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Hepatocellular carcinoma (HCC) is the most common
liver tumor accounting for 90% of primary liver cancers.
As the majority of malignant tumors, HCC demonstrates
dysregulation of different components of the cell cycle
machinery including, CDKN1C/P57, hereafter referred to
as P57.1 The P57 gene belongs to the Cip/Kip family of
cyclin-dependent kinase inhibitors and has been suggested to be a tumor suppressor gene, being inactivated
in various types of human cancers. P57 over-expression is
involved in cell cycle arrest in G1 phase, in cell differentiation, apoptosis, and senescence.2,3 It has been shown that
P57 is involved in hepatocyte growth arrest at two distinct
points during liver development: the perinatal period and
the postnatal transition to a quiescent adult hepatocyte phenotype.4 This participation of P57 in the control of hepatocytes proliferation raises the possibility that it takes a role in
disorders associated with hepatocyte aberrant proliferation.
Based on this information P57 seems to have a key role in
hepatocellular carcinoma, however, little is known about
P57 function and regulation in human HCC.
Different mechanisms are known to be involved in the
regulation of P57 expression both at transcriptional and
post-transcriptional level, including DNA methylation status,
transforming growth factor-␤ signaling, miR-221, and Hes1.
Recent studies indicate that Hes1 can directly interact with
the P57 promoter and controls proliferation through tran-

CDKN1C/P57 is a cyclin-dependent kinase inhibitor
implicated in different human cancers, including
hepatocellular carcinoma (HCC); however, little is
known regarding the role of CDKN1C/P57 and its
regulation in HCC. In this study, we show that the
down-regulation of Notch1 and Notch3 in two HCC
cell lines resulted in Hes1 down-regulation, CDKN1C/
P57 up-regulation, and reduced cell growth. In line
with these data, we report that CDKN1C/P57 is a
target of transcriptional repression by the Notch
effector, Hes1. We found that the up-regulation of
CDKN1C/P57 by cDNA transfection decreased tumor
growth, as determined by growth curve, flow cytometry analysis, and cyclin D1 down-regulation, without
affecting the apoptosis machinery. Indeed, the expression of Bax, Noxa, PUMA, BNIP3, and cleaved
caspase-3 was not affected by CDKN1C/P57 induction. Morphologically CDKN1C/p57-induced HCC
cells became flat and lengthened in shape, accumulated the senescence-associated ␤-galactosidase
marker, and increased P16 protein expression. Evaluation of senescence in cells depleted both for Hes1
and CDKN1C/P57 revealed that the senescent state
really depends on the accumulation of CDKN1C/p57.
Finally, we validated our in vitro results in primary
HCCs, showing that Hes1 protein expression inversely correlates with CDKN1C/P57 mRNA levels. In
addition, reduced Hes1 protein expression is accompanied by a shorter time to recurrence after
curative resection, suggesting that Hes1 may repre-
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scriptional repression of P57.5,6 In agreement with these
findings, Sang et al7 demonstrated a role of Hes1 in preventing irreversible cell cycle exit in fibroblasts.
Hes1 is a basic helix-loop-helix type of transcriptional
repressor that suppresses expression of downstream target
genes, such as tissue-specific transcriptional activators,
and it is one of the primary targets of Notch signaling.8
Despite rapidly accumulating findings concerning Notch
signaling and cancer, the molecular mechanisms through
which Notch signaling participates in oncogenesis is complex and still far from being fully understood.9 We previously
reported abnormal accumulations of Notch3 and Notch1 in
HCC compared to surrounding nontumors tissues,10 raising
the possibility that dysregulation of Notch receptor activity
may participate in HCC tumorigenesis.
The aim of this study was to investigate the role of Hes1
in the regulation of P57 in HCC, and to further characterize the role of P57 in human HCC cell lines. As reported
in pancreatic and intestinal cells,5,6 P57 turned out to be
regulated by Hes1, and we demonstrated, for the first
time, that P57 induces cellular senescence in HCC. In
addition, we illustrated that low levels of Hes1 protein are
associated with tumor recurrence suggesting that Hes1
exerts positive functions in HCC context, probably by
preventing P57 mediated senescence.

Cells were collected, washed twice with PBS, fixed with
70% cold ethanol at ⫺20°C, resuspended in 500 L of
PBS containing 10 g/mL propidium iodide and 50
g/mL RNase A and incubated for 30 minutes at room
temperature. Cells were then centrifuged at 1200 rpm for
5 minutes, resuspended in PBS, and analyzed by fluorescence-activated cell sorting (BD FACSaria Cell Sorter;
BD Bioscences, San Jose, CA).
Apoptosis was investigated in P57 transfected cells by
using the Annexin V-FITC apoptosis detection kit (Bender
Medsystems, Vienna, Austria).

Materials and Methods

Cell Proliferation Assay

Hepatocarcinoma Cell Lines and Culture Conditions

Cell growth was analyzed by counting cells at defined
intervals. Cells were trypsinized and resuspended in media, and an aliquot of cells was counted using a hemocytometer. Each count represents the average of three
independent experiments.

HepG2 and SNU398 HCC cell lines were from the ATCC
(Rockville, MD). Artificially induced cell cycle arrest was
obtained by high-density cell culture or serum deprivation. Demethylation treatment was performed by culturing
cells with 1 mol/L or 2 mol/L of the hypomethylating
agent 5-aza-2=-deoxycitidine (Sigma-Aldrich, Saint Louis,
MO). Gene expression was evaluated 24, 48, and 72
hours after treatment. To analyze the methylation status of
the P57 promoter, 15 ⫻ 104 cells were seeded into 6-well
dishes with or without serum. Cells cultured with complete media reach confluence 72 hours postseeding and
their growth was then arrested.

Retroviral Transduction of shRNAs
ShOligos targeted to different Notch3 and Notch1 exons
were designed as previously described.10 ShOligos targeted to different Hes1 and P57 exons were purchased
from Origene (OriGene Technologies, Inc., Rockville, MD).
Stable retrovirus-transduced populations of cells were selected in growth media supplement with Puromycin or Blasticidin for Hes1 and P57, respectively. A full-length human
P57 cDNA was excised from the pCMV6-XL4-P57 plasmid
(OriGene Technologies, Inc) and inserted into the multiple cloning site of pFB-Neo retroviral vector (Agilent,
Santa Rosa, GA).

Transfections
HepG2 and SNU398 cells were seeded into 6-well plates
and grown to ⬃40% confluence before Lipofectamine

2000 (Invitrogen, Carlsbad, CA) transfection with 40
nmol/L of human Hes1 specific small-interfering RNAs
(siRNAs) or scrambled (NC) siRNAs. Cells were harvested 48 and 72 hours after transfection and used for
protein and RNA extractions.
For plasmid transfection, cells were seeded into 6-well
plates and transfected with 0.2 g of pCMV6-XL4-P57 plasmid, containing the full length human P57 cDNA, or empty
vector pCMV6-XL4 (OriGene Technologies, Inc.), using Lipofectamine 2000. Analyses of genes and proteins expression were performed 48, 72, and 96 hours post-transfection.

FACS Analysis

SDS-PAGE and Western Blot Analysis
Protein extraction and quantification were performed as
previously described.11 Primary antibody used were: anti-Notch1 (clone mN1A; Biolegend, San Diego, CA), antiHes1 (PA1-17102; Affinity BioReagents, Rockford, IL),
anti-CyclinD1 (clone DCS-6; Novocastra, Wetzlar, Germany), anti-Cleaved Caspase-3 (9661; Cell Signaling
Technology, Danvers, MA), anti-Notch3 (sc-5593; Santa
Cruz Biotechnology), anti-P57 (sc-1040; Santa Cruz Biotecnology, Santa Cruz, CA), anti-P16 (H-156; Santa Cruz
Biotechnology), anti-␤-actin (Clone AC-40; Sigma-Aldrich).
Protein bands were revealed with the EnVision dextran polymer visualization system (Dako, Glostrup, Denmark).

Immunofluorescence
Cells were grown to ⬃50% confluence on coverslips,
fixed with 70% cold ethanol at ⫺20°C for 10 minutes, and
rinsed with PBS. Nonspecific antigenic sites were
blocked with goat serum and then incubated with P57
antibody at 4°C for 16 hours. After incubation, cells were
washed three times in PBS and incubated for 1 hour with
Texas Red goat anti-rabbit antibody (Molecular Probes, Eugene OR) at room temperature. Glasses were mounted with
the Prolong Gold reagent (Invitrogen) containing DAPI and
cells were visualized using an epifluorescent microscope.
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Table 1.

Primer Sequences for RT-PCR and ChIP Analyses

Gene/primer

Primer sequence

P57 F
P57 R
HES1 F
HES1 R
BAX F
BAX R
BNIP3 F
BNIP3 R
PUMA F
PUMA R
NOXA F
NOXA R
P16 F
P16 R
␤ ACTIN F
␤ ACTIN R
GADPH F
GADPH R
P57 F
P57 R

5=-AGAGATCAGCGCCTGAGAAG-3=
5=-GGGCTCTTTGGGCTCTAAAC-3=
5=-CTCTCTTCCCTCCGGACTCT-3=
5=-AGGCGCAATCCAATATGAAC-3=
5=-ACAGGGTTTCACCAGGATC-3=
5=-GCTGCCACCCGCAAGAAGAC-3=
5=-TGGACGGAGTAGCTCCAAGAGC-3=
5=-AGAAGCCCTGTTGGTATCTTGTG-3=
5=-TCCTCAGCCCTCGCTCTC-3=
5=-GGATGTCCACGTCACACTTC-3=
5=-AGCAGAGCTGGAAGTCGAGTGTG-3=
5=-CCAGCCGCCCAGTCTAATCA-3=
5=-GATGAACTGGTTGCCAAGGT-3=
5=-CGAGCTGAGTTCCCACTCTC-3=
5=-GAGGCACTCTTCCAGCCTTC-3=
5=-GGATGTCCACGTCACACTTC-3=
5=-AAAAGCGGGGAGAAAGTAGG-3=
5=-CTAGCCTCCCGGGTTTCTCT-3=
5=-CCTGCTGGAAGTCGTAATCC-3=
5=-CACGATGGAGCGTCTTGT-3=

Annealing
temperature (°C)

Cycles

Product
size (bp)

Analysis

60

35

220

RT-PCR

60

31

186

RT-PCR

60

29

363

RT-PCR

56

29

465

RT-PCR

62

29

285

RT-PCR

65

29

490

RT-PCR

60

28

221

RT-PCR

55

26

189

RT-PCR

65

35

258

ChIP

55

35

173

ChIP

bp, base pairs; ChIP, chromatin immunoprecipitation; F, forward; R, reverse.

Gene Expression Analysis
RNA was isolated from the HCC cells or from tissue
samples by using Trizol (Invitrogen), according to the
manufacturer’s instructions. One g of total RNA was
treated with DNase I (Invitrogen) to eliminate contaminating genome DNA. RNA quality was analyzed by agarose
gel electrophoresis, with RNA stained with ethidium bromide.12 The proportion of the ribosomal bands (28S:18S)
with a ratio of 2.0 was considered to be high quality intact
RNA. Reverse transcription was performed in 30 L of
reaction mixture including: 1⫻ reverse transcription buffer, 0.4 mmol/L dNTPs, 5 mmol/L dithiothreitol, 0.5 mol/L
oligo(dT), 3 mol/L random primers, 240 U Superscript II
(all reagents from Invitrogen.). The reverse transcriptase
reaction was performed at 42°C for 1 hour, followed by 5
minutes at 95°C to inactivate the enzyme. Relative gene
expression was determined by semiquantitative PCR with
the primer sequences in Table 1. PCR products were
visualized on 2% agarose gel, stained with ethidium bromide. Densitometric analysis was performed using Quantity-one software version 4.2.1 (Bio-Rad, Hercules, CA).
Results are the means of three independent experiments.

ChIP Assay
Chromatin immunoprecipitation (ChIP) was performed as
previously described.13 The ChIP-recovered DNA was
used as a template in each PCR reaction. Primers were
designed in the P57 regulatory region 11: 29061452907792 (Ensembl). Primers sequence and conditions
were reported in Table 1.

Senescence
Senescence-associated ␤-galactosidase (SA-␤-gal) activity
was measured using a standard senescence detection kit

(Biovision, Mountain View, CA), according to the manufacturer’s instructions. The percentage of blue cells versus total
cells was measured in 10 random microscopic fields.

Patients and HCC Samples
HCC tissues were obtained from 34 consecutive patients
(29 males and 5 females) undergoing liver resection for
HCC at the Department of Surgery of the University of
Bologna from January 2004 to December 2006, after
obtaining their informed consent. Exclusion criteria were
a previous history of local or systemic treatments for
HCC. A detailed description of patient characteristics is
reported in Table 2. Two tissue blocks from neoplastic
tissue were separately snap frozen in liquid nitrogen (by
using a sterile scalpel and forceps) and were kept at
⫺80°C, and used for RNA and Western blot analysis.

Real-Time RT-PCR Analysis of miR-221
Accurate quantitation of mature miR-221 was obtained as
previously described.14

Statistical Analysis
Differences between groups were analyzed using a doublesided Student’s t-test when two groups were present. Experimental data are expressed as the mean ⫾ SE from three
independent experiments. Pearson’s correlation was used
to explore the relationships between Hes1 and P57 expression in HCC tissues. Pearson’s correlation was also used to
assay any relationship between Hes1, alpha fetoprotein serum levels, and tumor size. The t-test was used to explore
significant differences in Hes1 expression between lowgrade (Edmondson and Steiner’s grade 1 and 2) and high
grade (Edmondson and Steiner’s grade 2 and 3) HCCs.
Analysis of variance was used to explore any difference in
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Table 2.

Characteristics of HCC Patients Analyzed in the Study

No.

Age

Sex

Size*

Grade†

Viral infection‡

AFP§

Focality¶

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

65
57
76
56
76
79
78
76
81
54
65
66
63
54
55
65
68
68
59
67
69
72
71
56
72
76
73
69
64
59
55
60
52
67

M
M
M
M
M
M
M
M
M
M
F
M
M
M
M
M
M
M
M
F
M
M
F
M
M
M
F
F
M
M
M
M
M
M

5
6
2.2
1.8
5
7
5
10
3
7
5
2.5
6.5
5.5
8
2.3
10
3.3
12
2
6
5
3
4
10
8
3
10
3
4
11
3
3
3.5

2
3
1
4
2
2
2
2
2
2
2
1
2
3
2
2
3
3
3
2
2
2
1
2
2
3
2
3
1
1
2
2
2
2

HBVAb
HCV
HCV
HCV
HCV
HBV
HCV
HCV
HCV
HBV⫹HCV
HCV
HCV
HCV
HBV
HCV
HCV
None
HCV
None
HCV
None
Ethanol
HCV
HCV
HCV
HCV ⫹ HBVAb
HCV
None
HBV ⫹ ethanol
HBV
None
HCV ⫹ ethanol
HCV ⫹ HBV
HCV

10.000
22
48
234
5
540
86
390
132
1924
76
5
131
8
86
46
11
76
256
276
18,766
537
468
35
7
2
76
5
5
162
78
20
75
2198

M
U
U
M
U
M
U
U
M
M
U
M
M
U
M
M
M
U
U
U
M
U
M
U
M
U
U
M
U
U
U
U
M
M

*Size of the HCC nodule (in cm) used for RNA and protein extraction.
†
Grading of the HCC was assessed according to Edmondson and Steiner’s criteria.
‡
Cause of underlying liver disease.
§
AFP determination was made prior to surgery and is expressed in ng/mL.
¶
Focality: U and M were assessed on the basis of imaging techniques previous to surgery and by means of intraoperative ultrasound.
AFP, alpha-feto-protein; ethanol, history of ethanol abuse; HBV, hepatitis B virus; HBVAb, presence of the antibodies against HBV; HCC, hepatocellular
carcinoma; HCV, hepatitis C virus; None, negative history for hepatitis virus infection and ethanol abuse or other known causes of chronic liver disease.
U, uni; M, multifocality.

Hes1 expression among different etiological groups. The
Kaplan-Meyer survival analysis was used to compare patient’s survival and time to recurrence (TTR) based on different Hes1 and P57 expression levels (the cut-off values
were chosen on the basis of the median values) and statistical P value was generated by the Cox-Mantel log-rank test.
Survival analyses were performed considering only cancerrelated deaths, whereas events related with other causes,
including liver failure, were excluded. P values ⬍ 0.05 were
considered statistically significant. Statistical analyses were
performed using SPSS version 8.0 (IBM SPSS Statistics,
Milano, Italy).

Results
Notch1- and Notch3-Mediated Inhibition of P57
Expression Involves Hes1 Signaling in HCC
Cell Lines
In previous studies, we found that Notch1 and Notch3
were abundantly expressed in HCCs compared to surrounding nontumor liver tissue.10 Because both Notch1

and Notch3 mediate their effect by activating Hes1,8
which in turn regulates P57 transcription, we aimed at
investigating the relationship between P57 mRNA and
Hes1 protein accumulation in human hepatocellular carcinoma. Because the promoter of the P57 human gene is
frequently methylated in cancer, and this mechanism has
been linked to a reduction of P57 mRNA expression, we
analyzed the P57 promoter methylation status first in two
HCC cell lines; HepG2 and SNU398 are characterized by
low levels of miR-221.14 The expression pattern of P57
does not correlate with the methylation status in these cell
lines, as assessed by high density cell culture, serum
deprivation, and treatment with the hypomethylating
agent 5-aza-2=-deoxycytidine (Figure 1A–C), suggesting
that in HepG2 and SNU398 cells, P57 mRNA expression
is regulated by different mechanisms.
HepG2 and SNU398 cells were stably knocked-down
for Notch3 and Notch1 expression by retroviral transduction of specific siRNAs (Figure 1, D and E). Interestingly,
no cross-regulation was observed between Notch1 and
Notch3 protein expression (Figure 1, D and E). Notch3and Notch1-silenced cells showed a down-regulation of
Hes1 target gene (Figure 1F) together with an up regula-
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tion of P57 mRNA and protein levels (Figure 1, G and H).
By immunofluorescence analysis, P57 was found to be
expressed in the nucleus of silenced cells, suggesting its
role as an active cell cycle inhibitor (Figure 2). In accordance with this observation, Notch1- and Notch3silenced cells showed down-regulation of Cyclin D1 (Figure 1H) and a reduced proliferation, as assessed by
FACS analysis (Figure 3).
To confirm whether the down-regulation of Hes1 in
Notch1- and Notch3-silenced cells was the real determinant of P57 up regulation, Hes1 was silenced both in
HepG2 and SNU398 cells by using specific siRNAs.
Down-regulation of Hes1 significantly increased P57
mRNA and protein levels in both analyzed cell lines (Figure 4, A and B). In line with Notch1 and Notch3 downregulation, Hes1 silencing caused cyclin D1 down-regu-

Figure 2. Immunoflurescence analysis of P57 expression in Notch1- and
Notch3-silenced cells. P57 is expressed in the nucleus of Notch1 and Notch3
silenced cells (red). Cells were counterstained with DAPI. NC, GL2 negative
control shRNA; N3, Notch3 shRNA; N1, Notch1 shRNA.

lation (Figure 4B), suggesting that Hes1 is one of the
major effectors of Notch signaling in this setting.
To further confirm the binding of Hes1 to P57 promoter
in vivo, a ChIP assay was performed. In HepG2 cells, but
not in HepG2, with siRNA to Hes1, DNA of the P57 promoter region could be specifically detected in the Hes1immunoprecipitated DNA complex from formaldehydetreated cells, indicating Hes1 occupancy at the P57
promoter in vivo (Figure 4C). These results collectively
show that Hes1 represses the transcription of P57 gene
via direct binding to promoter region.

A
B

C

P57 Inhibits in Vitro Growth of Human HCC
HCC-derived cancer cells were transfected with human
P57 expression vector or empty vector and P57 protein
expression was assessed by Western blot analysis 48

D

E

F
G

H

Figure 1. P57 expression is regulated by Notch1 and Notch3 receptors. A:
P57 mRNA is up-regulated by cell cycle arrest induced by high density cell
culture or serum withdrawal in HepG2 and SNU398 cells, as evaluated by
semiquantitative RT-PCR. ␤-actin serves as a reference control for mRNA
levels. Cells cultured with serum reach confluence and arrested growth after
72 hours. B: HCC cells were cultured in the presence of different concentration of 5=-aza-2=-deoxycytidine (5=AZA) for 24, 48, and 72 hours. P57 mRNA
expression was evaluated by RT-PCR. C: The level of mRNA shown in panel
B was quantified and expressed as a ratio with respect to ␤-actin control. D
and E: Western blot analysis shows Notch3 and Notch1 silencing in HepG2
and SNU398 cell lines. The absence of cross-regulation of Notch1 by Notch3
silencing and vice versa is also shown. F and G: RT-PCR expression analyses
of Hes1 and P57 in Notch-silenced cells. H: Western blot analysis of P57 and
cyclin D1 in Notch-silenced cells. An increase in P57 mRNA and protein
levels is observed in both Notch1- and Notch3-silenced cells. NC, GL2
negative control shRNA; N3, Notch3 shRNA; N1, Notch1 shRNA. ␤-actin was
used as a reference control for both mRNA and protein levels.

Figure 3. Effects of Notch3 and Notch1 depletion on cell cycle distribution.
Histograms representing the growth rate of HepG2 and SNU398 cells evaluated by propidium iodide staining and flow cytometry 2 weeks postinfection with Notch1 or Notch3 shRNA. When compared to negative controls
Notch infected cells show an increase of the G1 cell population. Results are
expressed as the means of three independent experiments (⫹/⫺ SE). *P ⬍
0.05, **P ⬍ 0.01 (by two-tailed Student’s t-test). NC, GL2 negative control
shRNA; N3, Notch3 shRNA; N1, Notch1 shRNA.
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A

B

C

Figure 4. Hes1 regulates P57 expression. A: HepG2 and SNU398 cells were
transfected with Hes1 small interfering RNA (siRNA) or scrambled RNA. Hes1
and P57 mRNA levels were evaluated by RT-PCR. B: P57 and cyclin D1
protein expression were evaluated in Hes1-silenced cells by Western blot
analysis. NC, scrambled siRNAs; H1 and H2, two different Hes1 siRNAs.
␤-actin was used as a reference control for both mRNA and protein levels. C:
HepG2 cells were transfected with scrambled siRNA or with a pool of H1 and
H2 siRNAs to Hes1, cross-linked with formaldehyde, and immunoprecipitated with anti-Hes1 or control rabbit IgG (Cont. IgG). DNAs were extracted
from the immunocomplexes and PCR amplified by the primer set of P57
promoter. DNA without ChIP served as a control (the first lane). GADPH was
used as negative control region.

and 72 hours post-transfection (Figure 5A). To investigate
whether induction of exogenous P57 can reduce cell
growth, we performed a proliferation assay and FACS analysis. Induction of P57 reduced proliferation of HepG2 and
SNU398 HCC cells, as demonstrated by growth curve analysis (Figure 5, B and C). FACS analysis revealed that P57
transfected cells accumulate in G1 phase of cell cycle (Figure 5, D and E). In line with these observations, cyclin D1
down-regulation was also observed in P57 transfected cells
compared to the negative control (Figure 5A).

P57 Induction Does Not Affect Apoptosis
Previous studies reported that P57 interplays with the
apoptotic cell death machinery in cancer cells.3 To rule
out the possibility that the cell growth inhibition observed
in P57 transfected cells could be due to increased cell
death, apoptosis-related genes, such as Bax, BNIP3,
NOXA, PUMA, and Cleaved Caspase-3 were analyzed.
No differences were observed in the expression of all
these genes (Figure 6, A and B) after P57 enforced expression. The evidence that P57 was not involved in
apoptosis in HCC was confirmed by Annexin V staining,
which showed no differences between P57 transfected
cells and negative controls. Data not shown.

Over-Expression of P57 Induces Senescence in
HCC Cells
Replicative senescence is thought to be a major barrier to
tumor formation, as it limits the replicative potential of
cells and preserves genomic integrity.15 On the other

hand, recent studies show that senescence is involved in
tumor regrowth and disease recurrence,16 suggesting
that the role of senescence depends on cell type and
cellular context.
Seventy-two hours post-P57 transfection, cells began
to change the morphology, becoming enlarged and flattened, and they adopted a senescent phenotype when
compared to vector-only cells (Figure 7A).
To demonstrate that P57 plays a role in the induction of
senescence in HCC, two well-known senescence markers were analyzed: SA-␤-gal and P16INK4A.17 Senescence status is also characterized by resistance to apoptosis,18 meaning that the expression levels of several genes
involved in apoptosis are reduced during senescence. As
high expression levels of P57 for both cell lines could not be
maintained any longer than 96 hours, and the expression of
apoptotic genes did not change between 48 and 72 hours
post-transfection (Figure 6), SA-␤-gal and P16 were evaluated 96 hours after P57 induction.
In accordance with the senescence phenotype, induction of P57 in HepG2 and SNU398 led to the identification
SA-␤-gal positive cells (Figure 7B). An increase in P16 pro-

A

B

C

D

E

Figure 5. P57 regulates the cell growth of hepatocellular carcinoma (HCC)derived cell lines. A: Western blot analysis of P57 and cyclin D1 in HepG2
and SNU38 cells transfected with P57 cDNA. ␤-actin was used as a reference
control for protein levels. B and C: Transfection of P57 causes a proliferative
block in HCC cells, as assessed by growth curves. P57 over-expression causes
a 1.5- and 1.6-fold reduction in HepG2 and SNU398 cell growth, respectively,
in comparison to negative control (P ⫽ 0025 at t-test for both cell lines at 72
hours after transfection). D and E: Histogram representing the growth rate of
HepG2 and SNU398 cells evaluated by propidium iodide staining and flow
cytometric analysis. When compared to negative controls P57 transfected cells
show an increase of the G1 cell population. Cell cycle distribution was as
follows: HepG2; NC 48 hours (G1 52,1%; S 20,9%; G2/M 27%), P57 48 hours (G1
64,2%; S 13,7%; G2 22,1%), NC 72 hours (G1 61,7%; S 28,1%; G2 10,2%), P57 72
hours (G1 79,2%; S 14,3%; 6,5%). SNU398; NC 48 hours (G1 47,1,1%; S 34,3%;
G2/M 18,6%), P57 48 hours (G1 69,5%; S 19,2%; G2 11,3%), NC 72 hours (G1
49,3%; S 26,9%; G2 23,8%), P57 72 hours (G1 62,9%; S 17,2%; 19,9%). Results are
expressed as the means of three independent experiments (⫹/⫺ SE). *P ⬍ 0.05,
**P ⬍ 0.01 (by two tailed Student’s t-test). NC, cells transfected with empty
vector; P57 transfected, cells transfected with P57 cDNA.
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A

221 expression (lower than median miR-221 values).14
Based on this exclusion criteria P57 was evaluated in 17
of 34 HCCs; a positive correlation between P57 mRNA
and protein expression was found in the analyzed samples (Pearson’s correlation: P ⫽ 0.037). In addition, high
levels of P57 protein resulted to associate with tumors
recurrence (Figure 8D).

Senescent State in Hes1-Depleted Cells
Depends on the Accumulation of P57

B

To more critically evaluate the role of Hes1 and P57 in
senescence, we used retrovirus to stably suppress Hes1
and P57 protein expression or to mediate stable overexpression of P57 in HepG2 and SNU398 cell lines (see
Supplemental Figure S1A-C at http://ajp.amjpathol.org).

A
Figure 6. Effect of P57 on apoptosis. A: Expression levels of several proapoptotic genes in HepG2 and SNU398 evaluated by RT-PCR 48 hours and 72
hours post P57 transfection. ␤-actin was used as a reference control for
mRNA levels (B) Total cellular proteins were resolved by polyacrylamide gel
electrophoresis followed by immunoblotting with monoclonal anti-cleaved
caspase-3 and anti-␤-actin as a protein reference control.

tein levels was also observed in HepG2 cells (Figure 7C).
P16 protein does not appear to be expressed in SNU398,
nevertheless, loss of P16 does not correlate with P16 promoter methylation in our experimental setting (Figure 7D).

P57 mRNA Expression Inversely Correlates with
Hes1 Protein Levels in Human HCC
To assess whether our in vitro findings reflect the biology
of human HCC, we analyzed the expression of P57
mRNA and Hes1 protein in 34 surgically resected HCCs.
We found a significant inverse correlation between P57
mRNA and Hes1 protein accumulation (Pearson’s test:
P ⬍ 0.0001) (Figure 8A and B), suggesting that Hes1
participates in the control of P57 mRNA transcription in
human hepatocellular carcinoma. Possible correlations
between P57 mRNA and Hes1 expression with different
clinical pathological features of HCCs, including size,
focality, grading, AFP serum levels and etiology of the
underlying liver disease were investigated; however, no
correlation was found. HCC were dichotomized on the
basis of Hes1 and P57 mRNA expression and the cut-off
values were chosen on the basis of median values in the
whole series of HCC tissues.
Low Hes1 levels in HCC tissue were associated with a
shorter TTR (Figure 8C) while they did not achieve a
statistical significance for the overall survival. Conversely,
P57 mRNA expression was not associated with different
survival or recurrence rates.
We next investigated the relationship between P57
mRNA and protein expression in human HCC. Since we
previously proved that the cyclin-dependent kinase inhibitor P57 is a direct target of miR-221, P57 protein expression was analyzed only in primary tumors with low miR-

B

C

D

Figure 7. P57 induces cell senescence in HepG2 and SNU398 cells. A:
Morphological alterations in human hepatocellular carcinoma (HCC) cell
lines after P57 transfection, day 3. Cells expressing P57 appear flattened and
enlarged compared to vector only (B). SA-␤-gal evaluation 96 hours postP57-transfection. *P ⬍ 0.05, **P ⬍ 0.01 (by two-tailed Student’s t-test). C: P16
protein expression evaluated in HepG2 and SNU398 cell lines 96 hours
post-P57 transfection by Western blot analysis. ␤-actin was used as a reference control for protein levels. P16 does not appear to be expressed in
SNU398 cells. D: SNU398 cells were cultured in the presence of different
concentration of 5=-aza-2=-deoxycytidine (5=AZA) for 48 and 72 hours, and
P16 mRNA expression was evaluated by RT-PCR.
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both the accumulation in G1 phase of the cell cycle observed in Figure 3 and SA-␤-gal expression induced by
Hes1 silencing (Figure 9A). Taken together these findings
outline the role of P57 in the induction of senescence in
HCC. This event was confirmed in the long-term culture
and was not overcome by compensatory mechanisms
inducing cell proliferation.

A

Discussion

B

C

D

Figure 8. Hes1 regulates P57 in vivo and predicts hepatocellular carcinoma
(HCC) time to recurrence (TTR). A: Inverse correlation between Hes1 protein
and P57 mRNA expression levels of 34 studied human HCCs. Expression
values are plotted on a log scale. A statistically significant correlation between P57 mRNA and Hes1 protein levels (P ⬍ 0.0001) was observed by
using two-tailed Pearson’s test. B: Graphic representation of Hes1 protein
paired with P57 mRNA values in each sample. Hes1 protein and P57 mRNA
show an opposing trend in 29 of 34 analyzed samples. C and D: Kaplan Meier
analysis showing the TTR relative to Hes1 protein expression and P57 protein
expression.

The generation of Sa-␤-gal positive cells was evaluated 7
days after infection. Hes1 short hairpin RNAs (shRNAs)
induced cellular senescence is shown in Figure 9A. To
analyze the effective role of P57 in cellular senescence,
avoiding alternative mechanisms associated with Hes1
inhibition, cells were co-infected with P57 shRNAs and
Hes1 shRNA. P57 inhibition associated with Hes1 silencing reversed the senescent phenotype suggesting that
Hes1-silenced cells senesced primarily due to P57 upregulation (Figure 9B). Next we performed stable overexpression of P57 (single copy retroviral integration). As
expected, retro.P57 infected cells arrested growth with a
senescent morphology and SA-␤-gal expression (Figure
9C). The percentage of senescent cells was higher in P57
over-expressing cells than in Hes1-silenced cells; probably because retrovirus mediated ectopic protein expression is not affected by factors that potentially control
transcription of the endogenous protein.
Finally we evaluated the senescent state in both
Notch3- and Notch1-silenced cells (Figure 9D) and we
found that the increase in SA-␤-gal expression reflects

Despite diffusion of surveillance programs among cirrhotics, and advances in surgical and percutaneous techniques, HCC has a poor prognosis. Attempts have been
made to predict recurrence and poor prognosis in patients with HCC after hepatectomy using clinico-pathological characteristics and molecular markers; however,
none of these have made it to clinical practice. The four
known Notch receptors mediate signaling from cell surface to the nucleus, regulating proliferation, differentiation and apoptosis at all stages of development.19 Notch
activation is generally believed to promote cancer development, whereas it can also play an opposite role. Biologically, this is not surprising, in view of the opposite role
that Notch can play in enhancing stem cell potential and
suppressing differentiation along certain lineages, while
promoting commitment to others.19 Aberrant Notch1 and
Notch3 gene expression was observed in HCC and has
been associated with modulations of cell growth and
response to chemotherapy.10,20 Nevertheless, the mechanisms by which Notch genes are involved in HCC tumorigenesis remain to be elucidated. Here we show that
a mediator of cell cycle exit, P57, is a target of transcrip-
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Figure 9. Generation of senescence-associated ␤-galactosidase (SA-␤-gal)–
positive cells in different cellular context. SA-␤-gal was evaluated after Hes1
silencing (A), Hes1 and P57 silencing (B), P57 over-expression (C), and in
Notch-silenced cells (D). Results are expressed as the means of three independent experiments (⫹/⫺ SE).). *P ⬍ 0.05, **P ⬍ 0.01, and ***P ⬍ 0.001 (by
two-tailed Student’s t-test). NC, cells infected with empty vector; shHES1A
and shHES1B, cells infected with different Hes1 specific shRNAs retrovirus;
shp57-1 and shp57-2, cells infected with two different P57 specific shRNAs
retrovirus; P57⫹, cells infected with retrovirus over-expressing P57; SRGL2,
GL2 negative control shRNA; N3, Notch3 shRNA; N1, Notch1 shRNA.
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tional repression by Hes1, a downstream target of Notch
signaling, both in vitro and in human HCCs. We demonstrated that P57 over expression in two HCC cell lines
affected their proliferation and morphology without affecting the apoptotic machinery. We proved, for the first time
in HCC, that P57 caused a cell senescent phenotype as
determined by SA-␤-gal staining and induced P16 expression. Finally we showed that a senescent state in
the Notch and Hes1 depleted HCC cells depends on
the accumulation of P57. Indeed, senescence limits the
growth of many tumors including epithelial tumors of
the colon, head and neck and thyroid.21–23 On the
other hand the presence of senescent cells in the tumor
bulk is an important biological factor that might have
prognostic implications for the disease outcome. Senescent tumor cells serve as a reservoir of secreted factors
with mitogenic, anti-apoptotic and angiogenic activities24
leading to a worse prognosis.
Senescence was not the subject of many studies in
HCC, therefore the potential role of senescence in this
tumor is poorly understood. However, as a result of repeated episodes of cell necrosis and cell division, the
process of chronic hepatitis and liver cirrhosis could represent a model of accelerated replicative senescence.
Indeed, it has been shown that accumulation of replicative senescent cells in non cancerous liver serves as a
predictive marker of hepatocellular carcinoma in the surrounding tissue.25 Different genes act as positive regulators of senescence in tumor cells like P21, P53 and P16,
but they are not absolutely required for this response,
suggesting that other genes are likely to play a role in
inducing senescence of tumors cells. In the current
study, we showed that P57, negatively regulated by
Hes1, is involved in HCC senescence. The analysis of
primary HCC samples did not show any relationship between Hes1, P57 mRNA and P57 protein expression with
size, focality, grading, etiology and alpha fetoprotein serum levels of HCC patients. Conversely, TTR was shorter
in patients with lower Hes1 and higher P57 protein expression; whereas, when considering the whole HCC
group, P57 mRNA was not associated with either TTR or
to survival rate. This observation is not surprising because mRNA expression values are almost only correlative rather than causative.26 Next we analyzed the subgroup of HCCs without an over-expression of miR-221 to
rule out possible factors modulating the transcriptional
regulation of P57 exerted by Hes1. Indeed, in this subgroup of HCCs, a shorter TTR was observed in patients
with higher P57 protein levels. These findings further suggest that Hes1 and P57 expression might influence the
HCC cell phenotype; however, to prove their effective
role, larger cohorts of patients would be needed, with a
molecularly proven association between the resected
and the recurrent HCCs. In HCC, P57 down-regulation
was found to be associated with high proliferating cell
nuclear antigen and cyclin D1 expression, indicating increased proliferating activity27,28 Nevertheless cell proliferation is not always associated to tumor recurrence,
suggesting that tumors with low proliferation rate could
be more invasive and aggressive.29,30 In line with this last
observation, our results showed that TTR was shorter in

patients with higher P57 protein expression, even though
this protein reduces cell proliferation in vitro. Because
P57 protein has been described to associate with different complexes,31 immunohistochemistry results are more
accurate than Western blot for P57 evaluation.32 Future
studies will be directed toward dissecting the mechanism
for this novel Hes1- P57 crosstalk in a well-selected cohort of HCC by analyzing P57 and others factors known to
be involved in cell senescence, including senescence
associated heterochromatic foci and high-mobility group
AT-hook 2 expression levels.
Thus far, we can conclude that our in vitro and ex vivo
results suggest that Hes1 safeguards against irreversible
cell cycle exit by modulating P57 expression in human
HCC. In our restricted series of surgically resected
HCCs, Hes1 expression identifies patients with different
risks of recurrence. The lack of correlation between P57
or Hes1 expression and survival is not surprising in surgically treated HCC due to the impact of subsequent
treatments and liver failure on survival.
On the basis of our experimental evidence, caution
should be used in suggesting treatments with single general inhibitors of Notch activity (such as ␥-secretase inhibitors) for HCC. More promising approaches may be
provided instead by selective inhibitors that can suppress the Notch pro-survival function while leaving intact
or enhancing its ability to repress invasion, or by a combination therapy based on Notch inhibitors in conjunction
with chemotherapeutic compounds with pro-apoptotic
activity, as we previously demonstrated.10
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