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Exposure of normal and tumor-derived cells to TGF results in different outcomes, depending on the regulation of key targets. The CDK
inhibitor p27¥'P? is one of these TGF targets and is essential for the TGFB-induced cell cycle arrest. TGFp treatment inhibits p27*P*
degradation and induces its nuclear translocation, through mechanisms that are still unknown. Recent evidences suggest that
SUMOylation, a post-translational modification able to modulate the stability and subcellular localization of target proteins, critically
modifies members of the TGFP signaling pathway. Here, we demonstrate that p27*"* is SUMOylated in response to TGFp treatment.
Using different p27*"** point mutants, we identified lysine 134 (K134) as the residue modified by small ubiquitin-like modifier 1
(SUMO1) in response to TGF treatment. TGFB-induced K134 SUMOylation increased protein stability and nuclear localization of
both endogenous and exogenously expressed p27¥i?!, We observed that SUMOylation regulated p27""* binding to CDK2, thereby gov-
erning its nuclear proteasomal degradation through the phosphorylation of threonine 187. Importantly, p27*/** SUMOylation was ne-
cessary for proper cell cycle exit following TGF treatment. These data indicate that SUMOylation is a novel regulatory mechanism that
modulates p27*"* function in response to TGFp stimulation. Given the involvement of TGF@ signaling in cancer cell proliferation and

invasion, our data may shed light on an important aspect of this pathway during tumor progression.
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Introduction

The cell cycle inhibitor p27''** (hereafter referred to as p27) was
discovered as a heat-stable inhibitor of the cyclin E-CDK2 complex
in TGFB-arrested cells (Polyak et al., 1994; Slingerland et al., 1994;
Slingerland and Pagano, 2000). Subsequent studies have clarified
that p27 is a tumor suppressor protein that regulates the G1to S
phase transition by binding and modulating the activity of cyclin-
dependent kinases (CDKs). In G1-arrested cells, p27 expression
and stability are maximal resulting in the binding and inactivation
of nuclear CDKs. Following growth factor stimulation, the progres-
sive decrease of p27 protein levels leads to full activation of cyclin
E-CDK2 and cyclin A-CDK2, allowing the transition from the G1 to
the S phase of the cell cycle (Slingerland and Pagano, 2000).

Transforming growth factor beta (TGFB) signaling can exert oppos-
ing effects in cancer, such as a growth inhibitory function in early
phases of tumorigenesis and the activation of a metastatic program
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in later stages of cancer progression (Massagué, 2008). In the first
context, p27 expression is essential to induce G1 arrest in response
to TGFB treatment. Silencing of p27 in TGFB-responsive breast or
endometrial cancer cells is sufficient to overcome the G1 arrest
imposed by TGF@ treatment (Donovan et al., 2002; Lecanda et al.,
2009). These evidences are in complete accord with the notion that re-
duction of p27 levels may significantly contribute to loss of normal
responsiveness to growth inhibitory stimuli during cancer progres-
sion, as demonstrated in several in vitro and in vivo models (Belletti
et al., 2005). TGFB induces cell cycle arrest by both increasing p27
protein levels and favoring its nuclear accumulation (Lecanda et al.,
2007, 2009). Despite extensive evidences supporting that p27 is a
key downstream molecule determining the fate of TGFB-responsive
cells, the precise molecular mechanisms whereby TGFR regulates
both p27 stability and nuclear accumulation are only poorly under-
stood. It has been described that TGFB blocks p27 ubiquitin-dependent
nuclear degradation through the Smad2/3-mediated downregulation
of two key members of the SCF*P? E3 ligase complex, Csk1 and
Skp2. However, this mechanism seems to be necessary for the mainten-
ance rather than the induction of p27 nuclear accumulation since the
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decrease of Csk1 and Skp2 follows, rather than precedes, p27 accumu-
lation (Lecanda et al., 2009). It is clear that p27 is differently localized
and phosphorylated in TGFB-resistant compared with TGFB-sensitive
breast epithelial cells, and these modifications are associated with
the failure of TGFB to induce the inhibition of CDKs and the cell cycle
arrest (Ciarallo et al., 2002), but it is much less clear whether and
how TGFB directly modifies p27 phosphorylation and/or localization.

Recent evidences suggest that SUMOylation regulates the TGF@ sig-
naling pathway. SUMO modification significantly impacts on TGFg type
I receptor (Kang et al., 2008), and Smad proteins function (Imoto et al.,
2003; Lee et al., 2003; Lin et al., 2003; Liang et al., 2004). Moreover,
TGFB directly impinge on Smad4 SUMOylation, through the stabiliza-
tion of its E3 SUMO-ligase PIASxB (Ohshima and Shimotohno, 2003).

SUMOylation is a reversible post-translational modification that con-
sists in the covalent attachment of a SUMO molecule to one or more
lysines of the target substrate. Four small ubiquitin-like modifier
(SUMO) proteins are known in vertebrates. SUMOylation occurs in a
stepwise manner and involves a cascade of SUMO-specific enzymes.
These include an E1-activating enzyme (the Aos1/Uba2 heterodimer),
the unique E2-conjugating enzyme Ubc9, and several E3 ligases, which
contribute to substrate selectivity and increase the SUMOylation effi-
ciency in vivo (Kerscher et al., 2006; Geiss-Friedlander and Melchior,
2007). The functional consequences of SUMOylation may vary and
include modulation of function, subcellular localization, complex forma-
tion, and/or stability of the target proteins (Wilkinson and Henley,
2010).

Here, we test the hypothesis that SUMOylation could be involved
in the regulation of p27 by TGFB and demonstrate that TGF@ induces
p27 SUMOylation on lysine 134, eventually increasing p27 stability
and contributing to its nuclear accumulation and cell cycle exit.

Results
p27 is SUMOylated in vitro and in vivo and lysine 134 is the
modified residue

To evaluate whether p27 could be targeted by SUMOylation, we first
performed in silico analyses using SUMOplot™ (Abgent) and SUMOsp
(Ren et al., 2009) prediction analysis programs (Supplementary Figure
S1). These analyses revealed that several lysines (K) present in p27
protein, although non-consensus, are potential sites for SUMO attach-
ment, and indicated K134 as the residue predicted to be SUMOylated
with the highest score (Supplementary Figure S1B and C). We also
observed that p27 co-immunoprecipitated with Ubc9, the sole E2
SUMO-conjugating enzyme and thus essential for SUMOylation
(Supplementary Figure S1D and E), supporting the possibility that
p27 was SUMOylated in vivo. By transfecting FLAG-tagged p27"'" in
the presence or absence of the SUMOylation machinery, we identified
a slower migrating doublet of the apparent molecular weight of
~40—45 kDa, recognized by both anti-HA and anti-FLAG antibodies,
which was observed only when SUMO1 and Ubc9 were over-
expressed (Figure 1A, lane 2). We next performed the same analysis
with p271717°, a mutant lacking the last 28 aminoacids (Baldassarre
etal., 2005; Schiappacassi et al., 2008; Berton et al., 2009) and there-
fore lacking two phosphorylation sites, threonines 187 (T187) and
198 (T198), that are known to be important for the regulation of
p27 stability (Tsvetkov et al., 1999; Kossatz et al., 2006; Liang

et al., 2007; Schiappacassi et al., 2011) and localization (Fujita
et al., 2002, 2003; Motti et al., 2004). p27*~*"° was SUMOylated to
the same extent as the WT protein (Figure 1A, lane 4), suggesting
that p27 SUMOylation was not dependent on the phosphorylation
0f T187 or T198 and excluding K189 and K190 as SUMO modification
sites. In vitro SUMOylation assay, using the recombinant histidine
(His)-tagged p27"'" as substrate, confirmed the appearance of
higher molecular-weight bands, which were specifically recognized
by an anti-p27 antibody, only when the E1 activating enzyme
(SAE1/SAE2) and Ubc9 were both present (Figure 1B). In vitro
SUMOylation of p27 occurred in a dose-dependent manner relative
to the amount of Ubc9 added to the reaction (Figure 1B), confirming
the specificity of this covalent modification.

A closer evaluation of the molecular weight of SUMOylated p27
strongly suggested that p27 was mono-SUMOylated. However, the
comparison of the in vitro and in vivo SUMOylation assays raised
the possibility that two different lysines were modified (Figure 1A).

Our prediction analyses suggested that three lysines in p27 (K73,
K100, and K134) had the highest probability to be sites of
SUMOylation (Supplementary Figure S1C). We thus generated p27
mutants in which these three lysines were substituted with arginines
(Kto R mutants) and demonstrated that only K134 was SUMOylated,
since one of the two bands recognized by anti-p27 and/or anti-HA
antibodies disappeared in the p27 mutants carrying the K134R
substitution (Figure 1C—E). In search for the second potential
SUMOylation site (i.e. the upper band recognized by the anti-HA
and/or anti-p27 antibodies), we generated p27 KR point mutants
ofall 13 lysines presentin the p27 sequence, alone orin combination
with the K134R substitution. These analyses demonstrated that only
K134 was the site for SUMO modification in p27 (Supplementary
Figure S2A—D), and we confirmed this using a FLAG-tagged
SUMO-defective p27 mutant in which all lysine residues were substi-
tuted with arginines (FLAG-p27"*®). FLAG-p27**® was still recog-
nized by both anti-p27 and anti-HA (SUMO1) antibodies as a single
band of ~45 kDa (Supplementary Figure S2E), raising the possibility
that one SUMOylated lysine was present in the FLAG-tag. Accordingly,
the comparison between untagged and FLAG-tagged p27"" proteins
demonstrated that only the latter was SUMO-modified on two differ-
ent sites, while the untagged p27"" showed only one site of SUMO
modification (Figure 1F and Supplementary Figure S2F). These data
demonstrate that p27 is SUMOylated in vitro and in vivo and that
K134 is the residue preferentially SUMO-modified.

p27 SUMOylation is increased by TGFB stimulation

Based onthe notionsthat the TGFB signaling pathway is regulated
by SUMOylation and on the consideration that the precise molecular
mechanisms whereby TGFB regulates p27 stability and nuclear
accumulation are only poorly understood, we tested whether
SUMOylation was involved in p27 regulation by TGFB. Hela cells
transfected with FLAG-p27, HA-SUMO1, and Ubc9 were treated or
not with TGFB, and p27 SUMOylation was analyzed. TGF signaling
induced a 3.5-fold increase in p27 SUMOylation levels (Figure 2A
and Supplementary Figure S3A) and this modification was main-
tained up to 5 h after treatment (Figure 2A). As expected, TGFB
increased the amount of SUMOylated p27*'", while it had no effect
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Figure 1 p27is SUMOylated on K134 in vitro and in vivo. (A) Western blot analysis of FLAG-p27 and HA-SUMO1 expression in immunoprecipitates
(IP) and lysates (Input) derived from 293T/17 cells transfected with FLAG-p27"'" or Flag-p27'~*7, in the presence or absence of HA-SUMO1 and
untagged Ubc9. Arrowheads indicate the unmodified and SUMO-modified p27 proteins detected using anti-HA (upper panel) or anti-FLAG (middle
and lower panels) antibodies. Asterisk indicates the IgG heavy chain band. (B) Western blot analysis of p27"'" recombinant protein in an in vitro
SUMOylation assay. His-tagged p27 was incubated with SAE1/SAE2, SUMO, and increasing doses of Ubc9. p27 SUMOylation, expressed as a
SUMOylated p27/p27 ratio, was calculated by densitometric analysis of the blots. (C) Western blot analysis of p27 and HA-SUMO1 expression
in lysates (Input) derived from 293T/17 cells transfected with FLAG-p27"" or indicated FLAG-p27*® mutants in the presence or absence of
HA-SUMO1 and untagged Ubc9. (D) Western blot analysis of p27 and HA-SUMO1 expression in immunoprecipitates (IP) and lysates (Input)
derived from 293T/17 cells transfected with FLAG-p27"" or indicated FLAG-p27*® mutants in the presence of HA-SUMO1 and untagged Ubc9.
Arrowheads indicate the unmodified and SUMO-modified p27 proteins detected using anti-HA (upper panel) or anti-FLAG (middle and lower
panels) antibodies. (E) Western blot analysis of p27 and SUMO1 expression in SUMO1 (IP SUMO1) or control (IP 1gG) immunoprecipitates from
Hela cells transfected with FLAG-p27"" or FLAG-p27**3“R in the presence or absence of HA-SUMO1 and untagged Ubc9. Arrowheads indicate
SUMO-modified p27 proteins detected using anti-p27 antibody (upper panel) or the immunoprecipitated SUMO1 (lower panel). Asterisk indicates
the IgG heavy chain band. (F) Western blot analysis of p27 and HA-SUMO1 expression in lysates (Input) and immunoprecipitates (IP) derived from
293T/17 cellstransfected with untagged p27"/"in the presence orabsence of HA-SUMO1 and untagged Ubc9. Arrowheads indicate the unmodified
and SUMO-modified p27 proteins detected using anti-p27 (lower and middle panels) or anti-HA (upper panel) antibodies.

on p27%*3*R (Figure 2B, lanes 3—4), which remained un-SUMOylated  negative mutant of Ubc9 (Ubc9PV) (Tashiro et al., 1997) was over-
as the p27"*® mutant (Supplementary Figure S3B, lanes 3-4).  expressed, both in the presence and in the absence of TGF8
Moreover, no SUMOylation was detected when the dominant-  (Figure 2B, lanes 5-6). To reinforce the central role of K134 in the
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Figure 2 p27 SUMOylation is induced by TGF@ stimulation. (A) Western blot analysis of p27 and HA-SUMO1 expression inimmunoprecipitates (IP)
derived from Hela cells transfected with FLAG-p27"'" in the presence of HA-SUMO1 and untagged Ubc9, and treated or not with human recombin-
ant TGFB (20 ng/ml) for 3 or 5 h. Arrowheads indicated the unmodified and SUMO-modified p27 proteins detected using anti-SUMO (upper panel)
oranti-p27 (lower panel) antibodies. IgG marks the lane loaded with control IP. Lysates (Input) were analyzed for the expression of p27. The levels
of SUMOylated p27 in TGFB-treated Hela cells were calculated by densitometric analysis of the bands and expressed as fold increase relative to
untreated cells (right graph). (B) Western blot analysis of p27 and HA-SUMO1 expression inimmunoprecipitates (IP) derived from Hela cells trans-
fected with FLAG-p27"" or FLAG-p27**3“R in the presence of HA-SUMO1 and untagged Ubc9 wild-type (WT) or Ubc9 dominant-negative (DN), and



SUMOylation of p27 following TGFp treatment, we first substituted
the two Lys of the FLAG-Tag with Arg. Yet, this modification resulted
in a loss of anti-FLAG antibody recognition (Supplementary Figure
S30), preventing us from addressing whether they are non-
specifically SUMOylated in the presence or absence of TGFp.
Next, we generated the HA-tagged p27"'" and p27**3“® proteins,
and demonstrated that only p27¥" was significantly SUMOylated
and its SUMOylation increased by 3.8-fold after TGFR treatment
(Supplementary Figure S3D), overall confirming that K134 in p27
is the preferentially SUMOylated lysine in response to TGFp.

To confirm our results in a more physiological condition, we tested
SUMOylation of endogenous p27 protein in the TGFB-responsive
MCF7 cell line. To overcome the difficulty in identifying SUMO-
modified endogenous proteins due to the transient nature of this
modification, we first used a highly sensitive proteomic approach
based on immunoprecipitation coupled with mass spectrometry.
MCF7 cells transfected with SUMO1/Ubc9 and treated with TGFB
were immunoprecipitated with an anti-SUMO1 antibody, and the spec-
trum of SUMO1-associated proteins was evaluated. Among these, p27
was the one with the highest MASCOT score (Supplementary Figure
S4), supporting the possibility that it was SUMOylated following
TGFB treatment. Based on this encouraging result, we next tested
whether in the same conditions the SUMOylation of endogenous
p27 could be revealed by immunoprecipitation and western blot ana-
lyses. Under basal condition, SUMOylated p27 was almost undetect-
able (Figure 2C, lane 5). However, overexpression of SUMO1/Ubc9
(Figure 2C, lane 3) or treatment with TGF@ (Figure 2C, lane 6) increased
by 2-fold the levels of endogenous p27 SUMOylation, and the combin-
ation of TGFB and SUMO1/Ubc9 overexpression was synergistically
and significantly more effective (Figure 2C, lane 4 and right graph).
Under the same conditions, expression of Ubc9®™ completely pre-
vented p27 SUMOylation (Figure 2C, lanes 1 and 2), as demonstrated
by p27 immunoprecipitation followed by western blot analysis using
either anti-p27 or anti-SUMO1 antibody (Figure 2C, the ~37 kDa
yellow band resulting from superimposition of the green anti-p27
and the red anti-SUMO1 fluorescence signals from the Odyssey
Imaging System).

TGFB-induced SUMOylation increases p27 stability
by decreasing its binding to CDK2
It is known that treatment of MCF7 cells with TGF@ induces p27
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protein stabilization and nuclear translocation (Massagué, 2008).
We investigated whether TGFB-induced p27 SUMOylation could
be implicated in this functional regulation of p27.

First, when blocking de novo protein synthesis by treating cells
expressing p27"'" or p27°3“R with cycloheximide (CHX) in the
presence or absence of TGF@ and overexpressing the SUMO1 ma-
chinery, we observed that in the absence of TGFB, p27"" and
p27134R had the same protein stability (Figure 3A, compare
lanes 1—4 with lanes 9—12). In the presence of TGFB, p27"'"
protein was more stable, while the p27*3*f mutant was
degraded more rapidly than in untreated cells (Figure 3A, lanes
5—8 and 13 —16), suggesting that p27 SUMOylation of K134
was required for TGFB-induced p27 protein stability. These
results were confirmed by using the proteasome inhibitor
MG132 along with TGFB and CHX in cells transfected with p27""
or p27'3*R (Figure 3B). Inhibition of proteasome activity in
control cells induced an increase in p27"'" stability that was
strongly reduced by TGFB treatment (black bars in Figure 3B
graph). On the contrary, p27*3* levels particularly increased in
TGFB-treated cells (gray bars in Figure 3B graph), suggesting
that p27 SUMOylation on K134 induced by TGFB somehow pre-
vented its ubiquitin-mediated degradation. Accordingly, the com-
bination of TGFB treatment and SUMO1/Ubc9 overexpression
significantly increased the stability of the endogenous p27
protein (Figure 3C).

In accord with the above experiments, we observed that TGF3
decreased p27"" while it increased p27'**® poly-ubiquitination
(Figure 4A), although p27"" and p275*3*R proteins displayed very
similar stability in vitro (Supplementary Figure S5), suggesting that
the affinity to members of the ubiquitination machinery was not
affected by K134R substitution. In complete agreement with the pre-
vious experiments, we observed that the increased p27<'>*® poly-
ubiquitination relied on the presence of T187 in p27, since the
p27KB34RITIS7A and the p277*87A mutants were both barely modified
by TGFB (Supplementary Figure S6A). Moreover, in the presence of
TGFB, p27°>*® was more ubiquitinated than p27"7, p27™%"4, and
p27K134R/TI87A hroteins (Figure 4B). p27 protein stability is mainly
regulated by phosphorylation on T187 residue by CDK2 that allows
the binding of p27 to the F-box protein Skp2, thus favoring its
nuclear ubiquitin-mediated degradation (Montagnoli et al., 1999;
Tsvetkov et al., 1999; Belletti et al., 2005). Intriguingly, it has been

treated or not with human recombinant TGF (20 ng/ml) for 3 h. Arrowheads indicate the unmodified and SUMO-modified p27 proteins detected
using anti-SUMO (upper panel) or anti-p27 (lower panel) antibodies. IgG marks the lane loaded with control IP. Lysates (Input) were analyzed for
the expression of p27, Ubc9, SUMO1, and Smad2 phosphorylated on Ser 465/467 (pSmad?2) to evaluate the activation of the TGF@ pathway.
Vinculin was used as loading control. The levels of SUMOylated p27 in TGFB-treated Hela cells were calculated by densitometric analysis of
the bands and expressed as fold increase relative to untreated cells expressing the p27"'" protein (lane 1). (C) Western blot analysis of p27 and
SUMO1 expression in immunoprecipitates (IP) derived from MCF7 cells transfected or not with HA-SUMO1 and untagged Ubc9 wild-type (WT)
or Ubc9 dominant-negative (DN), and treated or not with human recombinant TGFB (20 ng/ml) for 5 h. Arrowheads indicate SUMO-modified en-
dogenous p27 proteins detected using anti-SUMO1 (second panel) or anti-p27 (third and fourth panel) antibodies. Upper panels report the merge
(yellow) of p27 (green) and SUMO1 (red) signals. The arrow indicates the unmodified IP p27. IgG marks the lane loaded with control IP. Asterisks
indicate non-specific bands. Lysates (Input) were analyzed for the expression of p27, Ubc9, and Smad2 phosphorylated on Ser 465 /467 (pSmad2)
to confirm the activation of the TGF pathway. Vinculin was used as loading control. The levels of SUMOylated p27 in MCF7 cells were calculated by
densitometric analysis of the bands and expressed as fold increase relative to untreated cells (right graph). Data in graphs in A and C represent
mean + SD of three independent experiments. Significance was calculated using the unpaired t-test.
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Figure 3 TGFB-induced SUMOylation increases p27 protein stability. (A) Western blot analysis of FLAG-p27 expression in MCF7 cells transfected
with FLAG-p27"'" or FLAG-p27X'3*R in the presence of HA-SUMO1 and untagged Ubc9, treated or not with TGFB (20 ng/ml) and exposed to cyclo-
heximide (CHX, 10 pg/ml) for 9 h. Vinculin was used as loading control. The percentage of remaining normalized p27 protein (p27/vinculin ratio)
relative to the level at CHX 0 h was determined by densitometric analysis of the blots (4 SD) fromthree independent experiments (lower left graph).
(B) Western blot analysis of FLAG-p27 expression in Hela cells transfected with FLAG-p27"'" or FLAG-p275!>*R in the presence of HA-SUMO1 and
untagged Ubc9, treated or not with TGFB (20 ng/ml) and exposed to cycloheximide (CHX, 10 pg/ml) with or without MG-132 (10 wM) forupto 12 h.
Vinculin was used as loading control. Fold increase of remaining p27 expression (relative to T0) at each time point due to MG132 treatment was
determined by densitometric analysis of the blots (upper right graph). To this aim the CHX+MG-132/CHX ratio of remaining p27 expression (rela-
tive to T0) was calculated and expressed as fold induction over only CHX-treated cells. (C) Western blot analysis of endogenous p27 expression in
MCF7 cells transfected or not with HA-SUMO1 and untagged Ubc9, and treated or not with TGFB (20 ng/ml) for 3 h. Actin was used as loading
control and phosphorylated Smad2 (pSer 465/467) was used as a marker of TGF signaling activation. The percentage of remaining normalized
p27 protein (p27/actin ratio) relative to their levelat CHX 0 h was determined by densitometric analysis of the blots ( + SD) from three independent
experiments (lower left graph).
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Figure 4 TGFB-induced SUMOylation decreases p27 affinity for CDK2. (A) In vivo ubiquitination assay in 293T/17 cells transfected with the indi-
cated FLAG-tagged vectors and with HA-tagged ubiquitin. Cells were then treated or not with TGF@ (20 ng/ml). Lysates were immunoprecipitated
with anti-FLAG antibody and probed with anti-HA and anti-p27 antibodies. Cell lysates were probed with anti-HA antibody for the equivalent level of
ubiquitin transfection in different samples (lower panel). (B) /n vivo ubiquitination assay in 293T/17 cells transfected with the indicated
FLAG-tagged vectors along with HA-tagged ubiquitin. Lysates were immunoprecipitated with anti-FLAG or control (IgG = Anti-V5) antibody and
probed with anti-HA and anti-p27 antibodies. Cell lysates were probed with anti-HA antibody for the equivalent level of ubiquitin transfection
in different samples (lower panel). (C) Co-immunoprecipitation analysis (IP: FLAG) of protein lysates derived from MCF7 cells transfected with
FLAG-p27"7, FLAG-p27X'3*R or FLAG empty vector in the presence of HA-SUMO1 and untagged Ubc9, and treated or not with TGFB (20 ng/ml)
for 3 h. Lysates were immunoprecipitated with anti-FLAG or control (IgG = Anti-V5) resin and probed with anti-FLAG and anti-CDK2 antibodies.
Lysates (Input) were analyzed for the expression of CDK2, FLAG-p27, and Smad2 phosphorylated on Ser 465 /467 (pSmad?2) to confirm the acti-
vation of the TGFB pathway. Vinculin was used as loading control. The FLAG-p27/CDK2 interaction is reported as the ratio of FLAG-p27"" bound to
CDK2 based on densitometric analysis of the blots. (D) Co-immunoprecipitation analysis (IP: FLAG) of protein lysates derived from HeLa cells trans-
fected with FLAG-p27"7, FLAG-p27%'3R, or FLAG empty vector in the presence of HA-SUMO1 and untagged Ubc9, and treated or not with TGFB
(20 ng/ml) for 3 h. Lysates were immunoprecipitated with anti-FLAG or control (IgG = Anti-V5) resin and probed with anti-FLAG, anti-Skp2, and
anti-CDK2 antibodies.

demonstrated that TGF@ treatment results in the accumulation of a
p27 form not associated with cyclin/CDK2 complexes (Taipale
et al.,, 2000). Based on this knowledge, we speculated that
TGFB-induced p27 SUMOylation interfered with p27,/CDK2 binding,
eventually impairing its ubiquitin-mediated degradation. To test
this hypothesis, MCF7 cells were co-transfected with FLAG-tagged

p27"" or p275'3*R along with HA-SUMO1 and Ubc9, and were
treated or not with TGFB. Immunoprecipitation of FLAG-tagged p27
revealed a marked increase in the binding to CDK2 for
non-SUMOylable p27**® mutant compared with the WT protein
(Figure 4C). Similar results were observed by using TGFB-responsive
Hela cells (Supplementary Figure S6B, cf. lanes 2—3 with lanes 5-6).
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Moreover, TGFB treatment impaired the binding between Skp2 and
p27"", having no effects on its binding to p27">** (Figure 4D),
again confirming that SUMOylation of K134 affects p27 protein stabil-
ity by altering its ubiquitin-mediated degradation.

Next, based on the knowledge that the viral protein Gam1 specif-
ically inhibits protein SUMOylation (Boggio et al., 2004), we veri-
fied whether inhibition of endogenous p27 SUMOylation could
affect p27 accumulation after TGFB treatment. Interestingly,
Gam1 overexpression impaired the accumulation of p27 induced
by TGFB, having no effects on the levels of p27 in the absence of
TGFB (Supplementary Figure S6C and D). Overall, these results in-
dicate that TGFB-induced p27 SUMOylation affects p27 stability via
the CDK2-mediated phosphorylation of T187 and its subsequent
poly-ubiquitination.

SUMOylation is required for nuclear accumulation of
p27 in response to TGFf3

As previously described (Lecanda et al., 2007, 2009), we
confirmed that TGFB induced p27 nuclear accumulation in MCF7
cellswithin 3 h, by western blot analysis of nuclearand cytoplasmic
differential extraction (Supplementary Figure S7A) and by immuno-
fluorescence (Supplementary Figure S7B). We next asked if
SUMOylation could also be implicated in the regulation of p27 lo-
calization inresponse to TGF(3. To test this hypothesis, we impaired
endogenous p27 SUMOylation by expressing the Ubc9®M con-
struct. First, we checked whether Ubc9 inhibition had any effect
on endogenous p27 expression in the presence or absence of
TGFB. Western blot analyses showed that impairing SUMOylation
by using the Ubc9®™ construct prevented TGFB-induced p27 accu-
mulation (Figure 5A and Supplementary Figure S8A), in accord with
the stabilizing role of Ubc9 on endogenous p27 protein (Figure 3B).
Next, we observed that after TGFB treatment, p27 SUMOylation
was required for its nuclear accumulation. In fact, in the presence
of TGFB, Ubc9®N decreased (Figure 5B, green arrows), while
Ubc9" increased (Figure 5B, red arrows) p27 nuclear accumula-
tion, as demonstrated by immunofluorescence coupled with con-
focal analyses of MCF-7 cells transfected with the indicated Ubc9
HA-tagged expression vectors in the presence or absence of
TGFB (Figure 5B, right graph). Closer examination of transfected
cells demonstrated that TGFB (not shown) and Ubc9 expression
(Supplementary Figure S8B, yellow arrows in left panels) induced
the co-localization of endogenous p27 and SUMO1 in specific
nuclear speckles. This co-localization was further increased by
combining Ubc9 expression with TGFB treatment (Supplementary
Figure S8B, yellow arrows in middle panels), and completely pre-
vented by expressing Ubc9®™ even in the presence of TGFR
(Supplementary Figure S8B, right panels). In complete accord
with these data, we demonstrated that EGFP-p27"T and p27¢'34R
proteins were localized in the nuclear and cytoplasmic compart-
ments at comparable extent in untreated cells (Figure 5C).
However, following TGF8 exposure, EGFP-p27*'" strongly accumu-
lated in the nucleus (73% nuclear vs. 27% cytoplasmic), while the
nuclear-cytoplasm distribution of EGFP-p27**>*® did not significant-
ly change relative to the levels observed in untreated cells (Figure 5C
and Supplementary Figure S7). Similar results were obtained using

HA-p27"T and HA-p27"*>* proteins (Supplementary Figure S9), con-
firming that SUMOylation of K134 affected the ability of p27 to trans-
locate and/or accumulate in the nucleus in response to TGFB.

p27 SUMOylation is required for cell cycle exit in response to TGFB

Finally, we asked whether p27 SUMOylation in response to TGF3
had any biological effect. To answer this question, we knocked
down p27 and treated MCF7 cells with TGFB. In the absence of
TGFB, p27-silenced and control cells proliferated at a similar
extent, as demonstrated by counting cells positive for the prolifer-
ation marker Ki67 that specifically labeled cycling cells (Figure 6A,
lower graph). In p27 knockdown cells, TGF@ treatment partially
failed to induce cell cycle exit (Figure 6A). These differences were
even more evident in the presence of exogenous Ubc9 (Figure 6A
and B). In control cells, Ubc9 expression reinforced the cell cycle
exit induced by TGFp (Figure 6B, left panels, red arrows), while in
p27-silenced cells, it had no effects on cell cycle exit (Figure 6B,
right panels, green arrows), demonstrating that p27 expression
was necessary for the cell cycle arrest induced by Ubc9 and TGFR.

These data were confirmed by expressing EGFP-p27"" or
EGFP-p27°*>*R in p27 knockdown MCF-7 cells (Figure 6D) examin-
ing their ability to replace p27 functions in response to TGFB
(Figure 6C). Under these conditions, while the expression of
EGFP-p27"Tinduced aclear inhibition of cell proliferation, reducing
by the half the number of Ki67-positive cells after TGFB treatment
(Figure 6C, left panels, red arrows), EGFP-p27**>*® failed to proper-
ly induce cell cycle exit (Figure 6C, right panels, green arrows and
Figure 6D, lower graph).

Altogether, our data demonstrate that p27 is SUMOylated on
K134 and this modification is important for the block of cell cycle
induced by TGFB.

Discussion

A wide range of literatures exist regarding the pathways that in-
activate p27 expression and functions in cancer. Yet, much less is
known regarding the mechanism by which the anti-mitogenic
signals positively impinge on the p27 tumor suppressor activity.
Here, we demonstrate that SUMOylation of p27, induced by the
anti-mitogenic stimulus of TGFB, is necessary for the proper
regulation of its functions. This evidence is in agreement with the
knowledge that SUMOQylation is a post-translational modification
that finely regulates protein activity, stability, and localization
(Geiss-Friedlander and Melchior, 2007; Wilkinson and Henley,
2010). Whether it represents a common modification downstream
from other anti-mitogenic signals able to stabilize nuclear p27,
such as serum deprivation or contact inhibition, will be the
matter of future investigations. In accord with our present observa-
tions, it has been reported that inhibition of SUMO-specific prote-
ase 1 (SENP1) results in increased p27 levels in colon cancer
(Xu et al., 2011), corroborating the possibility that the pathway
described here represents a common mechanism of p27 regula-
tion. Our bioinformatic analyses revealed that p27 could be
SUMOylated on many different lysines, even if none of the 13
lysine residues lies within the classical SUMO consensus sequence
(WKxE/D) (Anckar and Sistonen, 2007), a possibility already


http://jmcb.oxfordjournals.org/lookup/suppl/doi:10.1093/jmcb/mjv056/-/DC1
http://jmcb.oxfordjournals.org/lookup/suppl/doi:10.1093/jmcb/mjv056/-/DC1
http://jmcb.oxfordjournals.org/lookup/suppl/doi:10.1093/jmcb/mjv056/-/DC1
http://jmcb.oxfordjournals.org/lookup/suppl/doi:10.1093/jmcb/mjv056/-/DC1
http://jmcb.oxfordjournals.org/lookup/suppl/doi:10.1093/jmcb/mjv056/-/DC1
http://jmcb.oxfordjournals.org/lookup/suppl/doi:10.1093/jmcb/mjv056/-/DC1
http://jmcb.oxfordjournals.org/lookup/suppl/doi:10.1093/jmcb/mjv056/-/DC1
http://jmcb.oxfordjournals.org/lookup/suppl/doi:10.1093/jmcb/mjv056/-/DC1
http://jmcb.oxfordjournals.org/lookup/suppl/doi:10.1093/jmcb/mjv056/-/DC1
http://jmcb.oxfordjournals.org/lookup/suppl/doi:10.1093/jmcb/mjv056/-/DC1

Role of SUMOylation in the regulation of p27 | 25

A HA-Ubc9 —P=003
Vector DN 3 s
.S
TGFp - + - + 3
(=3
pSmad2 | —_— — 3 s
p27 24_‘-- - g
o
- £ 00
Ubcd ;e o S TGFE - + - +
o ot
B Gﬁ\ 0'069

Ubc9 WT +
TGFB 3 hours

Ubc9 WT

25 - P=0.003

5
~Z
?3‘-8 154 P=0003 P=0.02
§ a:, | |
p27 $§ " é
: t Bkl
HA-Ubc9 [ .
WT/DN e ——
SU+M01 Vector  Ubc3DN  Ubc9 WT

Ubc9 DN +
TGFB 3 hours

EGFP p27 WT EGFP p27 K134R
untreated TGFB 3 hours untreated TGFpB 3 hours

WT K134R
%N |%NC|[%N [%NC
untreated | 47 | 53 | 46 | 54
TGFp 30° 46 | 54 | 47 | 53
TGFp1h | 48 | 52 | 49 | 51
TGFE3h | 73 | 27 | 46 | 54

p27

Nuclei

Figure 5 SUMOylation is necessary for TGFB-induced p27 nuclear accumulation. (A) Western blot analysis of endogenous p27 expression level in
MCF7 cells in the presence or absence of HA-tagged dominant-negative Ubc9 vector (HA-tagged Ubc9®™), and treated or not with TGFB (20 ng/ml)
for 3 h. Vinculin was used as loading control and phosphorylated Smad2 (pSer 465/467) was used as a marker of TGF@ signaling activation.
Normalized p27 level (p27 /vinculin ratio) relative to the level in empty vector-transfected, untreated cells was determined by densitometric ana-
lysis of the blots (+ SD) (right graph). (B) Immunofluorescence analysis of p27 (green), SUMO1 (red), and Ubc9"" or Ubc9®N (blue) in MCF7 cells
transiently transfected with HA-tagged Ubc9"" or Ubc9P, and treated or not with TGFB (20 ng/ml) for 3 h. Ubc9-expressing cells were identified
using an anti-HA antibody (blue). Red arrows indicate cells expressing Ubc9"" with p27 nuclear accumulation. Green arrow indicates a cell expres-
sing Ubc9®N without p27 nuclear accumulation. Nuclear p27 fluorescence intensity in at least 20 cells expressing or not Ubc9"'" or Ubc9"" and
treated or not with TGFB was calculated using the Volocity™ Software (right graph). Significance was calculated using the Mann-Whitney un-
paired t-test. (C) Immunofluorescence analysis of EGFP-p27 expression and localization (green) in Hela cells transiently transfected with
HA-SUMO1, untagged Ubc9, and EGFP-p27"T or EGFP-p275*3“R mutant, and then treated with TGFB (20 ng/ml) for 3 h. Nuclear staining is reported
in blue. The percentage of cells expressing nuclear (%N) or nuclear + cytoplasmic (%N/C) EGFP-p27"" or EGFP-p27X*3*® before and after 30 min,
1 h, and 3 h of TGFP treatment was determined (right table). Data were collected by using a 40 x objective and scoring all transfected cells in 10
randomly selected fields per each condition.
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Figure 6 p27 SUMOylation participates in TGFB-induced cell cycle exit. (A) Western blot analysis of p27 and Ubc9 expression in MCF7 cells stably
transduced with control or p27 shRNAs, transiently transfected with HA-tagged Ubc9, and then treated with TGFB (20 ng/ml) for 18 h (upper
panel). The percentage of Ki67-positive cells in at least 50 cells expressing or not Ubc9"V" and treated or not with TGFB was determined (lower
graph). Significance was calculated using the Mann—Whitney unpaired t-test. (B) Immunofluorescence analysis of Ki67 (green), Ubc9 (red),
and F-Actin (blue) in cells described in A. Ubc9-expressing cells were identified using an anti-HA antibody (red). Red arrows indicate cells expressing
Ubc9 and negative forKi67, while green arrows indicate cells expressing Ubc9 and positive for Ki67. (C) Immunofluorescence analysis of Ki67 (red),
EGFP-p27 (green), and nuclei (blue) in MCF7 cells stably transduced with p27 shRNAs, transiently transfected with EGFP-p27"'" or EGFP-p27X134R,
and then treated with TGFB (20 ng/ml) for 18 h. Red arrows indicate cells expressing EGFP-p27 and negative for Ki67, while green arrows indicate
cells expressing EGFP-p27 and positive for Ki67. (D) Western blot analysis of p27 and EGFP in the cells described in C shows the expression of
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(lower graph). Data represent mean + SD of three independent experiments. Significance was calculated using the Mann—Whitney unpaired
t-test.

described for other proteins (Gareau and Lima, 2010). Using both mechanisms of p27 translational control have evolved. This has
in vitro and in vivo SUMOylation assays, we demonstrate  been already demonstrated for the T157 phosphorylation (Liang
that p27 is modified by SUMO1 and K134 is the preferential et al.,, 2002), another modification involved in the regulation of
SUMOylated residue of human p27. It is to be noted that K134 is  p27 stability and localization after mitogenic stimulation. It is
absent in the mouse p27 protein, suggesting that different  also interesting to note that a frame shift mutation involving K134



has been described in Luminal A breast cancers, where mutations
in the CDKN1B gene represent driver mutations (Belletti and
Baldassarre, 2012; Cancer Genome Atlas Network, 2012), and a
P133T substitution, which likely disrupts the SUMOylation consensus
sequence in p27, has been described in patients with familiar MEN
syndrome (Lee and Pellegata, 2013). It is intriguing to note that in-
sensitivity to the anti-proliferative effects of TGFB represents a
common feature of MEN-derived cancer cells carrying the mutation
of menin (Guo and Sawicki, 2001; Kaji et al., 2001). Our findings,
showing altered p27 stability and localization following TGFB treat-
mentwhen p27 is non-SUMOylable, suggest that p27 P133T mutation
could affect the regulation of p27 induced by TGF@, thereby bypassing
cell cycle arrest and eventually favoring tumor progression.

One ofthe major characteristics of SUMOylationis that, due to the
reversible and transient nature of this modification, most targets
are modified at a very low level; however, this is enough to
achieve maximal effect, a phenomenon referred to as the ‘SUMO
enigma’ (Hay, 2005). In our systems, TGFB treatment increases
the levels of SUMOylated p27 by 3—7-fold, with the level of
endogenous SUMOylated p27 rising from 0.7% to ~5% relative
to the total amount of protein. This modification was sufficient to
induce clear biological effects on the cell cycle in response to TGFp.

First, TGFB-induced p27 SUMOylation is necessary toincrease its
stability. We proved that p27 SUMOylation partially prevented
CDK2/p27 binding, an event necessary for the phosphorylation
of p27 on T187 and its subsequent recognition by the SCF*P2 E3
ligase complex (Montagnolietal., 1999), which leads to ubiquitina-
tion and nuclear degradation of p27. Accordingly, TGFB decreased
the binding of p27"" but not of the non-SUMOylable p27**34®
mutant to Skp2. p27%'**R was more ubiquitinated in vivo than
the WT protein, and this effect was completely reversed by the
T187A substitution. Conversely, when tested in vitro, p27WT and
p27°3“R displayed very similar degradation kinetics, again exclud-
ing that K134 mutation directly influenced p27 ubiquitination.
Although K134 is not contained in the p27 CDK-binding domain
(that spans aa 61—90), this residue lies in a highly acidic region
of p27 known to influence the binding to CDKs and, in particular,
to the CDK2/Cyclin A complex (Galea et al., 2008a). It is therefore
possible that SUMOylation of K134 may alter the affinity of p27
for CDK2, or, alternatively, may represent a steric obstacle for
CDK2 to phosphorylate the T187, anyhow reducing its phosphoryl-
ation on T187 and its proteasomal degradation and/or increasing its
stability. The fact that specific inhibition of protein SUMOylation by
the viral protein Gam1 affects the accumulation of endogenous p27
induced by TGFB but not p27 expression in untreated cells strongly
suggests that TGF@ governs the switch between SUMOylation and
ubiquitination to regulate p27 stability.

Second, our data indicate that SUMOylation affects p27 ability to
translocate and/or accumulate in the nucleus in response to TGFf.
These results support the possibility that inhibition of p27 nuclear
degradation could be responsible for this effect, although it is note-
worthy that K134 also lies in a region implicated in the binding of
p27 to JAB1 (aa 96—151) (Tomoda et al., 1999), an interaction
known to induce p27 nuclear export, suggesting that the mechan-
ism of nuclear accumulation of p27 might also rely on a decreased
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nuclear export.

Our data clearly show that TGFB induces p27 SUMOylation, but
how TGF favors this modification has to be clarified. Two possibil-
ities are conceivable: one is that TGFB induces specific post-
translational modification in p27 necessary for its binding to the
SUMO machinery; the other is that TGFB induces the expression
or specific post-translational modificationinan E3 ligase necessary
to bind p27 and favoring its SUMOylation. More studies will be ne-
cessary to address this point.

Finally, we prove that p27 SUMOylation is necessary for proper
cell cycle exit induced by TGFB. Taking into account the crucial
roles of p27 in controlling cell proliferation in vivo, SUMOylated
p27 participating in the decision of exiting from the cell cycle repre-
sents an important step toward a better characterization of p27
tumor suppressor activities.

Our work represents the first evidence that a member of the cell
cycle inhibitors is regulated by SUMOylation and highlights the
possibility that SUMOylation participates in the complexregulation
of the unstructured C-terminal domain of p27, which has been
demonstrated to act as a flexible ‘conduit’ for signal transduction
(Galea et al., 2008a, b).

Considering that both TGFB and SUMOylation pathways are
altered during tumor progression and represent promising thera-
peutic targets (Massagué, 2008; Bawa-Khalfe and Yeh, 2010), it
is possible to anticipate that in TGFB-dependent tumors, p27 ex-
pression and/or localization could be used as promising predictive
biomarkers to identify cancer patients who may really benefit from
targeting these pathways.

Materials and methods
Cell culture, transfection, and treatments

Hela (human cervical adenocarcinoma cell line, ATCC CCL-2),
MCF7 (human breast adenocarcinoma cell line, ATCC HTB-22),
and 293T/17 (human embryonic kidney cell line) cells were
grown in DMEM supplemented with 10% heat-inactivated FBS
(Sigma). Cells were transfected with the indicated vectors using
FUGENE HD Transfection Reagent (Roche). When indicated, cells
were treated with 10 pg/ml cycloheximide (Sigma) for 3 h and
with human recombinant TGF@ 20 ng/ml (Peprotech) for the indi-
cated times.

For lentiviral production, 293FT cells (Invitrogen) were
co-transfected, using a standard calcium phosphate precipitation,
with the lentiviral ShRNA constructs (pLKO) and lentiviral packaging
mix (Sigma). Seventy-two hours after transfection, medium contain-
ing viral particles was used to transduce MCF7 cells. pLKO vectors en-
coding for control (non-target) and two different target sequences on
human p27 (sh1 TRC0000039930 targeting the coding sequence and
sh2 TRC0000356318 targeting the 3'UTR) were purchased from
Sigma-Aldrich. Stable knockdown pools were selected by culturing
transduced cells in puromycin (1 pg/ml-containing medium. The
Myc-tagged Gam1 vector has been already described (Chiocca
etal., 2002).

Construction of expression vectors
The K/R p27 mutants were generated with the QuickChange XL
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Site-Directed Mutagenesis kit (Agilent-Stratagene), using oligonu-
cleotides carrying the indicated mutations. All generated mutants
were controlled by sequencing. The expression vectors utilized
were pEGFP-C (Clontech), pFLAG-CMV 6 (Sigma), p-CMV-HA
(Clontech), and pQE-30 (Qiagen).

SUMO1 cDNA was retrotranscribed from 293T/17 total RNA, using
sequence-specific oligonucleotides and cloned into a pCMV-HA ex-
pression vector (Clontech). Untagged Ubc9 constructs were gener-
ated with the QuickChange XL Site-Directed Mutagenesis kit on
pCMV human HA-tagged Ubc9"V" and Ubc9® (Addgene), using oligo-
nucleotides carrying a stop codon.

Expression and purification of recombinant proteins

Production of bacterial recombinant proteins was performed es-
sentially as previously described (Schiappacassi et al., 2011).
Briefly, p27"" and p27%'>*R ¢DNAs were cloned in the pQE-30
vector (Qiagen). Escherichia coli (M15) cells were transformed with
the expression plasmid to produce recombinant proteins containing
Histidine (His)-tag at the N-terminus. Proteins were subsequently
purified with Ni-nitrilotriaceticacid (NiNTA) resin (Qiagen).

Preparation of cell lysates, immunoblotting, and
immunoprecipitation

Total cell proteins were extracted using cold RIPA lysis buffer
(150 mM NaCl, 50 mM Tris—HCl (pH 8), 1% Igepal, 0.5% sodiumdeox-
ycholate, 0.1% SDS) plus a protease inhibitor cocktail (Complete™,
Roche), 1 mM sodium orthovanadate, and 1 mM dithiothreitol. For
the analysis of p27 SUMOylation levels, total cell proteins were
extracted using a 1:3 ratio mix of SDS buffer | (5% SDS, 150 mM
Tris—HCl (pH 6.8), 30% glycerol) and SDS buffer Il (25 mM Tris—HCl
(pH 8.3), 50 mM NaCl, 0.5% NP40, 0.1% SDS, 1 mM EDTA) plus a pro-
tease inhibitor cocktail (Complete™, Roche), 1 mM sodium orthova-
nadate, 1 mM dithiothreitol, and 20 mM N-Ethylmaleimide (Sigma).
Lysates were sonicated twice for 5 sec.

Immunoprecipitation experiments were performed using
0.5—2 mg of total cell lysate in HNTG buffer (20 mM HEPES,
150 mM NaCl, 10% glycerol, 0.1% Triton X-100) plus the specific
agarose-conjugated primary antibody (Flag-M2 affinity gel, anti-HA
agarose-conjugated or anti-CDK2 antibody) and incubating over-
nightat 4°C. When primary antibodies were not agarose-conjugated,
protein A or protein G Sepharose 4 Fast Flow (Amersham
Biosciences) was added during the last 2 h of incubation.

Endogenous p27 immunoprecipitation was performed using p27
monoclonal antibody (BD, Transduction Lab). Control IPs were
performed using either anti-V5 agarose-conjugated (Sigma) or
anti-luciferase (Santa Cruz) antibody. Immunoprecipitated proteins
were then separated in 10% SDS-polyacrylamide gels.

For immunoblotting, 40 ng of proteins were separated by
4% —20% SDS-PAGE, as previously reported (Schiappacassi et al.,
2011). Primary antibodies were from Transduction Laboratories
(p27, CDK2, and Ubc9), Santa Cruz (p27 C19, p27 N20, Skp2, vincu-
lin), Sigma (FLAG, HA agarose-conjugated, SUMO1), Cell Signaling
(pSer465/467 Smad2), and Covance (HA).

To calculate the fraction of SUMOylated p27, the bands corre-
sponding to total immunoprecipitated p27 and SUMOylated p27

(only taking into account the band that could be specifically
assigned to SUMO modification, i.e. the lower band of the
doublet in the western blots performed with the anti-p27 antibody
used to analyze different FLAG-tagged constructs), respectively,
were subjected to densitometric analysis, and the percentage of
SUMOylated p27 was calculated. p27 SUMOylation was then
expressed as fold increase relative to untreated cells.

Mass spectrometry

In gel trypsin digestion of 1DE bands of interest was performed as
previously detailed (Simula et al., 2010). Data validation was con-
ducted by MALDI TOF peptide mass fingerprinting (PMF) on a
Voyager-DE PRO Biospectrometry Workstation mass spectrometer
(AB Sciex), under routine laboratory conditions (Simula et al.,
2010). Database searching was done with the MASCOT search
engine version 2.4 (Matrix Science Ltd), against the Swiss Prot
2012_03 database. For each gel band, the entire list of observed
masses (+ 0.5 Da tolerance error) was compared with peptide mass
values generated from the theoretical digestion of the p27 protein
sequence (NP_004055.1) with trypsin by the PeptideMass Tool
(http://web.expasy.org/peptide_mass/). The observed masses
matched with p27 were further used for protein identification by
MASCOT in order to confirm the protein identity as described
(Repetto et al., 2008).

In vitro SUMOylation assay

SUMO modification of His-p27 was carried out in 30 pl reaction
containing 50 mM Tris—HCl (pH 7.4), 150 mM NaCl, 5 mM MgCl,,
2mM DTT, 2 mM ATP, 270 ng SAE1/SAE2 (Boston Biochem),
300 ng Ubc9 (Boston Biochem), 4 wg SUMO1 (Boston Biochem),
and 3 ng His-p27 and incubated for 2 h at 30°C. After termination
in SDS-PAGE sample buffer, samples were loaded on SDS-PAGE
gel and immunoblotted with the indicated antibodies.

In vitro protein degradation assay

In vitro degradation of p27 was essentially carried out as previ-
ously described (Loda et al., 1997; Schiappacassi et al., 2011).
Briefly, Hela cells were transfected with pHA-Ubiquitin vector
and lysed 48 h later in ice-cold double-distilled water. The
sample was frozen and thawed for three times, and then spun
down to pellet debris. The supernatant was retrieved and frozen
at —80°C. One microgram of His-tagged p27 was incubated at
37°C for different times in 50 pl of degradation mix containing
200 p.g of lysate from Hela cells, 50 mM Tris—HCl (pH 8.0), 5 mM
MgCl,, 1 mM DTT, and 2 mM ATP. After the indicated times, reac-
tions were stopped by adding 5x Laemmli buffer and loaded
onto 4% —20% polyacrylamide gel.

Immunofluorescence

Immunofluorescence analysis was performed essentially as
described before (Baldassarre et al., 2005; Schiappacassi et al.,
2011). Briefly, MCF7 cells plated on coverslips and treated as indi-
cated were fixed in PBS 4% paraformaldehyde (PFA), permeabilized
in PBS 0.2% Triton X-100, and blocked in PBS 1% BSA and 10%
normal goat serum. Incubation with primary antibodies, including
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rabbitanti-SUMO (Sigma, 8 p.g/ml), goatanti-p27 C19 (Santa Cruz,
1:80), mouse anti-HA (Covance, 1:1000), and/or rabbit anti-Ki67
(Abcam, 1:200), was performed for 3 h at RT (or overnight at 4°C)
in PBS 1% BSA and 1% normal goat serum. Samples were then
washed in PBS and incubated with secondary antibodies for 1 h
at RT. Secondary antibodies used were anti-rabbit Alexa-546, anti-
mouse Alexa-546, anti-goat Alexa-488, and anti-rabbit Alexa-633
(Life Technologies). Nuclear staining was performed with TOPRO
633 (Life Technologies, 1:2000). F-Actin was stained using
Alexa-633-conjugated phalloidin (Life Technologies, 1:1000).
Stained cells were studied using a confocal laser-scanning micro-
scope (TSP2 Leica) interfaced with a Leica DMIRE2 fluorescent
microscope or using a Nikon Diaphot 200 epifluorescent micro-
scope. The Volocity software (Perkin Elmer) was used to quantify
fluorescence intensity (Fl).

The percent of proliferation inhibition was calculated as reported
(Baldassarre et al., 2005), using the formula: (% Ki67" EGFP-negative
cells) — (% Ki67" EGFP-positive cells)/(% Ki67+ EGFP-negative
cells). ‘Ki67* EGFP-negative cells’ indicates untransfected prolif-
erating cells, ‘Ki67" EGPF-positive cells’ indicates proliferating
p27 (WT or K134R)-expressing cells. For the Ki67 cutoff value,
we calculated the mean + SD Fl/cell in each field. Then we
applied a cut-off that was the mean subtracted from the SD.

Supplementary material
Supplementary Material is available at Journal of Molecular Cell
Biology online.
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