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Introduction

Through its nuclear localization, p27kip1 is an important cell cycle 
regulator, whose principal role in cell cycle is to inhibit cyclin-
dependent kinases.1-5 Recently, p27 was also shown to reside in 
the cytosol, where it contributes to cell migration.6,7 These obser-
vations suggest that, depending on its subcellular localization, 
p27 can have dual functions with implications for tumor devel-
opment and tumor suppression. Indeed, p27-null mice develop 
multi-organ hyperplasia and have increased susceptibility to can-
cer.8-10 Reduced levels of nuclear p27 protein have been associ-
ated with poor prognosis in many types of human cancers.11,12 
Translocation of p27 protein to the cytoplasm is associated 
with poor patient prognosis in breast tumor malignancies.13-15 
Moreover, accumulation of cytoplasmic p27 protein has also 
been reported in other human malignancies.16,17

The gene encoding p27 is rarely mutated in tumor cells that 
express low levels of the protein, suggesting an important role 
for post-transcriptional mechanisms in p27 turnover. Indeed, 
nuclear p27 is degraded by the SCFSkp2 complex during late G

1
 

phase.18-21 In this context, the F-box protein Skp2 acts as an adap-
tor that recognizes p27 phosphorylated at threonine residue 187 
(T187), which facilitates its ubiquitination.22 However, analysis 
of a T187A knock-in mouse model showed that while mutated 
p27 was stabilized in S phase, it was still degraded normally dur-
ing G

0
 and G

1
 phase suggesting that other proteolytic degradation 

p27kip1 has been implicated in cell cycle regulation, functioning as an inhibitor of cyclin-dependent kinase activity. In 
addition, p27 was also shown to affect cell migration, with accumulation of cytoplasmic p27 associated with tumor 
invasiveness. However, the mechanism underlying p27 regulation as a cytoplasmic protein is poorly understood. Here 
we show that glucose starvation induces proteasome-dependent degradation of cytoplasmic p27, accompanied by a 
decrease in cell motility. We also show that the glucose limitation-induced p27 degradation is regulated through an 
ubiquitin E3 ligase complex involving Siah1 and SIP/CacyBP. SIP-/- embryonic fibroblasts have increased levels of cytosolic 
p27 and exhibit increased cell motility compared with wild-type cells. These observations suggest that the Siah1/SIP E3 
ligase complex regulates cell motility through degradation of p27.
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pathways exist.23 In fact, another E3 ligase complex containing 
KPC1 and KPC2 was identified that induces the degradation of 
cytoplasmic p27 during the G

1
 phase.24 These degradation path-

ways are activated during cell cycle progression. Recently, it has 
been suggested that another p27 turnover pathway acts in the 
nucleus during cell cycle transition from the G

0
 to G

1
 phase.25 

Moreover, phosphorylation at T198 controls p27 stability during 
G

0
 to G

1
 transition, however, the E3 ligase that regulates this 

pathway remains unknown.
Siah/Sina-family proteins represent mammalian homologs of 

the Drosophila Sina (seven in absentia) protein26-28 and are E3 
ubiquitin ligases that regulate ubiquitination and protein degra-
dation.29 In certain cases, Siah-mediated degradation requires the 
presence of adaptor proteins, such as the Siah Interacting Protein 
(SIP/CacyBP).30-34 Previously we discovered a novel pathway for 
p53-induced β-Catenin degradation that involves a series of pro-
tein interactions between E3 ligase Siah1, SIP, Skp1 and Ebi, a 
F-box protein that binds β-Catenin.30 Siah1 expression is induced 
by p53,28,35-38 thereby linking genotoxic injury to destruction of 
β-Catenin, reducing the activity of β-Catenin-binding Tcf/LEF 
transcription factors, and eventually contributing to cell cycle 
arrest.30

To gain insights into the physiological relevance of this deg-
radation pathway in vivo, we recently generated knockout mice 
lacking SIP.39 In addition to the expected increase in β-Catenin 
expression, SIP-/- embryonic fibroblasts exhibited increased levels 
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Results

Accumulation of p27 protein in the cytoplasm of SIP-deficient 
cells. In the course of analyzing SIP-/- mice, we observed that 
p27 protein levels were elevated approximately 1.7-fold in prolif-
erative and 3.6-fold in non-proliferative SIP-/- mouse embryonic 
fibroblasts (MEFs) compared with wild-type MEFs (Fig. 1A). In 
contrast, levels of other cell cycle regulators, such as p21waf1/cip1, 
Cyclin A, Cyclin D1, Cyclin E, Cdk2 and Cdk4 did not change 
(data not shown). Because p27 has multiple functions depending 
on its subcellular localization, we next fractionated cell lysates to 
obtain nuclear and cytoplasmic fractions and examined levels of 
p27. Elevated p27 protein levels were observed in the cytoplas-
mic but not the nuclear fraction of SIP-/- cells (Fig. 1B). These 
results suggest that SIP deficiency is involved in cytoplasmic p27 
accumulation.

Glucose limitation induces p27 degradation. Recently, it 
has been reported that stability of p27 is controlled by meta-
bolic stress.25 To examine whether p27 is degraded by various 
metabolic stress, NIH3T3 cells were cultured in nutrient-poor 
conditions, such as serum deprivation, starved of glucose or sub-
jected to amino acid deprivation and the levels of endogenous 
p27 examined. As shown in Figure 2A, glucose limitation trig-
gered a striking decrease in p27 levels in NIH3T3 cells, which 
is in contrast to the steady p27 levels observed under conditions 
of serum-starvation or amino acid-deprivation (Fig. 2A). Levels 
of other cell cycle regulators, such as p21, Cyclin A, Cyclin D1, 
Cyclin E, Cdk2 and Cdk4, did not change (data not shown).

In light of these findings, we explored the effect of glucose 
limitation on p27 stability in greater detail. For these experi-
ments, MEFs were prepared from wild-type mouse embryos and 
cultured in media containing 0.1% FBS for 48 h to synchronize 
the cell cycle. These synchronized cells were then subjected to 
glucose-starvation in the presence of 10% FBS and the levels of 
endogenous p27 protein were monitored by immunoblotting. 
Under normal growth conditions, the p27 protein level gradually 
decreased up to 30 h after serum addition but recovered by 36 h 
(Fig. 2B), consistent with previous reports showing that p27 is 
degraded by the KPC1/2 24 and the SCFSkp2 complex during the 
G

1
 phase.18-20 In contrast, low glucose (0.1 mM) triggered a rapid 

decline in endogenous p27 protein levels after 3 h and the levels 
did not recover (Fig. 2B). Under glucose-deprived conditions, 
these cells were able to progress through the cell cycle in the pres-
ence of 10% FBS (Fig. 2C).

We next examined the effects of SIP deficiency on p27 stability 
in response to glucose limitation. As shown in Figure 2B, glucose 
limitation triggered a decrease in endogenous p27 protein lev-
els in MEFs from wild-type SIP+/+ and heterozygous SIP+/- mice 
(data not shown). In contrast, p27 levels in homozygous SIP-/- 
MEFs were recovered after 24 h. These observations suggest that 
SIP is involved in the pathway for the glucose limitation-induced 
degradation of p27 proteins.

Glucose limitation induces poly-ubiquitination of cytoplas-
mic p27 proteins. Because SIP has been implicated in the regu-
lation of protein stability via the E3 ubiquitin ligase Siah1, we 
assessed SIP-dependent changes in p27 ubiquitination. To this 

of cytoplasmic p27. We found that cytoplasmic p27 is degraded 
after glucose starvation independent of cell cycle. Glucose lim-
itation-induced p27 degradation is limited to cytoplasmic p27 
and is Siah1/SIP-dependent. Correspondingly, SIP-/- embryonic 
fibroblasts exhibit an increased cell motility compared with wild-
type cells, consistent with the reported role of p27 in cell motility. 
These observations suggest that glucose levels regulate cytosolic 
p27 availability, with concomitant impact on cell motility, via the 
SIP/Siah ubiquitin ligase complex.

Figure 1. Cytoplasmic p27 accumulates in SIP-deficient MEFs. (A) (Top) 
Wild-type and SIP-/- MEFs were cultured in media containing 10% FCS (+) 
or 0.1% FCS (-) for 24 h. Cell lysates were analyzed by immunoblotting 
using antibodies specific for p27, Cdk2 or Hsc70. Representative experi-
ment is shown. (Bottom) The degree of p27 expression was quantified 
by densitometric analysis with ImageJ software and expressed as a 
percentage of p27 expression in wild-type MEFs under normal growth 
conditions. Data are average of three time experiments. (B) Wild-type 
and SIP-/- MEFs cultured in complete media. Cell lysates were fraction-
ated and analyzed by immunoblotting using antibodies specific for p27, 
Lamin B1 and α-tubulin, which acted as markers for the cytoplasmic 
and nuclear fractions, respectively.
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(Fig. 3C). In contrast, downregulation of p27 in the cytosolic 
fraction was observed in SIP+/+ MEFs but not in SIP-/- MEFs 
suggesting that the degradation of p27 in cytoplasm is SIP-
dependent. A p27 mutant (p27ΔNLS) 24 that localizes exclusively 
to the cytosol was also degraded by glucose-starvation, support-
ing the hypothesis that glucose limitation-induced degradation of 
p27 occurs mainly in the cytoplasm (Fig. 3D).

Siah1 is required for glucose limitation-induced p27 degra-
dation. Since SIP’s effect on protein ubiquitination and stability 
must be mediated through an associated ubiquitin ligase, and since 
Siah is among SIP-bound ligases, we directly assessed the role of 
Siah on p27 stability. To investigate whether Siah1/SIP contrib-
utes to the degradation of p27 in vivo, we examined the potential 
interaction of p27 and the Siah1/SIP complex by co-immuno-
precipitation experiments. An expression plasmid encoding HA 
epitope-tagged p27 was transfected into HEK293T cells either 
alone or in combination with plasmids encoding FLAG-epitope-
tagged Siah1 and Myc-tagged SIP. The resulting cell lysates 
were immunoprecipitated using a monoclonal antibody specific 
for the HA epitope with associated FLAG-Siah1 and Myc-SIP 
detected by immunoblotting using an anti-FLAG or anti-Myc 

end, p27 was immunoprecipitated from glucose-deprived SIP+/+ 
and SIP-/- MEFs in the presence of MG132 and assessed for the 
degree of ubiquitination. Significantly, glucose limitation trig-
gered poly-ubiquitination of p27 protein in SIP+/+ mice but not in 
SIP-/- MEFs (Fig. 3A).

The effect of glucose limitation on p27 protein stability was 
further examined by cycloheximide chase experiments. SIP+/+ and 
SIP-/- MEFs transfected with Myc-tagged p27, were cultured in 
low glucose media for 48 h. Then, cells were treated with 25 μg/
ml cycloheximide and the rate of p27 turnover was monitored. 
In SIP+/+ MEFs, a half-life of several hours was seen for Myc-p27 
(Fig. 3B). In contrast, Myc-p27 protein was significantly more 
stable in SIP-/- MEFs, compared with SIP+/+ MEFs. These results 
demonstrate that glucose limitation downregulates p27 in a post-
translational manner and that SIP deficiency stabilizes p27.

To investigate whether the glucose limitation-induced degra-
dation of p27 occurs in the cytoplasm, wild-type and SIP-/- MEFs 
were subjected to glucose starvation, and the levels of endogenous 
p27 protein were examined in cytosolic vs. nuclear fractions. 
Downregulation of p27 levels in the nuclear fraction, which is 
regulated by Skp2, was observed in both SIP+/+ and SIP-/- MEFs 

Figure 2. Glucose starvation induces degradation of p27. (A) NIH3T3 cells were cultured in low (0.1% FCS) or normal (10% FCS) serum in the presence 
of absence of glucose or amino acids for the indicated times. Whole cell lysates were analyzed by immunoblotting using antibodies specific for p27 
and Hsc70 to confirm consistent protein loading. (B) Wild-type (WT) and SIP-/- (SIP-/-) MEFs were synchronized by serum starvation for 48 h and the cells 
cultured in media containing 0.1 mM glucose (-Glu) or 25 mM glucose (+Glu) for the indicated times. Whole cell lysates were prepared and subjected 
to immunoblotting using anti-p27 and anti-LDH-A as a control. (C) Cell cycle analysis after glucose limitation. Serum-starved MEFs were released 
into complete media or glucose free media. Cells were treated with BrdU (20 μM) for 20 min prior to cell harvest. At the indicated times, cells were 
harvested and analyzed by flow cytometry. The percentage of cells in each phase of the cell cycle is shown in each graph.
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p27 protein was also demonstrated by co-immunoprecipitation 
using anti-p27 antibody followed by immunoblot analysis using 
anti-Siah1 antibodies (Fig. 4B). The interaction between Siah1 
and p27 in the cytoplasm was maximal at ~24 h after glucose 
limitation, which is consistent with p27 poly-ubiquitination. In 

monoclonal antibody. As shown in Figure 4A, both FLAG-
Siah1 and Myc-SIP were co-immunoprecipitated with HA-p27. 
Expression of all proteins was confirmed by immunoblot analysis 
of lysates generated from the transfected HEK293T cells. A phys-
iological interaction between endogenous Siah1 and endogenous 

Figure 3. Glucose limitation induces poly-ubiquitination of cytoplasmic p27 protein. (A) Synchronized wild-type and SIP-/- MEFs were cultured in low 
glucose media and 10% dialyzed FCS and cell lysates prepared at the indicated times. Endogenous p27 proteins were immunoprecipitated with anti-
p27 antibody and the immunoprecipitates analyzed by immunoblotting with anti-ubiquitin or p27 antibodies. (B) Wild-type or SIP-/- MEFs cells in 100 
mm dishes were transiently transfected with 3 μg of plasmids producing with Myc-tagged p27 plasmid for 48 h and cells were cultured in glucose free 
media. After 48 h, cells were treated with 25 μg/ml cycloheximide, were harvested at the indicated times and an equal amount of protein from each ly-
sate was analyzed by immunoblotting using anti-Myc antibody. The degree of p27 expression was quantitated by densitometric analysis with ImageJ 
software and expressed as a percentage of p27 expression at 0 h. (C) Synchronized wild-type and SIP-/- MEFs were cultured in low glucose media and 
cell lysates were prepared at the indicated times. Cell lysates were fractionated to cytosolic and nuclear fractions and levels of p27 proteins analyzed 
by immunoblotting using anti-p27, Lamin B1 and α-tubulin antibodies. (D) NIH3T3 cells stably expressing Myc-tagged wild-type p27 or mutant of 
nuclear localization signal p27 (ΔNLS) were cultured in media containing 0.1 mM glucose and 10% dialyzed FCS. After 48 h, cell lysates were analyzed 
by immunoblotting using antibodies specific for Myc and HSC70.
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contrast, the interaction between Siah1 and p27 was not observed 
in nuclear fractions.

The kinetics and dose-dependency of p27 degradation 
were examined (Fig. 5A). Downregulation of endogenous p27 
protein levels occurs at glucose concentrations below 1 mM. 
Interestingly, Siah1 expression increased in the presence of ≤1 
mM glucose—the same conditions under which p27 degradation 
is observed (Fig. 5A). Time-course experiments showed a clear 
correlation between p27 degradation and induction of Siah1 
expression (Fig. 5B). To determine whether Siah1 is required for 
the glucose limitation-induced degradation of p27, NIH3T3 cells 
were transiently transfected with plasmids encoding HA-tagged 
Phyllopod peptide (phyl-pep) which outcompetes adaptor pro-
teins required for Siah association with some of its substrates,40 
or RING mutant forms of Siah, Siah1ΔR and Siah2ΔR, that 
exhibit a dominant-negative effect on endogenous Siah1 and 
Siah2, respectively. Glucose-starvation of NIH3T3 cells express-
ing the inhibitors of Siah was followed by analysis of endogenous 
p27 protein levels. As shown in Figure 5C, expression of either 
phyl-pep or dominant-negative Siah proteins attenuated the 
effects of glucose limitation on p27 degradation, suggesting that 
Siah proteins contribute to the degradation.

The effect of Siah1 on p27 degradation was also confirmed 
by overexpression assays. Accordingly, HEK293T cells were 
transiently transfected with plasmids encoding HA-tagged p27 
alone or in combination with plasmids producing Siah1 and 
dominant-negative Siah1 (Siah1ΔR). The steady-state levels 
of transgene-derived p27 were then monitored by immunob-
lotting. Overexpression of Siah1 resulted in a marked (>90%) 
decrease in p27 protein levels (Fig. 5D). Moreover, addition of 
a proteasome inhibitor (MG132) to the culture medium pre-
vented Siah1-induced degradation of p27 (Fig. 5D), confirm-
ing a proteasome-dependent degradation process. In contrast 
to Siah1, expression of the Siah1ΔR protein in HEK293T cells 
did not decrease levels of HA-p27 protein, consistent with the 
inability of this protein to bind Ubiquitin-conjugating enzymes 
(Ubcs). We conclude therefore that Siah1 promotes the degrada-
tion of p27.

Because we previously demonstrated a sequence of protein 
interactions leading to Siah1-induced β-Catenin degradation: 

Figure 4. p27 associates with Siah1/SIP in cells. (A) HEK293T cells in 
100 mm dishes were transfected with 3 μg each of plasmids producing 
Myc-tagged p27 and HA-tagged SIP (total DNA = 6 μg). Controls (-) rep-
resent cells transfected with HA or Myc-tagged pcDNA3 lacking a cDNA 
insert. Lysates were prepared and either loaded directly in gels (25 μg 
total protein content) (labeled as “input”) or used for immunoprecipita-
tions employing anti-Myc antibody. Immune-complexes were analyzed 
by SDS-PAGE/immunoblotting using anti-HA and Myc antibodies with 
ECL-based detection. (B) Synchronized wild-type MEFs were cultured in 
low glucose media and 10% dialyzed FCS and the cytosolic fraction pre-
pared from cell lysates at the indicated times. Endogenous p27 proteins 
were immunoprecipitated with anti-p27 antibody and immunoprecipi-
tates were analyzed by immunoblotting with anti-Siah1, ubiquitin or 
p27 antibodies.

Figure 5 (See opposite page). Siah1 is required for glucose limitation-induced p27 degradation. (A) Wild-type MEFs were cultured in media con-
taining 10% dialyzed FCS and various concentrations of glucose. After 2 d, cell lysates were analyzed by immunoblotting using anti p27 or Siah1 
antibodies. The membrane was reprobed with anti-HSC70 antibody as a control. (B) Wild-type MEFs cultured in complete media were released into 
glucose-free media. At the indicated times, lysates were analyzed by immunoblotting using antibodies for p27, Siah1 or LDH-A. (C) NIH3T3 cells were 
transiently transfected with plasmids encoding HA-Phyllopod or FLAG-Siah1ΔR and FLAG-Siah2ΔR as indicated. After 24 h, cell lysates were prepared 
from duplicate dishes for each transfection and analyzed by SDS-PAGE/immunoblotting using antibodies specific for p27, HA, FLAG and Hsc70 with 
ECL-based detection. (D) HEK293T cells were transiently transfected with plasmids encoding HA-p27, FLAG-Siah1 or FLAG-Siah1ΔR in various combina-
tions as indicated (total DNA amount normalized). After 24 h, cell lysates were prepared from duplicate dishes of each transfection and analyzed by 
SDS-PAGE/immunoblotting using antibodies specific for HA and FLAG, with ECL-based detection. (E) HEK293T cells were transiently transfected with 
plasmids encoding HA-p27 (0.5 μg), FLAG-Siah1 (0.5 μg), Myc-SIP (0.5 μg), Myc-SIP-S (0.5 μg) or Myc-Skp2ΔF (0.5 μg) in various combinations as indi-
cated (total DNA amount normalized). After 24 h, cell lysates were prepared from duplicate dishes of each transfection, normalized for total protein 
content (20 μg per lane) and analyzed by SDS-PAGE/immunoblotting using antibodies specific for HA-tag, FLAG or Myc, with ECL-based detection.  
(F) NIH3T3 cells were transiently transfected with plasmids encoding Myc-p27, FLAG-Siah1 and HA-SIP in various combinations as indicated (total DNA 
amount normalized). After 24 h, cells were treated with 1 μM MG132 for 6 h. Lysates were immunoprecipitated with anti-Myc antibody. Immunopre-
cipitates were divided into two partss and analyzed immunoblotting using anti-ubiquitin and anti-Myc antibodies. Expression of Myc-p27, HA-SIP in 
each total cell lysate was detected with anti-ubiquitin, -Myc, -HA and -FLAG antibodies. (G) Synchronized wild-type and Siah1a-/- MEFs were cultured 
in media containing 0.1 mM glucose and 10% dialyzed FCS. Cell lysates were prepared at the indicated times and subjected to immunoblotting with 
anti-p27 and LDH-A antibodies.
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Figure 5. For figure legend see page 2596.
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Discussion

In this study, we show that glucose limitation induces Siah/
SIP-dependent degradation of the cytoplasmic p27 protein. p27 
is a well known inhibitor of cell proliferation. However, recent 
studies show that p27 has an alternative function, acting in 
the cytoplasm to regulate Rho signaling and thereby control-
ling cytoskeletal organization and cell motility.47 In this regard, 
p27 binds to RhoA and prevents the interaction of RhoA with 
guanine-nucleotide exchange factors. RhoA promotes the for-
mation of actin stress fibers and focal adhesions through the 
recruitment and activation of its effectors mammalian diapha-
nous (mDIA) and the Rho kinases ROCK1/2.47 We also show 
that SIP-/- embryonic fibroblasts are deficient in their ability to 
downregulate p27 levels and display faster cell migration rates. 
Furthermore, a recent study has shown that downregulation of 
SIP by RNA interference increases tumorigenicity and invasive-
ness of gastric cancer cells.48 Recently, Schneider and cowork-
ers reported that SIP interacts with tubulin to increase tubulin 
assemblies in neuroblastoma cells, suggesting that SIP/CacyBP 
regulates microtubule dynamics and plays a role in cell migra-
tion.49 Thus, we hypothesize that via their degradation of cyto-
solic p27, Siah/SIP plays important roles in cell motility.

Genotoxic stress triggers the activation of kinases that phos-
phorylate and activate tumor suppressor p53, arresting cells in 
G

1
 phase to prevent replication of damaged DNA. In addition to 

DNA damage, limitation of nutrients, such as glucose or amino 
acids, is known to induce cell cycle arrest via p53-dependent 
mechanisms. For example, cells exposed to low glucose and 
low serum arrest in the G

1
 phase of the cell cycle,50 regulated by 

AMP-activated protein kinase (AMPK), which in turn is acti-
vated by LKB1.51 AMPK activation induces p53 phosphorylation, 
which is essential for promoting p53-dependent cell cycle arrest.50 
In our study, we observed Siah1 expression and p27 degradation 
induced by glucose limitation when cells were supplemented with 
10% serum. In the presence of serum, cells progressed through 
the cell cycle normally and increased levels of senescence were not 
observed (Fig. S1A). However, when MEFs were treated with low 
glucose and low serum, then more than 60% of MEFs underwent 
senescence, although p27 was not downregulated under such 
conditions (Fig. S1B). Although SIP-/- and Siah1a-/- MEFs failed 
to degrade p27, these cells are not impaired in cell cycle progres-
sion. These observations suggest that p27 degradation by glucose 
limitation is cell cycle- and senescence-independent.

The energy-sensing LKB1-AMPK pathway is implicated 
in the induction of autophagy, resulting in cell survival under 
glucose-deprived conditions. Recently, Liang et al. showed that 
the LKB1-AMPK pathway regulates p27 phosphorylation at 
Thr198 and stabilizes p27 proteins.52 They also indicated that 
accumulated p27 may play an important role in determining 
whether cells survive, become autophagic or undergo apoptosis 
under metabolic stress conditions.52 Interestingly, neither the 
AMPK activator AICAR nor an AMPK inhibitor (compound 
C) affected p27 stability under glucose-deprived conditions (data 
not shown). However, we cannot exclude the possibility that 

Siah1→SIP→Skp1→Ebi→β-Catenin, we explored the roles of SIP 
and Ebi in the mechanism by which Siah1 induces p27 degrada-
tion. Co-expressing dominant-negative SIP-S, which cannot bind to 
Siah1,30 blocked/attenuated the effects of Siah1 on p27 degradation, 
restoring p27 to control levels (Fig. 5E). In contrast, dominant-neg-
ative Ebi lacking the F-box doman (EbiΔF) 30 failed to interfere with 
Siah1-induced p27 degradation (data not shown). Co-expression of 
dominant-negative Skp2 protein (Skp2ΔF), another F-box protein 
that recognizes phosphorylated p27 on Thr187 and facilitates its 
ubiquitination in the late G

1
 and S phase, also did not interfere with 

Siah1-induced p27 degradation. Correspondingly, co-expression of 
Siah1 and SIP induced poly-ubiquitination of p27 in NIH3T3 cells 
(Fig. 5F). We deduce from these experiments that Siah1-induced 
degradation of p27 is SIP-dependent, but Ebi- or Skp2-independent.

We next examined the effects of Siah1 deficiency on p27 stabil-
ity in response to glucose limitation (Fig. 5G). For these experi-
ments, early passage MEFs were prepared from Siah1a-/- embryos, 
subjected to glucose-starvation, and the levels of endogenous 
p27 protein were evaluated by immunoblotting. Homozygous 
Siah1a-/- MEFs failed to downregulate p27, suggesting that Siah1 
is necessary for the glucose limitation-induced degradation of 
p27 protein (Fig. 5G).

Increased migration of cells lacking SIP. In addition to its 
role in cell cycle control, p27 was recently shown to affect cell 
migration by regulating Rho proteins.7,41,42 Notably, these distinct 
functions are associated with nuclear or cytosolic localization of 
p27, respectively. Moreover, accumulation of cytoplasmic p27 
protein has been recognized to be associated with tumor malig-
nancies, suggesting a role in tumor invasion.16,17,43,44 Therefore, we 
explored the effect of SIP on cell motility. Initially, cell migration 
was monitored using transwell chambers that were seeded with 
MEFs derived from wild-type or SIP-/- embryos using low or high 
serum that was supplemented (or not) with glucose. SIP+/+ and 
SIP-/- MEFs displayed comparable motility when cultured with 
glucose, though SIP-/- MEFs exhibited slightly greater motility 
(Fig. 6A). Significantly, under glucose-depleted conditions, wild-
type MEFs exhibited a marked reduction in migration, while 
SIP-/- MEFs showed significantly enhanced migration. Serine 
10 phosphorylation of p27 correlates with increased stability 
and cytoplasmic export.45,46 Moreover, NIH3T3 cells express-
ing mutant of S10 phospho-mimetic residue p27 (S10D) or p27 
(ΔNLS) also showed significantly enhanced migration (Fig. 6A).

The effect of SIP deficiency on glucose-dependent cell migra-
tion was confirmed using an independent assay, namely an in 
vitro “wound healing” model wherein cell monolayers are 
scrapped and the migration of cells into the denuded region 
of the plastic culture dish is monitored over time (Fig. 6B). 
Consistent with the motility assay findings, striking differences 
in cell migration were observed in the wound healing model 
when SIP+/+ and SIP-/- MEFs were cultured in glucose-deprived 
medium, with SIP-deficient MEFs filling the denuded area faster. 
These results corroborate the findings obtained by the transwell 
method. Overall, the data indicate that inhibition of migration in 
response to glucose limitation is impaired in SIP-/- MEFs, show-
ing that glucose-dependent cell migration is regulated by SIP.
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The F-box protein Skp2 acts as an adaptor that 
recognizes p27 phosphorylated on threonine 
residue 187 (T187) and facilitates p27 ubiqui-
tination. In this regard, SIP is known to bind 
to the SCF-complex component Skp1, which 
provides a physical link between RING-finger 
proteins and the F-box proteins.30 Our prelimi-
nary experiments suggest that overexpression of 
dominant-negative Skp2 or Ebi did not interfere 
Siah1-induced p27 degradation. These observa-
tions raise the possibility that an alternative 
F-box protein is involved in Siah1/SIP-mediated 
degradation of p27.

Though many studies suggested a role for 
p27 in cell migration, the physiological rel-
evance of p27 stability controlled by glucose-
deprived conditions has remained elusive. 
As shown here, glucose limitation suppresses 
motility of normal cells. Under such condi-
tions, normal cells may rather differentiate 
than migrate, given that migration is an energy 
consuming process. Cell motility and migra-
tion play essential roles in many pathological 
processes such as metastasis, tumor angiogen-
esis and atherosclerosis,54 and hypoglycemia 
may be connected to these disease states. For 
example, tumor cells are thought to be under 
conditions of hypoxia and hypoglycemia 
within the core of solid tumors prior to stimu-
lation of angiogenesis. In this regard, the find-
ing that many types of cancers contain high 
levels of cytosolic p27 raises the possibility 
that the Siah/SIP pathway for p27 degradation 
might be deregulated in cancer cells. Similarly, 
poorly controlled diabetes can result in intra-
cellular glucose deficiency, because of insuf-
ficient insulin-induced glucose uptake. Thus, 
atherosclerosis might be accelerated in Siah/
SIP-deficient diabetic animals. Thus, the role 
of Siah/SIP pathway for p27 degradation in the 
context of glucose dysregulation and disease 
warrants further evaluation.

Materials and Methods

Generation of SIP-deficient mice. SIP-deficient mice were gen-
erated as described previously in reference 39. All mice were 
maintained at animal facilities of the Sanford Burnham Medical 
Research Institute, according to institutional guidelines.

Plasmids. The cDNAs encoding various mutants or frag-
ments of SIP, Siah1, Skp2 and β-Catenin were constructed 
as described previously in reference 30. The cDNA encod-
ing the full length p27 were PCR-amplified from human pla-
centa randomly-primed cDNA library. The mutants (S10D, 
ΔNLS) of p27 were generated by the site-directed mutagenesis  
method.30

Thr198 phosphorylation is indeed involved in the pathway where 
we detected p27 degradation.

How Siah1/SIP induces p27 degradation is enigmatic. It 
is also still unclear whether p27 binds to Siah1/SIP complex 
directly. The fact that phyl-peptide can inhibit the reaction sug-
gests that the interaction requires an adaptor protein and is thus 
indirect. p27 is known to be degraded by the SCFSkp2 complex,18-20 
KPC1/2,24 or Pirh2,53 depending on which phase of the cell cycle 
is present. In particular, KPC1/2 contributes to the degradation 
of cytoplasmic p27 in the early G

1
 phase.24 Although our results 

indicate that glucose limitation-induced degradation of p27 is 
cell cycle-independent, we cannot neglect the possibility that the 
KPC complex might be involved in this degradation pathway. 

Figure 6. SIP regulates cell motility. (A) (Left) Serum-starved wild-type or SIP-/- MEFs were 
released into complete media or glucose-free media and allowed to migrate toward media 
containing 0.5% FBS or 10% FCS for 12 h. Colorimetric measurements were taken accord-
ing to the manufacturer’s instructions. (Right) 3T3 cells transfected with an empty pcDNA3 
vector, pcDNA3 p27S10D or pc DNA3 p27ΔNLS were cultured in serum-starved media for 
24 h, and were released into complete media or glucose-free media and allowed to migrate 
toward media containing 0.5% FBS or 10% FCS for 17 h. Colorimetric measurements were 
taken according to the manufacturer’s instructions. (B) Serum-starved wild-type (WT) 
and SIP-/- MEFs were cultured in gelatin-coated 6-well plates to confluence and cells were 
introduced into media containing 2% FBS with (+Glu) or without glucose (-Glu). A wound 
area was mechanically induced by a single passage of a P200 tip across culture plate surface 
to confluent MEF monolayers. Cultures were continued for the indicated times and images 
obtained using light microscopy. Images were representative of six independent experi-
ments. The dotted lines define the areas lacking cells.
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P4G7, Covance), followed by HRPase-conjugated anti-mouse 
or anti-rat immunoglobulin (GE health care UK limited) and 
detection using enhanced chemiluminescence (ECL) (West Pico, 
Thermo Scientific).

Ubiquitination assay. Myc-p27 (1.0 μg) and/or HA-ubiquitin 
(2.0 μg) and/or FLAG-tagged Siah1 (1.5 μg) were transfected 
into NIH3T3 cells. After 24 h, cells were treated with 1 μM 
MG132 for 6 h and harvested. Cell pellets lysed with RIPA buf-
fer, containing 10 mM TRIS-HCl, pH 7.4, 1% NP40, 0.1% 
SDS, 0.15 M NaCl, 1 mM EDTA and protease inhibitor cock-
tail. Bead-bound proteins were then eluted in SDS sample buffer 
and subjected to immunoblot analysis with anti-HA antibody. 
The same membrane was stripped and reprobed with anti-Myc 
or FLAG polyclonal antibodies. For endogenous ubiquitination 
assay, MEFs were treated with 1 μM MG132 for 6 h before har-
vesting. Cells were lysed and immunoprecipitated with anti-p27 
antibody. Each precipitate was divided into two parts, separated 
on SDS-PAGE and analyzed by immunoblotting with anti-ubiq-
uitin and anti-p27 antibodies to detect ubiquitin-conjugated p27.

Cell migration assay. A transwell plate form cell migration 
assay kit (ECM508, Chemicon International) was used to check 
the cell motility. Briefly, cells were suspended in 0.3 ml culture 
medium with or without glucose, containing 0.1% FCS and 
were added to the upper chamber. Ten percent of FCS in the 
culture medium was plated in the lower chamber as a chemoat-
tractant. Cells in the migration chambers were incubated in a 
humidified incubator for 24 h. The cells that traversed the mem-
brane pore to the lower surface of the filter were stained with dye 
for visualization. The colorimetric measurement was performed 
at 560 nm.

In vitro wound healing assay. In vitro wound healing assays 
were performed for an additional method of following cell migra-
tion.55,56 Serum-starved wild-type and SIP-/- MEFs were cultured 
in 6-well plates and released into complete media or glucose-free 
media. A wound area was mechanically induced by a single pas-
sage of a P200 tip across the culture plate surface to confluent 
MEF monolayers. Cells that migrated into the wounded area 
were visualized and photographed under an inverted microscopy.
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Note

Supplemental materials can be found at:
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Transfections, cell culture and cell cycle analysis. Culture 
and transient transfection of HEK293T and 3T3 cells was per-
formed as described in reference 30. Primary MEFs were derived 
from E14.5 embryos according to standard protocols. Cells were 
cultured at 37°C (5% CO

2
) in high-glucose Dulbecco’s modified 

Eagle’s medium (DMEM, Thermo Scientific) with 10% fetal 
calf serum (FCS), 1 mM L-glutamine containing penicillin and 
streptomycin (100 mg of each/L). For experiments using serum-
starved cells, asynchronous cells at 70% confluence were washed 
with phosphate-buffered saline (PBS), and placed in DMEM 
containing 0.5% FCS for 48 h. For the time course experiments 
under glucose-deprived conditions, synchronized cells were 
washed with PBS, and placed in DMEM without glucose in the 
presence or absence of 10% FCS. Cell cycle analyses were per-
formed as described in reference 39.

Immunoblotting and antibodies. Cells were lysed with RIPA 
buffer (50 mM TRIS-HCl (pH 7.4), 150 mM NaCl, 1% NP40, 
0.1% SDS, 1 mM EDTA). To distinguish cytosolic and nuclear 
p27, cells were fractionated using Nuclear Extract Reagents 
(Active Motif) according to the supplier’s manual. Briefly, cells 
were washed and harvested with PBS containing phosphatase 
inhibitor and the cells were resuspended in hypotonic buffer. 
Cell extracts were then centrifuged at 14,000x g for 30 sec, the 
cytosolic fraction collected and the nuclear pellets resuspended 
with complete lysis buffer. The cell extracts were then centri-
fuged at 14,000x g for 10 min to collect the nuclear fraction. 
Equal amounts of cell lysates were subjected to immunoblot 
analysis with antibodies to p27 (C-19, Santa Cruz), p-p27 Ser10 
(Santa Cruz), Siah1 (N-15, Santa Cruz), CDK2 (M2, Santa 
Cruz), Hsc70 (K-19, Santa Cruz), α-tubulin (Zymed), Lamin-B1 
(Zymed), LDH-A (N-14, Santa Cruz), c-Myc (9E10, Santa 
Cruz), HA (3F10, Roche) and FLAG (M2, Santa Cruz). Protein 
bands densitometry was performed using ImageJ software.

Immunoprecipitation assay. Cells (2 x 106) in 100 mm 
plates were used directly or transiently transfected with 3 μg 
(total) plasmid DNA. After 24 h, cells were treated with 1 μM 
MG132 for 6 h and lysed in 200 μl TNE solution containing 
0.5% NP-40, 10 mM TRIS-HCl, pH 7.8, 0.15 M NaCl, 1 mM 
EDTA, 20 μM MG132 and protease inhibitor cocktail (com-
plete, Mini, EDTA free, Roche). After preclearing with 20 μl 
protein G-Sepharose for 1 h at 4°C, immunoprecipitations were 
performed using 1 μg primary antibody (anti-p27 antibody; anti-
Myc antibody) adsorbed to protein G-Sepharose beads at 4°C for 
4 h. After washing in TNE solution, immune complexes were 
analyzed by SDS-PAGE/immunoblotting using various antibod-
ies, including anti-Siah1 antibody (Abnova, 1–110) or anti-HA 
antibody or anti-ubiquitin antibody (FL-76, Santa Cruz and 
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