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Dysregulated Skp2 function promotes cell proliferation, which is consistent with observations of Skp2
over-expression in many types of human cancers, including cervical carcinoma (CC). However, the molec-
ular mechanisms underlying elevated Skp2 expression have not been fully explored. Interleukin-6 (IL-6)
induced Stat3 activation is viewed as crucial for multiple tumor growth and metastasis. Here, we dem-
onstrate that Skp2 is a direct transcriptional target of Stat3 in the human cervical carcinoma cells. Our
data show that IL-6 administration or transfection of a constitutively activated Stat3 in HeLa cells acti-
vates Skp2 mRNA transcription. Using luciferase reporter and ChIP assays, we show that Stat3 binds to
the promoter region of Skp2 and promotes its activity through recruiting P300. As a result of the increase

of Skp2 expression, endogenous p27 protein levels are markedly decreased. Thus, our results suggest a
previously unknown Stat3-Skp2 molecular network controlling cervical carcinoma development.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Skp2 (S-phase kinase associated protein-2) is a critical
component of the Skp2-SCF (Skp1/Cul1/F-box) complex, which is
responsible for substrate recognition and subsequent proteosome-
mediated degradation [1-3]. It has been suggested that Skp2
promotes cell-cycle progression through ubiquitylation and degra-
dation of p27 [4,5]. Besides, numerous cell-cycle regulators includ-
ing FoxO1 and p130 were identified as substrates for Skp2 [6,7].
Skp2 deficiency shows elevated p27 protein levels and a significant
impairment in proliferation accompanied by nuclear enlargement,
polypoidy and centrosome overduplication [8,9]. In addition, accu-
mulation of Skp2 is frequently observed in many tumors, including
breast, prostate and cervical carcinomas, whereas a reduced level of
p27 is characterized as an adverse prognostic marker in most human
cancers [10,11]. Although substantial advances have been made in
understanding the mechanisms that control its levels of expression,
the molecular mechanisms by which Skp2 is accumulated in cervical
carcinomas remain largely unexplored.

Recent evidence shows a crucial role for Stat3 in selectively
inducing and maintaining a procarcinogenic inflammatory microen-
vironment, both at the initiation of malignant transformation and
during cancer development [12,13]. In addition, it is suggested that
Stat3 is highly interconnected with NF-xB signaling, which has been
recognized as a major pathway responsible for both inflammation-in-
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duced carcinogenesis and anti-tumor immunity [ 14,15]. Hence, Stat3
is a promising target to redirect inflammation for cancer therapy.

Here, we show that mRNA and protein levels of Skp2 are mark-
edly increased in human cervical carcinoma cells treated with Inter-
lukin-6 (IL-6). We also suggest that Stat3 activation up-regulates
Skp2 expression, leading to the degradation of p27. Our findings thus
link Stat3 signaling directly with the Skp2-p27 pathway, which
have profound biological and therapeutic implications for cervical
carcinoma.

2. Material and methods
2.1. Cell culture
HEK293T and HelLa cell lines were cultured in Dulbecco modi-

fied Eagle’s medium supplemented with 10% fetal calf serum,
100 IU/ml penicillin and 100 mg/ml streptomycin.

2.2. Reagents

IL-6 was purchased from Merck, China. The following antibodies
were purchased: anti-Stat3 (Cell Signaling), anti-Skp2 (Abcam),
anti-p27 (Santa Cruz), anti-p53 (Santa Cruz) and anti-P300 (Santa
Cruz).

2.3. Transient transfections and luciferase reporter assays

Human Skp2 promoter was cloned into PGL3-basic plasmid
(Promega). All the transient transfections were performed by
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Lipofectamin 2000 (Invitrogen), according to the manufacturer’s
instructions. For luciferase reporter assay, cells were seeded in
12-well plates and transfected with the indicated plasmids. Cells
were harvested 48 h after transfection. Luciferase activity was
measured using the Dual Luciferase Reporter Assay System (Pro-
mega, USA).

2.4. RNA extraction and Real-Time PCR analysis

Total RNAs were extracted from cells by TRIzol reagent, and re-
verse transcriptions were performed by Takara RNA PCR kit (Taka-
ra, China) following the manufacturer’s instructions. In order to
quantify the transcripts of the interest genes, Real-Time PCR was
performed using a SYBR Green Premix Ex Taq (Takara, Japan) on
ABI 7300 (ABI, USA). The primer sequences used are available upon
request.

2.5. Western Blot
Cells were lysed in radioimmunoprecipitation (RIPA) buffer

containing 50 mM Tris-HCI, 150 mM NaCl, 5 mM Mgcl2, 2 mM
EDTA, 1 mM NaF, 1% NP40 and 0.1% SDS.

2.6. ChIP assays

A chromatin immunoprecipitation (ChIP) assay kit was used
(Upstate, USA). In brief, HeLa cells were fixed with formaldehyde.

DNA was sheared to fragments at 200-1000 bp using sonications.
The chromatin were incubated and precipitated with antibodies
against the indicated antibodies or IgG (Santa Cruz, USA).

2.7. Statistical analysis

Values were shown as mean + SEM. Statistical differences were
determined by a Student’s t test. Statistical significance is dis-
played as *(P < 0.05), **(P < 0.01) or **(P < 0.001).

3. Results
3.1. Up-regulation of Skp2 by IL-6 treatment or Stat3 activation

As suggested by the frequent up-regulation of Skp2 and persis-
tent activation of Stat3 in cervical cancers, we then used Real-Time
PCR and Western Blot to confirm the correlation between Stat3
activity and Skp2 expression in HeLa cells. As shown in Fig. 1A
and B, IL-6 treatment significantly increased Skp2 levels in HeLa
cells. Besides, overexpression of a constitutively activated Stat3
(Stat3C) also increased the expression of Skp2 (Fig. 1C and D).
Conversely, knockdown of Stat3 by small interfering RNA (siRNA)
decreased Skp2 mRNA and protein levels in Hela cells (Fig. 1E
and F). Together, these data suggest that Stat3 could be an
important regulator in the control of Skp2 expression in cervical
carcinoma cells.
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Fig. 1. Upregulation of Skp2 by IL-6 or Stat3 activation. (A and B) mRNA and protein levels of skp2 were analyzed by Real-Time PCR and Western Blot in HelLa cells treated
with or without IL-6 (20 ng/ml). (C and D) mRNA and protein levels of skp2 were analyzed by Real-Time PCR and Western Blot in HeLa cells transfected with empty vector
(EV) or Stat3C. (E and F) HeLa cells were transfected for nonspecific control or Stat3 siRNA. Endogenous mRNA and protein levels of Stat3 and Skp2 were determined.
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3.2. Stat3 activates Skp2 expression through bound to its promoter
region

We next determined whether Stat3 could be a transcriptional
regulator of the Skp2 gene. We transfected HeLa cells with a repor-
ter vector encoding luciferase under control of the Skp2 promoter
(WT-Luc). Concurrent expression of Stat3C with the Skp2 reporter
construct increased Skp2 promoter activity (Fig. 2A), which was
abrogated by mutation of the Stat3 DNA-binding site in the Skp2
promoter (Mut-Luc). The stimulatory effect of Stat3 on Skp2 pro-
moter activity was also shown in HEK293T cells (Fig. 2B). We next
carried out chromatin immunoprecipitation (ChIP) assays to assess
whether Stat3 directly binds the Skp2 promoter. Indeed, Stat3 pro-
tein bound the Skp2 promoter was significantly increased in HeLa
cells treated with IL-6 (Fig. 2C).

3.3. Stat3 activates Skp2 expression through recruitment of P300

Positive regulation of gene transcription by Stat3 has been
partly attributed to the recruitment of co-activators such as P300
[16]. Indeed, we observed that P300 was highly recruited to the
promoter region of Skp2 in HeLa cells treated with IL-6 (Fig. 3A).
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Fig. 2. Stat3 activates Skp2 expression through bound to its promoter region. (A
and B) HelLa cells were co-transfected with the indicated plasmids for 48 h, and the
luciferase activity was measured. (C) Two antibodies (anti-IgG and -Stat3) were
used in the ChIP assays using HeLa cells treated with or without IL-6.

Besides, overexpression of P300 enhanced endogenous Skp2 mRNA
and protein levels (Fig. 3B and C). Consistently, knockdown of P300
using small interfering RNA also reduced Skp2 mRNA and protein
levels (Fig. 3D and E), suggesting that Stat3 recruits nuclear P300
to confer its transcriptional repression roles.

3.4. Stat3 activation decreases the p27 stability

Since the proteolytic role of Skp2 in the p27 pathway, we deter-
mined whether Stat3 activation could affect the p27 stability. As
shown in Fig. 4A and B, p27 protein levels were markedly de-
creased in HelLa cells treated with IL-6 or transfected with Stat3C,
whereas protein levels of P53, a classical upregulator of P27 were
not changed (Fig. 4C). Consistently, siRNA knockdown of Stat3 in-
duced p27 protein levels and its activation (Fig. 4D). To character-
ize the role of Skp2 mediated p27 degradation, Skp2 was deleted in
Hela cells. As shown in Fig. 4E and F, p27 protein levels were accu-
mulated and not affected by IL-6 treatment or transfection of
Stat3C.

4. Discussion

In the present study, we show that activation of Stat3 is re-
quired for the Skp2 expression in human cervical carcinoma cells.
Aberrant expression of Skp2 provides a molecular switch that
orchestrates the formation of SCF complex, which then promotes
cell proliferation through protein degradation of p27. Indeed, we
also provide data that persistent activation of Stat3 reduces the
protein levels of p27, which leads to the cell-cycle progression in
Hela cells. Taken together, these findings identify Stat3 signaling
as a major regulatory pathway of Skp2 expression and function.

Previous studies have suggested that the proto-oncogenic PI3K/
Akt pathway can up-regulate Skp2 levels through the enhance-
ment of its transcription [17,18]. It is shown that the tumor sup-
pressor Pten-deficiency in mouse embryonic stem cells causes a
decrease of p27 levels with concomitant increase of Skp2 expres-
sion [19]. Besides, Myc is reported to bind to the promoter region
of Skp2 gene and induce its mRNA level in many cell types, includ-
ing human myeloid leukemia, lymphoid, fibroblastic and epithelia
cell lines [20]. As a result of this up-regulation, Myc overexpression
leads to a decrease in p27 protein. Since hyperactivation of the Akt
pathway and Myc overexpression are considered a hallmark of
many cancers, it will be interesting to determine that whether
up-regulation of Skp2 by Stat3 could cross talk with Akt or Myc
signaling.

Stat3 is linked to inflammation-associated tumorigenesis that is
initiated by genetic alterations in malignant cells, as well as by
many environmental factors, including chemical carcinogens,
infection, cigarette smoking and stress [21]. Interestingly, signifi-
cant level of Stat3 expression is predominantly found in cervical
cancer cases as compared to normal controls [22]. Besides, Stat3
gene polymorphism was found to be associated with the suscepti-
bility as well as poor differentiation and parametrial invasion of
cervical cancer in Chinese woman [23]. In addition, there is a sig-
nificant correlation of Stat3 expression in cases infected with
HPV [22], which represents the main etiological factor in the devel-
opment of cervical cancer [24]. Although an unanswered question
in the field is how Stat3 is initially activated and remains persis-
tently activated in cancer, our data suggest that Stat3 activation
leads to tumor cell cycle progression, at least through protein deg-
radation of p27 by induction of Skp2 expression.

In summary, our results provide new insight into how Stat3
activation could influence the Skp2/p27 pathway, which is a
known hotspot in human cervical cancer. On the other hand, our
findings provide a mechanism by which Stat3 influences cell-cycle
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Fig. 3. Stat3 activates Skp2 expression through recruitment of P300. (A) Two antibodies (anti-IgG and -p300) were used in the ChIP assays in HeLa cells treated with or
without IL-6. (B and C) mRNA and protein levels of Skp2 were analyzed by Real-Time PCR and Western Blot in HeLa cells transfected with empty vector (EV) or P300. (D and E)
HelLa cells were transfected for nonspecific control or P300 siRNA. Endogenous mRNA and protein levels of P300 and Skp2 were determined.
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Fig. 4. Stat3 activation decreases the P27 stability. (A) HeLa cells were treated with or without IL-6, the protein level of p27 and stat3 were analyzed by Western Blot. (B) HeLa
cells were transfected with the indicated plasmids, the protein level of p27 and stat3 were analyzed by Western Blot. (C) HeLa cells were treated with or without IL-6, the
protein level of p53 was analyzed by Western Blot. (D) Protein level of Stat3 and p27 were analyzed by Western Blot in HeLa cells transfected with nonspecific control or Stat3
siRNA. (E) HeLa cells were transfected with the indicated siRNAs and treated with or without IL-6, the protein level of p27 and Skp2 were analyzed by Western Blot. (F) HeLa
cells were transfected with indicated siRNAs and then transfected with indicated plasmids, the protein level of p27, Skp2 and Stat3 were analyzed by Western Blot.

progression. Ultimately, these data may provide the rationale for
the development of specific Stat3 inhibitors as efficient anti-cancer
drugs.
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