagged Rhotekin
Rho-binding domain and glutathione sepharose beads (Sepharose 4B, GE
Healthcare Life Sciences, Little Chalfont, UK).

Microscopy and migration experiments
Paraformaldehyde-fixed cells were incubated with mouse anti-Flag antibodies,
and stained with anti-mouse Alexa Fluor488 antibodies (Invitrogen) and
Hoechst 33342 (Sigma-Aldrich). A Zeiss M2 microscope (Zeiss, Jena, Germany)
and MetaMorph software (Molecular Devices, Sunnyvale, CA, USA) were used.
Scratch assays were analyzed with a Cell-IQ (CM-Tech, Tampere, Finland)

cell imaging platform. To produce defined cell-free gaps, cell culture inserts
(#80241, Ibidi, Martinsried, Germany) were used.

Cell Invasion experiments
Cells were seeded in the apical chambers of Corning BioCoat Tumor
Invasion System Fluoroblok24-well plates (5 × 105 cells), labelled with
DilC12(3) Fluorescent Dye (BD) and incubated in an Infinite F200 plate
reader (Tecan, Männerdorf, Switzerland) at 37 °C. Experiments were carried
out according to the instructions of the supplier. For each condition cells
were seeded in triplicate.

FACS cell cycle analysis
A standard protocol for bromodeoxyuridine (BrdU) and propidium iodide
(PI) staining was used. For FACS a Becton Dickinson flow cytometer (BD)
was used and profiles were analyzed with the FlowJo (Tree Star, Ashland,
OR, USA) software. Transfected (GFP-positve) 293 T cells were analyzed
basically following the method described in Kalejta et al.82

Mass spectrometry and N-terminal sequencing
Mass spectrometry analysis was performed on a MALDI TOF/TOF 4800 Plus
Analyzer (ABSCIEX, Framingham, MA, USA). For N-terminal sequencing the
ABI Procise Model 492 Edman Micro Sequencer connected to an ABI Model
140C PTH Amino Acid Analyzer was used.

Sequence alignment
Protein sequences were aligned using the STRAP alignment program
(Institut für Biochemie, Charité, Berlin).
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