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Loss of p27 upregulates MnSOD in a STAT3-dependent manner,
disrupts intracellular redox activity and enhances cell migration
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ABSTRACT

Cell migration is a dynamic process that is central to a variety of

physiological functions as well as disease pathogenesis. The

modulation of cell migration by p27 (officially known as CDKN1B)

has been reported, but the exact mechanism(s) whereby p27

interacts with downstream effectors that control cell migration have

not been elucidated. By systematically comparing p27+/+ mouse

embryonic fibroblasts (MEFs) with genetically ablated p272/2 MEFs

using wound-healing, transwell and time-lapsemicroscopic analyses,

we provide direct evidence that p27 inhibits both directional and

random cell migration. Identical results were obtained with normal

and cancer epithelial cells using complementary knockdown and

overexpression approaches. Additional studies revealed that

overexpression of manganese superoxide dismutase (MnSOD,

officially known as SOD2) and reduced intracellular oxidation

played a key role in increased cell migration in p27-deficient cells.

Furthermore, we identified signal transducer and activator of

transcription 3 (STAT3) as the transcription factor responsible for

p27-regulated MnSOD expression, which was further mediated by

ERK- and ATF1-dependent transactivation of the cAMP response

element (CRE) within the Stat3 promoter. Collectively, our data

strongly indicate that p27 plays a crucial negative role in cell migration

by inhibiting MnSOD expression in a STAT3-dependent manner.
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INTRODUCTION
The protein p27 (officially known as CDKN1B) was initially

identified as a potent negative regulator of cell cycle that

preferentially binds to and inhibits cyclin-D–CDK4/6 and cyclin-

E/A–CDK2 complexes (Besson et al., 2008; Chu et al., 2008).

Later, more in-depth studies indicated that p27 is a

multifunctional protein with additional roles in apoptosis, cell

adhesion and migration that are independent of its ability to bind

to and inhibit cyclin2CDK complexes (Besson et al., 2004a;

Besson et al., 2004b; Baldassarre et al., 2005; Besson et al., 2008;

Liu et al., 2010). In contrast to typical tumor suppressor genes,

such as p53 and Rb, p27 is rarely mutated or deleted in human

cancers (Giordano et al., 2007). Instead, downregulation or

mislocalization of p27 is seen frequently in most human cancers,

including carcinomas of the breast, colon, prostate, ovary, lung,

brain, stomach, skin and haematopoietic cells (Chu et al., 2008).

The fact that loss of p27 in epithelial cancers correlates

significantly with high tumor grade indicates that p27 might play

crucial roles in tumor progression (Slingerland and Pagano, 2000).

Lower expression of p27 has been observed in metastatic or

invasive tissue as compared with the primary tumor in colorectal

adenocarcinoma (Thomas et al., 1998), oral dysplasias and

carcinomas (Jordan et al., 1998), and transitional cell carcinoma

of the bladder (Lacoste-Collin et al., 2002), suggesting that p27

might regulate the mobility of cancer cells. However, a growing

body of evidence shows that the retention of p27 in the cytoplasm

leads to the protein adopting an oncogenic role in the regulation of

cytoskeletal dynamics and cell migration (Besson et al., 2004a;

Besson et al., 2008). The exact function of cytoplasmic p27 is thus

an active focus of several recent studies, but different and

sometimes contradictory findings have been reported (Liu et al.,

2010; See et al., 2010; Bhatia et al., 2010; Borriello et al., 2011;

Fearon, 2011; Serres et al., 2011; Wander et al., 2011). In our

current studies, we used time-lapse microscopy to monitor the

random migration of p27+/+ and p272/2 mouse embryonic

fibroblasts (MEFs) in real time. We found that p272/2 MEFs

displayed greater random migratory activity than p27+/+ MEFs.

Our findings were further confirmed by the use of wound-healing

and transwell assays performed on normal epithelial cells with p27

knockdown and cancer epithelial cells with p27 overexpression.

Cell migration is a dynamic process that is central to a

variety of biological functions, including embryogenesis, tissue

regeneration and immune surveillance (Friedl and Wolf, 2003).

Cell migration also plays an important role in disease processes

such as cancer metastasis, which inappropriately reactivates

developmental migratory programs (Friedl and Wolf, 2003).

Growing evidence suggests that reactive oxygen species (ROS)

act intrinsically as signaling molecules that regulate various

cellular functions, such as migration (Hurd et al., 2012).

Mitochondrial electron leak is one of the major sources of ROS

production. During oxidative phosphorylation and the transfer of

energy along the electron transport chain, superoxide is formed

prematurely (Gough and Cotter, 2011). Manganese superoxide

dismutase (MnSOD, officially known as SOD2) is one of three

superoxide dismutases (SODs) found in mammalian cells. Its

strategic subcellular localization in mitochondria allows it to

efficiently scavenge superoxides as they are generated (Boveris

et al., 1972; Boveris and Chance, 1973; Fridovich, 1986). Early

studies showed that MnSOD expression is decreased in some

types of cancer, such as prostate cancer and leukemia, when

compared with normal tissues. This shifts the redox balance of

tumor cells to a more pro-oxidative state; therefore MnSOD was
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initially regarded as a tumor suppressor gene (Oberley and
Buettner, 1979). However, subsequent studies have revealed that

the changes in MnSOD expression are dependent on cancer type as
well as the progression or aggressive stage of the disease (Miriyala
et al., 2012). In bladder cancer, MnSOD expression significantly
correlates with high pathological grade, local invasion and distant

metastasis stage (Hempel et al., 2009). Therefore, it has been
suggested more recently that MnSOD acts as a tumor suppressor
during tumor initiation, yet once the tumor progresses to a more

aggressive and invasive phenotype, MnSOD levels appear to
positively correlate with and contribute to enhanced metastatic
behavior of cancer cells (Hempel et al., 2011). Consistent with this

notion, the present study shows that loss of p27 expression elevated
MnSOD transcription in a STAT3-dependent manner and
contributed to the increased cellular migratory capacity.

RESULTS
p272/2 MEFs exhibited increased cell migration capability
compared with that of p27+/+ MEFs
The protein p27 plays a crucial negative role in cell cycle progression.
Additionally, it also performs cyclin–CDK-independent functions
in apoptosis, cytoskeleton rearrangement and transcriptional

regulation (Baldassarre et al., 2005; Timmerbeul et al., 2006; Wu
et al., 2006; le Sage et al., 2007; Larrea et al., 2009; Belletti et al.,

2010; Liu et al., 2010; See et al., 2010; Bhatia et al., 2010; Borriello
et al., 2011; Fearon, 2011; Serres et al., 2011; Wander et al., 2011).

However, different and sometimes contradictory findings have
been reported about the role of p27 in the regulation of cell
migration (Liu et al., 2010; See et al., 2010; Bhatia et al., 2010;
Borriello et al., 2011; Fearon, 2011; Serres et al., 2011; Wander

et al., 2011). The discrepancy might be partially due to differences
in the tissues investigated or variations in experimental approaches.
To gain an initial insight into the role of p27 in the regulation of

cell migration, we first compared the migration capability of p27+/+

and p272/2 MEFs (Fig. 1A) using a wound-healing assay (Debeir
et al., 2008). Identically sized wounds were generated in confluent

monolayers of p27+/+ and p272/2 MEFs, and the wound-healing
process was monitored periodically. As shown in Fig. 1B,C, p27+/+

MEFs were found to migrate more slowly than p272/2 MEFs, and

.50% of the wound area remained free of p27+/+ cells at 24 h post-
wounding. By contrast, p272/2 MEFs moved rapidly toward the
wound, which was almost completely healed by migrating cells at
the 24-h time-point (Fig. 1B,C), indicating an inhibitory role of

p27 in regulating directional cell motility.
The transwell assay is another conventional 2D model that

monitors directional cell migration. Therefore, we performed a

transwell assay, and recorded microscopically the number of cells
that had migrated through the porous membrane in response to a

Fig. 1. p272/2 MEFs exhibited elevated
directional and random cell migration
capability. (A) Assessment of p27 protein
expression in p27+/+ and p272/2 MEFs.
(B–E) The wound-healing assay (B,C)
and transwell assay (D,E) were used to
determine the directional cell migration of
p27+/+ and p272/2 MEFs. (F,G) p27+/+

and p272/2 MEFs were pretreated with
mitomycin C (10 mg/ml) for 3 h, and the
cells were then used in the wound-healing
assay (F) and transwell assay (G).
(H,I) Cell migration was monitored using
time-lapse microscopy. The migration
speed, expressed as average speed of
cell locomotion (ASL, left panel) and
average rate of cell displacement (ARD,
right panel), was compared between
p27+/+ and p272/2 MEFs using ImageJ
software. *P,0.05 (between p27+/+ and
p272/2 MEFs). The data shown are
representative of three independent
experiments.
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high concentration of serum (Hulkower and Herber, 2011). As
shown in Fig. 1D,E, the number of p272/2 MEFs that migrated

through the membrane was threefold greater than that of p27+/+

MEFs, thus supporting the notion that the presence of p27
strongly repressed directional cell migratory activity.

To prove that the effect of p27 on cell proliferation did not

interfere with its function in the regulation of cell migration, the
cells were pretreated with mitomycin C for 3 h to constrain cell
proliferation, and the amount of cell migration was subsequently

determined by using wound-healing and transwell assays. As
shown in Fig. 1F,G, p272/2 MEFs still exhibited more rapid
migration compared with that of p27+/+ MEFs, although treatment

with mitomycin C did reduce the difference between p27+/+ and
p272/2 MEFs as observed in the wound-healing assay
(Fig. 1C,F) and transwell assay (Fig. 1E,G).

In addition, we used time-lapse microscopy to monitor the
random migration of p27+/+ and p272/2 MEFs over a short
period (2 h). Periodic acquisition at approximately five-minute
intervals was performed. Observations by time-lapse microscopy

(supplementary material Fig. S1) revealed that (1) the stationary
p27+/+ MEFs exhibited an elongated cell shape, whereas the
p272/2 MEFs were flatter, more spread out and larger, containing

more protrusions and broad lamellipodia; (2) the p27+/+ MEFs
moved slowly and showed little displacement over time, whereas
p272/2 MEFs mobilized more actively, migrating further; (3)

p27+/+ MEFs showed delays in the retraction of the trailing
edge, whereas p272/2 MEFs exhibited efficient release of
the rear edge, leading to cell movement (supplementary

material Fig. S1). To quantify the lengths and velocity of
cell motion in time-lapse experiments, ImageJ software was
used to calculate the various parameters of each cell (n558
for p27+/+ MEFs; n577 for p272/2 MEFs). Absolute motion in x

and y coordinates was used to calculate displacement for each
cell. The lengths of cell displacement were found to be much
greater in p272/2 MEFs compared with those of p27+/+ MEFs

(Fig. 1H), suggesting that the mobility of p272/2 MEFs was
greater than that of p27+/+ MEFs, as outlined above
(supplementary material Fig. S1). In addition, the velocity of

protrusion of the leading edge was calculated as the average
speed of cell locomotion (ASL) and the average rate of cell
displacement (ARD) (Li et al., 2008; Fujita et al., 2009; Li, et al.,
2012a). As shown in Fig. 1I, the average movement speed, which

reflected migratory activity, was elevated in p272/2 MEFs
compared with that of p27+/+ MEFs (33 versus 55 mm/h for ASL;
15 versus 29 mm/h for ARD), suggesting that p27 deficiency

increased random cell migration capability as well as directional
migration.

The MEFs used here were spontaneously immortalized cell

lines. Consequently, it is possible that mutations in genes that
regulate migration, such as has been reported for the genes
encoding p53 and p16 (Alexandrova et al., 2000; Fingerle-

Rowson et al., 2003; Sablina et al., 2003), might be introduced
during the immortalization of the cell lines. To confirm that loss
of p27 was the only driving force for the changes in cell migration
reported above, we performed a reconstitution experiment in

which p272/2 MEFs were infected with adenovirus expressing
GFP–p27 (Fig. 2A). As shown in Fig. 2B,C, ectopic expression
of p27 in p272/2 MEFs reduced the rate of wound closure

(5.85%63.71 versus 56.27%614.10 of wound area was closed at
the 24-h time-point, 6s.d.; Fig. 2B) and cell migration capability
as determined by using the transwell assay (141.33610.69 versus

19.2562.36 cells/field, Fig. 2C). Next, we used a knockdown

approach to confirm our findings in knockout MEFs. Two sets of
shRNA targeting different regions of the mouse mRNA encoding

p27 were transfected into p27+/+ MEFs, and the stable
transfectants were established and used as a mass culture rather
than as single clones, in order to avoid the variations among
different clones. As shown in Fig. 2D, effective downregulation

of p27 expression was observed in p27-knockdown transfectants
(shRNA p27-1 and -2) compared with non-silencing control
transfectants. Consistent with the results in knockout cells, both

shRNA-p27 transfectants exhibited greater migration capability
compared with that of the non-silencing control p27+/+ MEFs in
wound-healing (Fig. 2E) and transwell assays (Fig. 2F).

Pretreatment with mitomycin C was also carried out here, to
rule out the possibility of interference from cell proliferation,
and increased cell migration was still observed in shRNA-

p27 transfectants in the wound-healing and transwell assays
(Fig. 2G,H). Taken together, our data strongly indicate that
p27 inhibits both random and directional cell migration in
MEFs.

p27 repressed the migration of both normal epithelial cells
and bladder cancer cells
To clarify whether the inhibitory role of p27 in regulating cell
migration is cell-type or tissue-origin specific, we used JB6 Cl41
cells, which were established from mouse epidermis harboring no

mutations in p53, H-ras or other oncogenes tested so far (Cao
et al., 1991; Sun et al., 1993). When p27 expression was depleted
by stably introducing two sets of p27-specific shRNA into Cl41

cells (Fig. 2I), the migration capability of cells was obviously
enhanced, as demonstrated in both the wound-healing assay
(Fig. 2J) and the transwell assay (Fig. 2K). This further suggested
that the negative role of p27 in the regulation of cell motility was

not cell-type specific.
As an atypical tumor suppressor, loss of p27 expression, rather

than mutation, is often observed in human cancers (Cordon-Cardo

et al., 1998). In transitional bladder carcinoma, several studies
have reported a significant negative correlation between p27
expression and tumor grade, distant metastasis and overall

survival (Lacoste-Collin et al., 2002; Khan et al., 2003; Schrier
et al., 2006; El-Abd et al., 2008; Abd Elazeez et al., 2011). In our
study, we compared p27 expression levels among various human
bladder cancer cell lines (Fig. 3A,B). We found that in highly

invasive grade 4 bladder cancer cell lines (HT1197 and TccSup),
p27 expression was obviously diminished when compared with
that of other cell lines of lower grades (Fig. 3A,B). In order to

determine whether targeting p27 expression could reverse the
aberrant migration capability of cancer cells, p27 was ectopically
overexpressed in HT1197 cells that had a low level of

endogenous p27 (Fig. 3C). In line with our findings above,
overexpression of p27 remarkably attenuated the migration of
HT1197 cells as determined by using both the transwell assay

(Fig. 3D,E, 5.6762.08 versus 40.6763.06 cells/field, 6s.d.)
and the wound-healing assay (Fig. 3F, 91.92%63.42 versus
56.41%66.19 of the wound area remained open at 24-h time-
point). Thus, our results show that p27 plays an inhibitory role in

cell migration in both normal epidermal JB6 Cl41 cells and
human bladder cancer HT1197 cells.

Repressing MnSOD expression by p27 affected
O2N2-mediated cell migration
ROS are a highly reactive group of oxygen-containing molecules

that are involved in the redox-dependent regulation of multiple
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signal transduction pathways. ROS are involved in a wide range

of essential biological processes, including apoptosis, proliferation,
differentiation, adhesion and cell migration. Therefore, the levels
of the two major types of ROS, superoxide (O2N2) and hydrogen
peroxide (H2O2), were determined using hydroethidium and

dichloro-dihydro-fluorescein diacetate (DCFH-DA) staining
assays in p27+/+ and p272/2 MEFs. Our results showed that the
O2N2 level in p272/2 MEFs was lower than that of p27+/+ MEFs

(Fig. 4A), whereas the H2O2 level was much higher compared
with that of p27+/+ MEFs (Fig. 4B). O2N2 is formed in the
mitochondrial respiratory chain, both in complex I, when an

oxygen molecule accepts one electron during the auto-oxidation
of reduced flavin components of NADH dehydrogenase, and in
complex III, during energy transfer from reduced ubisemiquione

to molecular oxygen (Bai and Cederbaum, 2001). The
prematurely formed O2N2 inside mitochondria has a very short
half-life due to the rapid conversion into H2O2 by mitochondrial
superoxide dismutase (MnSOD), an enzyme which is localized

in the mitochondrial matrix (Menon and Goswami, 2007).
Subsequently, H2O2 is reduced to H2O and O2 by catalase and/or
glutathione peroxidase (Thannickal and Fanburg, 2000). Recent

findings suggest that MnSOD expression positively correlates
with tumor grade and metastatic phenotype (Hempel et al., 2011;
Miriyala et al., 2012). Therefore, we compared MnSOD

expression in p27+/+ MEFs and p272/2 MEFs, and we found

that in p272/2 MEFs, MnSOD protein expression was elevated

(Fig. 4C). The role of p27 in regulating MnSOD expression was
confirmed by both knockdown of p27 in p27+/+ MEFs (Fig. 4D)
and Cl41 cells (Fig. 4E) and overexpression of p27 in HT1197
cells (Fig. 4F). The expression of catalase remained unchanged

in all the above situations (Fig. 4C,D), indicating that p27
negatively regulated the expression of MnSOD, but not that of
catalase.

In order to assess whether p27 deficiency promoted cell
migration through the upregulation of MnSOD expression,
MnSOD-specific shRNA was introduced into p272/2 MEFs, and

the stable transfectants were established and identified (Fig. 5A).
Knockdown of MnSOD expression efficiently reversed the
changes in O2N2 and H2O2 levels (Fig. 5B). More importantly, it

diminished the elevated migratory capability of p272/2 MEFs, as
shown in the wound-healing assay (Fig. 5C). By contrast,
overexpression of catalase (Fig. 5D) did not inhibit but actually
increased cell migration in p272/2 MEFs (Fig. 5F). Consistently,

overexpression of catalase only marginally affected the basal
level of the H2O2 radical, whereas it did scavenge exogenous
H2O2-initiated radicals (Fig. 5E). Moreover, overexpression of

mitochondrially targeted catalase (Mito-Catalase) did not cause
obvious alterations of either basal or stimulated H2O2 levels
(Fig. 5E), and it also failed to affect cell migration (Fig. 5G).

Our results indicate that the increased migration observed in

Fig. 2. Knockdown of p27 promoted cell migration. (A–C) GFP–p27 was ectopically expressed in p272/2 MEFs by using an adenovirus delivery
method (A). At 24 h post-infection, the wound-healing assay (B) and transwell assay (C) were conducted to confirm the role of p27 in regulation of cell migration.
Data show the mean6s.d. (three independent experiments); *P,0.05 (between Ad-GFP-p27- and Ad-GFP-infected cells). (D) Two sets of shRNA targeting
different sequences of mouse p27 mRNA were stably transfected into p27+/+ MEFs, and the knockdown efficiency was determined by western blotting.
Densitometric quantification of p27 expression is shown. (E,F) The wound-healing assay (E) and transwell assay (F) were used to determine the cell migration
capability of shRNA-p27 and non-silencing control transfectants. (G,H) Cells were pretreated with Mitomycin C (10 mg/ml) for 3 h, and the wound-healing assay
(G) and transwell assay (H) were conducted to detect the effect of p27-specific shRNA on cell migration. (I) Two sets of p27-specific shRNA were stably
transfected into mouse epidermal Cl41 cells, and the knockdown efficiency was determined by western blotting. Densitometric quantification of p27 expression is
shown. (J,K) The wound-healing assay (J) and transwell assay (K) were used to determine the cell migration capability of shRNA-p27 transfectants and non-
silencing control transfectants. Data show the mean6s.d. (three independent experiments); *P,0.05 (between shRNA p27 and non-silencing control
transfectants).
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p272/2 MEFs is caused by MnSOD-mediated alteration of the
redox status.

p27 inhibited MnSOD transcription in a STAT3-dependent
manner
In order to further clarify the molecular mechanisms underlying

p27-mediated regulation of MnSOD expression, the mRNA level
of Mnsod was first determined. The RT-PCR results showed that in
p272/2 MEFs, the Mnsod mRNA level was more than fourfold

higher than that in p27+/+ MEFs (Fig. 6A). Secondly, an Mnsod

promoter luciferase reporter was used to test whether p27 regulated
Mnsod transcription. As shown in Fig. 6B, the relative Mnsod

promoter activity (normalized to pRL-TK) was 6.12-fold higher
in p272/2 MEFs when compared with that of p27+/+ MEFs,
demonstrating that p27 repressed Mnsod transcription.
Bioinformatic analysis revealed that there were multiple putative

STAT3, NFkB, and SP-1 consensus binding sites in the mouse
Mnsod promoter region (within 2-kb upstream of the transcription
initiation site) (Jung et al., 2009). Therefore, the expression of

these transcription factors was compared between p27+/+ and

Fig. 3. Overexpression of GFP–p27 in
HT1197 cells repressed cell migration.
(A,B) p27 protein expression level was
determined in different human bladder cancer
cell lines by western blotting. (C) Plasmid
encoding GFP-tagged human p27 was stably
transfected into HT1197 cells, and the
transfection efficiency was validated by western
blotting. (D–F) The wound-healing assay
(F) and transwell assay (D,E) were used to
determine the cell migration of GFP–p27 and
vector-control transfectants. Data show the
mean6s.d. (three independent experiments);
*P,0.05 (between GFP–p27 and vector-
control transfectants).

Fig. 4. p27 inhibited MnSOD expression and maintained
redox homeostasis in MEFs. (A,B) O2 N2 and H2O2 levels were
evaluated by using hydroethidium and DCFH-DA staining in
p27+/+ and p272/2 MEFs. Data show the mean6s.d.; *P,0.05
(between p27+/+ and p272/2 MEFs). (C–F) Protein expression
levels of MnSOD and catalase were determined in the indicated
cell lines by western blotting.
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p272/2 MEFs. As shown in Fig. 6C, knockout of p27 resulted in an

upregulation of STAT3 expression but did not cause any
observable change in the expression of p65 (also known as
RELA) or IkBa (also known as NFKBIA) – the major factors for

NFkB inactivation – whereas it partially downregulated the
expression of p50 (also known as NFKB1) and SP-1, suggesting
that p27 might specifically upregulate STAT3 expression.

The results obtained from p27 knockdown (Fig. 6D) and
overexpression transfectants (Fig. 6E) confirmed the inhibitory
effect of p27 on STAT3 expression, suggesting that p27 might
regulate Mnsod transcription in a STAT3-dependent manner.

Moreover, the expression of MnSOD in various human bladder
cancer cells paralleled that of STAT3 (Fig. 6F), and the levels of
both proteins were increased in higher-grade cancer cell lines when

compared with the low-grade cancer cell line (RT4, Fig. 6F).
These results led us to hypothesize a causal relation between
STAT3 and MnSOD expression. To investigate this, STAT3-

specific shRNA was stably transfected into p272/2 MEFs, and
the knockdown efficiency was assessed by both RT-PCR (Fig. 6G)
and western blotting (Fig. 6H). The expression of MnSOD

mRNA (Fig. 6G) and protein (Fig. 6H) was reduced in STAT3-
specific shRNA transfectants when compared with that of non-
silencing transfectants. Consistently, knockdown of STAT3
was found to effectively reduce cell migration in p272/2

MEFs (Fig. 6I, 62.60%64.27 versus 6.40%60.45 of the wound
area remained open at the 24-h time-point), suggesting that the
STAT3–MnSOD module was responsible for p27-mediated

inhibition of cell migration. Taken together, our results suggest
that p27 plays a strong negative regulatory role in cell migration
through the suppression of STAT3–MnSOD-mediated redox

homeostasis.

p27 repressed CRE-mediated STAT3 transcription
STAT proteins have important roles in fundamental processes,
including proliferation, development, differentiation, inflammation
and migration (Al Zaid Siddiquee and Turkson, 2008). When

activated by receptor tyrosine kinases (RTKs) or non-receptor
tyrosine kinases (NRTKs) – such as Src, Jaks, or Abl – in response
to growth factors, cytokines or other polypeptide ligands, STATs

dimerize through reciprocal interactions between phosphorylated
tyrosine (pTyr) and the SH2 domain, translocate into the nucleus
and bind to specific STAT-response elements (SBE) in the
promoters of target genes (Al Zaid Siddiquee and Turkson,

2008). To determine the underlying molecular mechanisms of p27-
mediated regulation of STAT3, RT-PCR was performed, and Stat3

mRNA was found to be upregulated in p272/2 MEFs (Fig. 7A). To

further assess whether p27 regulates Stat3 transcription or its
mRNA stability, actinomycin D (Act D) was employed to block de

novo mRNA synthesis and track the decay rate of existing Stat3

mRNA in the cells. As shown in Fig. 7B, a reduction in the level of
Stat3 mRNA in the present of Act D occurred around 4 h of
treatment, and .90% of Stat3 mRNA had been degraded by 8 h in

p27+/+ MEFs. By contrast, in p272/2 MEFs, the degradation of
Stat3 mRNA was observed as early as 2 h after Act D treatment,
and nearly 90% of Stat3 mRNA had decayed at 4 h. This reduction
in Stat3 mRNA expression persisted to 8 h. These results suggest

that the elevated level of Stat3 mRNA observed in p272/2 MEFs
was not caused by increased Stat3 mRNA stability.

To elucidate the potential role of p27 in regulating Stat3

transcription, luciferase reporters containing various lengths of
the 59-flanking region of the mouse Stat3 promoter (Fig. 7C)
were transfected into p27+/+ and p272/2 MEFs in combination

with pRL-TK vector as an internal control. As shown in Fig. 7D,

Fig. 5. MnSOD was responsible for the elevated
migration of p272/2 MEFs. (A) MnSOD-specific shRNA
was stably transfected into p272/2 MEFs, and the
knockdown efficiency was determined by western blotting.
(B) The levels of O2N2 (upper panel) and H2O2 (lower
panel) were evaluated in shRNA-MnSOD and non-
silencing control transfectants. (C) The regulatory effect of
MnSOD-specific shRNA on cell migration was examined
by using the wound-healing assay. *P,0.05 (between
shRNA-MnSOD and non-silencing control transfectants).
(D) Catalase and Mito-Catalase were stably transfected
into p272/2 MEFs, and their expression was validated by
western blotting. (E) The H2O2 level was evaluated in
catalase and Mito-Catalase transfectants in the absence
and presence of 100 mM H2O2. *P,0.05 (between H2O2-
treated and medium control);P,0.05 (between catalase
and vector-control transfectants in the presence of H2O2).
(F,G) The effect of catalase and Mito-Catalase
overexpression on cell migration was determined by using
the wound-healing assay. *P,0.05 (between catalase
overexpression and vector-control transfectants). Data
show the mean6s.d.

RESEARCH ARTICLE Journal of Cell Science (2014) 127, 2920–2933 doi:10.1242/jcs.148130

2925



Jo
ur

na
l o

f C
el

l S
ci

en
ce

the promoter activity of the full-length 59-flanking region of the
Stat3 promoter (2.2-kb, construct 417) was increased by
4.1(60.2)-fold (6s.d.) in p272/2 MEFs when compared with

that of p27+/+ MEFs, indicating that the activation of the full-
length Stat3 promoter was inhibited by p27. Deletion of the 59

region up to position 2467 (construct 420) substantially

increased the difference in Stat3 promoter activity between the
two cell lines (43.465.7-fold, Fig. 7C,D). Further deletion to
position 2229 (construct 421) totally prevented the increased

Stat3 promoter activity in p272/2 MEFs (0.1360.001 fold),
suggesting that the p27-responsive sequences resided in the 2467
to 2229 region (Fig. 7C,D). Consistent with the results observed
in the knockout cells, knockdown of p27 by two sets of p27-

specific shRNA also increased Stat3 mRNA level (Fig. 7E) and
full-length Stat3 promoter-driven luciferase activity (Fig. 7F),
indicating that p27 attenuated STAT3 expression at the

transcriptional level.
Bioinformatic analysis revealed that p27-responsive sequences

in the Stat3 promoter contained both an SBE and a CRE within the

2337 to 2312 region (Fig. 7G). To investigate whether SBE and
CRE were required for p27 responsiveness, two different luciferase
reporters containing mutations in the SBE (mSBE) or CRE

(mCRE) were transfected into p27+/+ and p272/2 MEFs. Mutations
in the putative SBE and CRE reduced Stat3 promoter activity
by 41.74%60.66 and 41.31%67.48, respectively, in p27+/+

MEFs (Fig. 7H). However, mSBE did not cause a reduction in

Stat3 promoter activity in p272/2 MEFs when compared with the

wild-type promoter (3.0360.085 versus 2.3760.0254, Fig. 7H).
By contrast, mutations in the putative CRE dramatically reduced
the activity of the Stat3 promoter in p272/2 MEFs (0.03760.018

versus 2.3760.0254, Fig. 7H). These results indicate that the CRE
motif is the major determinant of p27-regulated Stat3 promoter
activity. Next, a CRE-dependent transcriptional luciferase reporter

plasmid containing the CRE sequences from the intracisternal A-
type particle element (Galien et al., 1994; Gupta et al., 2001) was
transfected into p27+/+ and p272/2 MEFs. As shown in Fig. 7I, the

CRE transactivation was 15-fold higher in p272/2 MEFs, whereas
mutations in the CRE motif resulted in non-responsiveness to p27
deletion, suggesting that p27 strongly inhibited CRE-dependent
transcriptional activity.

The ERK–ATF1 pathway was involved in the elevated CRE
transactivation in p272/2 cells
The cAMP response element binding protein (CREB) is a
member of a superfamily of transcription factors that bind to and
activate CRE in the promoters of target genes. The proteins

CREB, cAMP response element modulator (CREM) and
activating transcription factor 1 (ATF1) are the main
subcategory members of this family (Lonze and Ginty, 2002).

The activation of these transcription factors requires
phosphorylation events that are mediated by PKA (for CREB or
CREM) or ERKs and MSKs (for ATF1) (Lonze and Ginty, 2002).
In order to explore the molecular mechanisms underlying p27-

mediated regulation of CRE activation, the phosphorylation status

Fig. 6. p27 inhibited MnSOD transcription and cell migration in a STAT3-dependent manner. (A) Mnsod mRNA expression was detected by RT-PCR.
Densitometric quantification is shown. (B) Mnsod promoter transactivation was examined and compared between p27+/+ and p272/2 MEFs by using the
luciferase reporter assay. *P,0.05 (between p27+/+ and p272/2 MEFs). (C–E) The effect of p27 on the expression of transcription factors was evaluated in
the indicated cell lines. Densitometric quantification is shown. (F) The protein expression of MnSOD (upper panel) and STAT3 (lower panel) was compared
among various human bladder cancer cell lines. (G–I) STAT3-specific shRNA was stably transfected into p272/2 MEFs, and the knockdown efficiency was
determined by RT-PCR (G) and western blotting (H). Densitometric quantification is shown. The effect of STAT3-specific shRNA on cell migration was examined
by using the wound-healing assay (I). *P,0.05 (between STAT3-specific shRNA and vector-control transfectants). Data show the mean6s.d.
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of these family members was examined. As shown in Fig. 8A, the
amount of CREB phosphorylated at S133, an important

modification that positively regulates CREB transactivation,
was decreased in p272/2 MEFs, whereas the amount of ATF1
phosphorylated at S63 was elevated in p272/2 MEFs. Activation of

ERK1 and ERK2, the upstream kinases of ATF1, was also
increased in p272/2 MEFs (Fig. 8A). Similar findings were
obtained in shRNA-p27 transfectants, in which knockdown of

p27 caused upregulation of ATF1 phosphorylated at S63 as well as
increased levels of ERK1 and ERK2 phosphorylated at T202 and
Y204 (Fig. 8B), suggesting that p27 might suppress CRE activity

through blocking the activation of the ERK–ATF1 pathway. To
test this notion, we prevented ATF1 activation in p272/2 MEFs
by using the chemical inhibitor PD98058, which was able to
efficiently inhibit MEKs, the kinases upstream of ERKs

(Alessi et al., 1995). As shown in Fig. 8C, inhibition of ERK
by pre-treatment of cells with PD98059 attenuated ATF1
phosphorylation. Consequently, CRE transactivation was reduced

fourfold in p272/2 MEFs in response to PD98059 treatment
(Fig. 8D), which led to attenuation of Stat3-promoter-dependent
transcription activity (Fig. 8D), as well as reduced expression of

STAT3 and MnSOD protein (Fig. 8C). Consequently, PD98059
treatment also inhibited the cell migration capability of p272/2

MEFs (Fig. 8E). Additionally, we used a molecular approach,

introducing a dominant-negative mutant form of ERK (DN-ERK2)
(Roskoski, 2012) into p272/2 MEFs, to reinforce the findings

obtained using the chemical inhibitor. The identification of stable
transfectants of DN-ERK2 in p272/2 MEFs was performed
by western blotting for overexpressed HA-tagged rat ERK2

containing the K52R mutation (Fig. 8F). Overexpression of DN-
ERK2 efficiently decreased ATF1 activation (Fig. 8F) as well as
CRE activation (Fig. 8G) in p272/2 MEFs, which consequently

caused a reduction in both Stat3 promoter activity (Fig. 8H) and
the protein level of STAT3 and MnSOD (Fig. 8F). In addition, the
elevated cell migration observed in p272/2 MEFs was also

inhibited by DN-ERK2 (Fig. 8I), whereas knockdown of CREB in
p272/2 MEFs had only a marginal effect on STAT3 expression
(Fig. 8J), indicating that ATF1, rather than CREB, was the main
regulator of Stat3 transcription. Lastly, in order to extend our

findings that MnSOD was the crucial player in the regulation of the
ERK–ATF1–STAT3 pathway-mediated cell migration in p272/2

MEFs, we overexpressed MnSOD in the presence or absence of

ERK inhibitor (Fig. 8K). Similar to the results shown in Fig. 8E,
treatment with the MEK/ERK inhibitor PD98059 alone obviously
reduced cell migration, whereas MnSOD overexpression not only

increased cell migration but also abolished the inhibitory effect of
PD98059 treatment on cell migration in p272/2 MEFs (Fig. 8K).
Taken together, our results conclusively demonstrate that p27

Fig. 7. p27 suppressed STAT3 transcription by targeting
CRE-dependent but not SBE-dependent transcriptional
activity. (A) The level of Stat3 mRNA was compared between
p27+/+ and p272/2 MEFs by RT-PCR. (B) Stat3 mRNA stability
was compared between p27+/+ and p272/2 MEFs in the
presence of 5 mM Act D for the indicated time periods. (C,D and
G–I) The luciferase activities of full-length and various mutated
versions of the Stat3 promoter (C,D) and CRE-transactivation
(G–I) was evaluated in p27+/+ and p272/2 MEFs. *P,0.05
(between p27+/+ and p272/2 MEFs). (E,F) Stat3 mRNA level
and full-length Stat3-promoter-driven luciferase activity were
assessed in shRNA-p27 and non-silencing transfectants.
*P,0.05 (between shRNA-p27 and control non-silencing
transfectants). Data show the mean6s.d.
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inhibits Stat3 transcription through downregulation of the ERK–
ATF1–CRE pathway, which in turn affects MnSOD expression,

disturbs the redox homeostasis and further leads to suppression of
cell migration, as outlined in Fig. 9.

DISCUSSION
The protein p27 was initially recognized as an inhibitor of cyclin-
E–CDK2 complexes, modulating the TGFb-induced cell cycle

arrest in G1 phase (Polyak et al., 1994). Recent studies have
shown that p27 plays other essential roles in the regulation of cell
differentiation and apoptosis (Liu et al., 2010; Li et al., 2012b).

However, the function of p27 in cell motility has not yet been
fully elucidated (Liu et al., 2010; See et al., 2010; Bhatia et al.,

2010; Borriello et al., 2011; Fearon, 2011; Serres et al., 2011;
Wander et al., 2011). By employing genetically disrupted p272/2

MEFs and their littermated p27+/+ MEFs, as well as knockdown

of p27 in mouse epidermal Cl41 cells and ectopic expression of
p27 in human bladder cancer HT1197 cells, our current study
provides conclusive evidence showing that p27 inhibits both

directional and random cell migration. Our investigation revealed
that by inhibiting STAT3-mediated transcription of MnSOD in an
ERK–ATF1–CRE-dependent manner, p27 maintains the level of

Fig. 8. CRE transactivation was
mediated by the ERK–ATF1
pathway in p272/2 MEFs. (A,B) The
levels of phosphorylated forms of
ERK, CREB and ATF1 were
assessed by western blotting in
p27+/+ and p272/2 MEFs
(A) and shRNA-p27 and non-
silencing control transfectants (B).
(C–E) PD98059 treatment efficiently
blocked ERK–ATF1–CRE activation
(C,D), STAT3 and MnSOD
expression (C,D) and cell migration in
p272/2 MEFs (E). *P,0.05 (between
PD98059 treatment and medium
control);P,0.05 (between p27+/+ and
p272/2 MEFs). (F–I) DN-ERK2 stable
transfectants were identified by
western blotting (F). Ectopic
expression of DN-ERK2 impaired
ATF1–CRE activation (F,G), Stat3
transcription (H), Stat3 protein
expression (F) and cell migration in
p272/2 MEFs (I). *P,0.05 (between
DN-ERK2 and vector-control
transfectants). (J) Knockdown of
CREB did not affect STAT3
expression. (K) MnSOD was
overexpressed in p272/2 MEFs and
the cell migration was assessed by
using the wound-healing assay in the
presence or absence of the ERK
inhibitor PD98059. For panels A–
C,F,J, densitometric quantification is
shown beneath the blots.
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intracellular O2N2, which functions as a signaling molecule in
inhibiting cell migration. Our present findings suggest that

enhancing p27 tumor suppressive activity not only blocks cell
proliferation, but also maintains the intracellular redox
microenvironment, leading to suppression of cell migration.
Therefore, the findings reported here might reveal a novel

molecular basis for p27 as a tumor suppressor.
By employing wound-healing and transwell assays, the two

classic methods to detect directional cell migration, p272/2

MEFs were found to exhibit more active migratory capability
when compared with that of p27+/+ MEFs in both the absence and
the presence of the cell proliferation inhibitor mitomycin C.

These findings were further extended and strengthened by using
time-lapse microscopy to monitor and compare the migratory
activity of p27+/+ and p272/2 MEFs constantly over a 2-h period,

in order to exclude the effect of p27 on cell proliferation.
Quantification of the lengths and velocity of cell motion in time-
lapse experiments showed that cell migration length and
displacement rate in p272/2 MEFs were increased compared

with those of p27+/+ MEFs. Furthermore, our findings were
validated in normal mouse epidermal Cl41 cells by knockdown of
p27, and in human transitional bladder cancer HT1197 cells by

overexpression of p27. Therefore, our results suggest that p27
plays an important role in the negative regulation of cell
migration in all the cell lines tested in our study. Consistent

with our findings, there are several reports demonstrating the
suppressive effects of p27 on cell migration in various cell types.
For instance Goukassian et al. have reported that overexpression

of p27 by doxycycline-regulated adenovirus inhibits endothelial
cell proliferation and migration in vitro, as well as angiogenesis

in vivo (Goukassian et al., 2001). Cytoplasmic p27 is also
reported to have the ability to bind to and inhibit stathmin, thus

affecting microtubule stability following cell adhesion to
extracellular matrix components (Baldassarre et al., 2005). High
levels of cytoplasmic p27 and low stathmin expression suppress
human sarcoma cell migration and invasion in vivo (Baldassarre

et al., 2005). All of the evidence suggests a promising anti-
angiogenic therapy approach based on the overexpression of p27.

Oxidative stress is caused by an excessive production of

ROS that outstrips antioxidant defense capability. This stress
plays an important role in tumorigenesis and cancer development.
As one of the most efficient ROS-scavenging enzymes,

MnSOD was initially defined as a tumor suppressor, although
further investigations have demonstrated that MnSOD plays a
dichotomous role in tumorigenesis (Hempel et al., 2011). On one

hand, overexpression of MnSOD leads to growth retardation
resulting from induction of cancer cell senescence (Plymate et al.,
2003; Behrend et al., 2005) and apoptosis (Hurt et al., 2007); on
the other hand, MnSOD levels appear to positively correlate with

and contribute to enhanced metastatic behavior of certain types of
cancer cells (Hempel et al., 2011). The most recent studies have
shown increased levels of MnSOD expression in cancer cells of

various tissue origins (Hu et al., 2005), positively correlating with
aggressive or metastatic stages of cancers (Malafa et al., 2000;
Ennen et al., 2011). Altered transcription factor profiles in cancer

cells, such as aberrant activation of NFkB (Dhar et al., 2010;
Holley et al., 2010), SP-1(Dhar et al., 2010) and inactivation of
p53 (Dhar et al., 2010), are suggested to be attributable to

increases in MnSOD expression.
Our current study, to the best of our knowledge, for the first time

demonstrates that p27 maintains MnSOD expression at a relatively
low level by inhibiting STAT3-dependent Mnsod transcription,

which further maintains intracellular redox homeostasis and
contributes to the inhibition of cell migration. Our results show
that in p272/2 MEFs, both MnSOD transcription and protein levels

were elevated when compared with those of p27+/+ MEFs.
Transfection of MnSOD-specific shRNA into p272/2 MEFs
inhibited the elevated cell migration activity, clearly demonstrating

that the inhibitory role of p27 in cell migration is achieved by
downregulation of Mnsod transcription. The expression of STAT3
was consistently upregulated in p272/2 cells, and knockdown of
STAT3 remarkably reduced MnSOD expression, as well as cell

migration, suggesting that p27 inhibits Mnsod transcription in a
STAT3-dependent manner, which further leads to repression of cell
migration. Thus, it is likely that, in certain types of cancers with loss

of p27 expression, Mnsod transcription is relieved from the stringent
control mediated by p27, resulting in its overexpression and
contributing to the more aggressive malignancy states.

STAT3 is a potent transcription factor, and lies as a convergent
downstream target of many of the signaling pathways that are
triggered by cytokines, growth factors and oncogenes. STAT3 is

found to be constitutively activated in a wide range of tumors and
transformed cell lines (Sara et al., 2000). Therefore, STAT3
frequently correlates with tumorigenesis, and it is generally
considered as an oncogene (Sara et al., 2000). Thus, through

manipulating STAT3 expression, p27 might alleviate a wide
variety of oncogenic cellular processes, including cell migration,
which might shed light on the anti-cancer properties of p27. Our

current study shows that Stat3 transcription and mRNA levels
were elevated in p272/2 MEFs. By employing luciferase
reporters containing various lengths of 59-flanking region from

the mouse Stat3 promoter, we found that the p27-responsive

Fig. 9. The molecular mechanisms underlying p27-mediated inhibition
of cell migration. p27 inhibits Stat3 transcription by downregulation of ERK–
ATF1–CRE-dependent transcriptional activity, which in turn affects MnSOD
expression and the redox environment, and leads to the suppression of
cell migration.
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sequences localized within the 2467 to 2229 bp region, which
contained a putative STAT3-binding site and a CRE-consensus-

binding site. Mutating the putative CRE sequences, but not SBE
sites, severely reduced Stat3 promoter activity in p272/2 MEFs,
indicating that p27 inhibited Stat3 transcription by abrogating
CRE activity. Our results presented here are consistent with our

recent finding that p27 suppresses Cox-2 transcription in a CRE-
dependent manner during arsenite exposure (Che et al., 2013).

Consistent with our findings, Hirano et al. have also reported

that Stat3 is able to autoregulate its expression by cooperation
with CREB family members, but c-Jun, CREB, ATF2–4 are not
bound to the Stat3 promoter in response to IL-6 (Ichiba et al.,

1998). Our present study further provides strong evidence
showing that the ERK–ATF1 pathway indeed plays a major
role in the control of CRE transactivation as well as STAT3

expression. ERKs are known as essential regulators of cell
adhesion and migration through directly activating important
effectors that govern cell movement, such as myosin light chain
kinase (MLCK), calpain or FAK (Huang et al., 2004). Our

findings here expand the effects of ERKs into the field of
coordinating redox status through regulating the activation
cascade of ATF1–CRE–STAT3–MnSOD. Our on-going studies

suggest that p27 might target the activation of the Ras–Raf–MEK
pathway, which further leads to the inhibition of ERK activation
(D.Z. and C.H., data not shown).

Clinical investigations have demonstrated that interfering with
STAT3 activity in tumor systems impairs tumor invasiveness and
metastatic potential (Sara et al., 2000). Mechanistic studies using

conditional STAT32/2 MEFs have revealed that STAT3 interacts
with the C-terminal region (amino acids 30–150) of stathmin,
antagonizing the microtubule destabilization function of stathmin
and preventing its over-activation. Therefore, STAT3 modulates and

balances the microtubule network (Ng et al., 2006). Taken together
with the findings of other researchers, our data suggests that p27
might interfere with the effects of STAT3 in cell migration by (1)

abrogation of Stat3 transcription through impairment of the ERK–
ATF–CRE cascade; (2) competition with STAT3 for binding to
stathmin, because p27 is also reported to directly interact with the C-

terminal region of stathmin (amino acids 25–149) and counteract its
tubulin sequestering activity (Baldassarre et al., 2005). In addition,
p27-mediated inhibition of cell migration might also rely on the
inhibition of ERK activation, which subsequently leads to (1)

suppression of ATF1-mediated CRE activity, which further affects
Stat3 transcription and MnSOD-dependent redox status; (2) direct
inhibition of the activation of MLCK, calpain or FAK, the well-

documented executors that function downstream of ERKs in the
regulation of cell adhesion and migration (Huang et al., 2004).
Taking into consideration the fact that tumor cells often display

increased levels of intercellular ROS (Pinthus et al., 2011), our
findings on the novel function of p27 in maintenance of the
intracellular redox microenvironment might enable us to design

more effective strategies for using p27 in the treatment of cancer. For
instance, overexpression of p27 could be used in combination with
STAT3 antagonists in place of dietary antioxidant supplementation,
which still has contradictory effects on chemotherapy, as reported in

various clinical investigations (Bagley Jr., 1999; Drisko et al., 2003;
Simone et al., 2007; Lawenda et al., 2008).

In summary, our study shows that loss of p27 expression

increases MnSOD transcription in a STAT3-dependent manner,
causing disturbance of redox homeostasis and an increase in
migratory capability. We also show that p27 profoundly inhibits

the ERK–ATF1 pathway, which further affects CRE-dependent

Stat3 transcription. Therefore, our present findings provide a
novel molecular basis for p27 inhibition in cell migration;

namely, p27 maintains redox homeostasis by suppressing the
ERK–ATF1–STAT3–MnSOD axis.

MATERIALS AND METHODS
Cell culture
3T3-protocol-immortalized p27 wild-type (p27+/+) and p27-deficient

(p272/2) mouse embryonic fibroblasts (MEFs) (Kiyokawa et al., 1996),

as well as their stable transfectants, were maintained at 37 C̊ under 5%

CO2 in Dulbecco’s modified Eagle’s medium (DMEM) supplemented

with 10% fetal bovine serum (FBS; Nova-Tech, Grand Island, NE),

2 mM L-glutamine and 25 mg/ml gentamicin. Mouse epidermal JB6 Cl41

cells and human transitional bladder cancer HT1197 cells were cultured

in MEM with 5% and 10% FBS, respectively. The cultures were

dissociated with trypsin and transferred to new 75-cm2 culture flasks

(Fisher, Pittsburgh, PA) twice a week. During the experimental time

period, no obvious signs of senescence, such as increased cell size or

flattening of the cytoplasm, were observed in the immortalized MEFs.

PD98059 and mitomycin C were purchased from Calbiochem-EMD

Millipore (Darmstadt, Germany). Hydrogen peroxide (30–35%) was

purchased from Thermo Fisher Scientific (Pittsburg, PA).

Constructs, transfection and adenovirus infection
shRNA constructs against mouse p27 and MnSOD were purchased from

Open Biosystems (Thermo Fisher Scientific., Huntsville, AL). The

shRNA construct against mouse STAT3 was purchased from Sigma-

Aldrich (St. Louis, MO). The MnSOD promoter luciferase reporter

containing 2.0-kb of the human Mnsod promoter sequences was a

generous gift from Maria Monsalve (Fundación Centro Nacional de

Investigaciones Cardiovasculares Carlos III, Madrid, Spain) (Olmos

et al., 2009). Murine Stat3 promoter luciferase reporters, containing the

mouse Stat3 promoter fragments of 22166–+61 (217), 2476–+61 (220)

and 2229–+61 (221), as well as mutations in the SBE and CRE, were

kindly provided by Toshio Hirano (Osaka University Medical School,

Suita City, Osaka, Japan) (Ichiba et al., 1998). CRE luciferase reporter

plasmids containing the CRE sequences from the intracisternal A-type

particle element, as well as a mutant version, were described previously

(Galien et al., 1994; Gupta et al., 2001). Expression plasmids for SOD,

mitochondrially targeted catalase (Mito-Catalase) and catalase, as well as

the parental control vector pSV-Zeo were kindly provided by Juan

Andres Melendez (Center for Immunology and Microbial Disease,

Albany Medical College, Albany, NY) (Rodrı́guez et al., 2000; Ding

et al., 2006; Zhang et al., 2013). The plasmid encoding dominant-

negative ERK2, which contained a K52R mutation of rat ERK2, was as

published previously (Frost et al., 1994). GFP–p27 was from Gustavo

Baldassarre (Division of Experimental Oncology, Centro di Riferimento

Oncologico, National Cancer Institute, Aviano, Italy). All of the

transfectants were used as a mass pool rather than as individual clones.

Adenovirus carrying GFP–p27 was packaged as reported previously (Liu

et al., 2010). For infection, virus was added to cells for 24 h, and .80%

of cells showed green fluorescence.

Reverse transcription polymerase chain reaction
Total RNA was extracted from the cells using Trizol reagent (Invitrogen,

Carlsbad, California). Total cDNAs were synthesized by using the

ThermoScript TM RT-PCR system (Invitrogen). The amount of mRNA of

genes of interest was measured by semi-quantitative RT-PCR. The

primer sequences were as follows: mouse Stat3 (product length, 203 bp),

59-TGATCGTGACTGAGGAGCTG-39 and 59-TGGCGGCTTAGTGA-

AGAAGT-39; mouse Mnsod (product length, 191 bp), 59-ACAACA-

GGCCTTATTCCGCTGCT-39 and 59-CCCGGAGCCTGGCACTCA-

ATG-39; mouse Gapdh (product length, 283 bp), 59-TGCAGTGGCAA-

AGTGGAGATT-39 and 59-TTTTGGCTCCACCCTTCAAGT-39; mouse

Actb (product length, 287 bp), 59-GACGATGATATTGCCGCACT-39

and 59-GATACCACGCTTGCTCTGAG-39. The PCR products were

separated on 2% agarose gels, stained with ethidium bromide and
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scanned under UV light. The results were displayed with an Alpha

Innotech SP image system (Alpha Innotech Corporation., San Leandro,

CA). The density of bands was quantified relative to that of loading

controls by densitometric analysis using NIH ImageJ software.

Luciferase reporter assay
p27+/+ and p272/2 MEFs were transfected with Mnsod and Stat3

promoter luciferase reporter constructs, as well as CRE luciferase

reporter, in combination with the pRL-TK vector (Promega) as an

internal control. The luciferase activities were determined by using a

luminometer (Wallac 1420 Victor 2 multilabel counter system), as

described previously (Song et al., 2007).

Time-lapse observation
Cells were maintained in an incubator during the entire experiment. 4-

(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, 25 mM) was

added to the medium, and the pH was adjusted to 7.4. Time-lapse

imaging was performed with a Leica 6000B microscope (Leica

Microsystems, Buffalo Grove, IL) to digitally record cell motility

(images were acquired every 5 min).

Transwell assay
Control inserts without Matrigel were purchased from BD Biosciences

(Bedford, MA). Cells were seeded onto inserts in triplicate, in 200ml of

serum-free medium. Inserts were placed into wells containing 700ml of

medium supplemented with 10% FBS. The cells were incubated for 22 h.

Cells on the upper surface of the filters were completely removed by

wiping with a cotton swab. The inserts were then fixed in methanol and

stained with Giemsa. The numbers of migrated cells attached to the other

side of the insert were counted under a light microscope in eight random

fields at a magnification of 6200. The number of migrated cells per

image was determined using ImageJ software. The data shown are

representative of three independent experiments.

Wound-healing assay
When cells reached ,80% confluence, a scratch was generated on the

confluent monolayer using a silicon-coated pipette tip, which preserved

the extracellular matrix across the scratched area (Grasso et al., 2007).

Photographs showing the areas of the wounds in the control group and

test group were taken at specific time-points up to 24 h. The wound areas

were quantified by using cell migration analysis software (Muscale LLC.,

Scottsdale, AZ).

Intracellular O2
2 and H2O2 staining assays

After the cell O2N2 density reached ,90%, the cells were washed

thoroughly with 16 PBS. Cells were then incubated in the dark with

10mM HE or 10mM DCFH-DA at 37 C̊ for 15–20 min. The same amount

of DMSO was added to the solvent control group. The cells were then

washed twice with 16 PBS to remove the extracellular compounds (Li

et al., 2006; Li et al., 2011). For the H2O2 pre-treatment, 100 mM H2O2

was added to the cells at 2 h before DCHF-DA staining. Fluorescence

was detected with a fluorescence spectrophotometer SpectraMAX M2

(Molecular Devices Corp, Sunnyvale, CA) using an excitation

wavelength of 485 nm and emission wavelength of 538 nm for the

measurement of H2O2, and an excitation wavelength of 485 nm and

emission wavelength of 590 nm for the measurement of O2N2 (Li et al.,

2011). The samples were protected from light during the entire protocol.

Western blotting assay
The cells were washed twice with ice-cold PBS and collected in the cell

lysis buffer (10 mM Tris-HCl pH 7.4, 1% SDS, 1 mM Na3VO4). The cell

extracts were sonicated, denatured by heating to 100 C̊ for 5 min and

quantified with a Dc protein assay kit (Bio-Rad, Hercules, CA). Equal

aliquots of cell extracts were separated on SDS-polyacrylamide gels. The

proteins were then transferred to polyvinylidene fluoride (PVDF)

membranes (Bio-Rad, Hercules, CA), blocked and probed with

antibodies against one of the following proteins: phospho-ERK T202/

Y204, phospho-CREB S133 (this antibody also detects phospho-ATF1

S63), total ERK, total CREB, STAT3, IkBa, GAPDH (Cell Signaling

Technology, Beverly, MA), p27 (Abcam, Cambridge, MA), MnSOD

(Upstate Biotechnology, Lake Placid, NY), catalase, HA, p65, p50, SP-1

(Santa Cruz Biotechnology, CA) or b-Actin (Sigma). Primary-antibody-

bound proteins were detected by using an alkaline-phosphatase-

conjugated secondary antibody and an ECF western blotting system

(Amersham, Piscataway, NJ). The densitometric analyses of the protein

bands relative to the individual loading controls were performed using

the ImageQuant 5.2 software (GE Healthcare). The results shown are

representative of three independent experiments.

Statistical analysis
The significance of the differences between the treated and untreated

groups was determined with the Wilcoxon Rank Sum Test. The results

are expressed as the mean6s.d.
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