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Abstract
Background & Aims—Resistance to apoptosis is essential for cancer growth. We previously
reported that hepatic co-expression of c-Myc and E2F1, two key regulators of proliferation and
apoptosis, enhanced HCC development in transgenic mice. Here, we investigated the molecular
mechanisms underlying oncogenic cooperation between c-Myc and E2F1 in relationship to human
liver cancer.

Methods—Activation of pro- and anti-apoptotic cascades was assessed by immunoblotting in in
vivo and in vitro HCC models, and in primary human HCC. Effect of antisense oligodeoxy
nucleotides against c-Myc and E2F1 was studied in human HCC cell lines. Suppression of PIK3CA/
AKT, mTOR, and COX-2 pathways was achieved by pharmacological inhibitors and specific
siRNAs in human and mouse HCC cell lines.

Results—Co-expression with E2F1 did not increase proliferation triggered by c-Myc
overexpression but conferred a strong resistance to c-Myc-initiated apoptosis via concomitant
induction of PIK3CA/Akt/mTOR and c-Myb/COX-2 survival pathways. COX-2 was not induced in
c-Myc and rarely in E2F1 tumors. In human HCC, PIK3CA/Akt/mTOR and c-Myb/COX-2 pathways
were similarly activated, with levels of PIK3CA/Akt, mTOR, and c-Myb being inversely associated
with patients’ survival length. Knocking down c-Myc and E2F1 oncoproteins reduced PIK3CA/Akt
and mTOR and completely abolished c-Myb and COX-2 expression in human HCC cell lines. Finally,
simultaneous inhibition of PIK3CA/Akt/mTOR and COX-2 activity in in vitro models caused
massive apoptosis of neoplastic hepatocytes.

Conclusion—E2F1 may function as a critical anti-apoptotic factor both in human and rodent liver
cancer through its ability to counteract c-Myc-driven apoptosis via activation of PIK3CA/Akt/mTOR
and c-Myb/COX-2 pathways.

Deregulation of c-Myc and/or E2F1 protooncogenes is implicated in the development of
numerous rodent and human tumors, including hepatocellular carcinoma (HCC)1–5. The
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importance of c-Myc and E2F1 in carcinogenesis is underscored by their capacity to induce
both cell proliferation and cell death. When over-expressed, both c-Myc and E2F1 can trigger
proliferation by driving quiescent cells into S phase in the absence of other mitogenic
stimuli6–11. Likewise, both transcription factors are capable of sensitizing cells to apoptosis
either via p53-dependent or p53-independent mechanisms12–14. In addition to sharing
functional properties, increasing evidence suggests that these two protooncogenes can regulate
each others activities15–17. Indeed, the requirement for distinct E2F members to mediate Myc-
induced proliferation versus apoptosis has been demonstrated16. Furthermore, a recent report
indicates that survival of c-Myc-over-expressing cells may depend on E2F activity18,
suggesting that E2F1 sustain abnormal c-Myc-driven cell growth via suppression of c-Myc-
induced apoptosis. However, the molecular mechanisms whereby E2F1 inhibits c-Myc-
dependent apoptosis are unknown. Recent findings underline the role of phosphatidylinositol
3-kinase (PI3K) and it is downstream effector, Akt/PKB serine/threonine kinase, in suppression
of E2F apoptotic potential19,20. Once activated, Akt promotes cell survival both by
inactivating multiple pro-apoptotic proteins, including Bad, FoxO1, caspase 9, apoptosis
signal-regulating kinase-1 (ASK1), and stimulating transcription of BFL1 and cIAP1/2 anti-
apoptotic genes21. Furthermore, recent reports indicate that the PI3K/Akt axis suppresses
E2F1-dependent apoptosis but not proliferation via induction of topoisomerase (DNA) II beta
binding protein (TopBP1)22. In addition to its anti-apoptotic role, Akt sustains cell growth by
either direct phosphorylation of the mammalian target of rapamycin (mTOR) or indirectly
through inactivation of tuberin (TSC2), an mTOR inhibitor23. Suppression of TSC2 activates
the GTP-binding protein Ras homologue enriched in brain (Rheb), which upregulates
mTOR24. The latter, in complex with Raptor, mediates cell growth by stimulating protein
synthesis via phosphorylation of two key players in translation: p70 ribosomal protein S6
kinase (p70 S6K) and eukaryotic initiation factor 4E binding protein 1 (4E-BP1). p70 S6K
phosphorylates the ribosomal protein S6 (rpS6), resulting in increased translation of mRNAs
containing a 5’ olygopyrimidine tract, whereas phosphorylation of 4E-BP1 by mTOR relieves
inhibition on the initiation factor eIF4E resulting in more efficient cap-dependent
translation25.

Previously, we demonstrated that transgenic over-expression of either c-Myc or E2F1 in the
liver was sufficient to induce tumor growth, albeit with different latencies5,6. In both transgenic
models, there was a reciprocal induction of the other transcription factor further supporting the
hypothesis that c-Myc and E2F1 modulate each other’s activity in vivo5,6. Furthermore, c-
Myc/E2F1 double transgenic mice displayed a frequent activation of the apoptosis suppressor
COX-2 and acceleration of liver carcinogenesis when compared with both parental lines26,
27. COX-2 has been shown to upregulate Akt survival pathway in human HCC, and hepatic
overexpression of E2F1 transgene greatly increased Akt liver levels28,29. Based on this
information, the objective of this study was to understand the molecular basis for synergistic
effects of c-Myc/E2F1 co-activation in promoting liver oncogenesis. Using transgenic models
of liver cancer and human HCC in combination with mouse and human HCC cell lines, we
now demonstrate a key role for E2F1 in restraining Myc-driven apoptosis via concomitant
activation of PI3K/Akt and COX-2 pathways.

Materials and Methods
Transgenic Mice

Generation of the Alb/c-Myc (c-Myc), Alb/E2F1 (E2F1), and Alb/c-Myc/Alb/E2F1 (c-Myc/
E2F1) transgenic mice has been described5,6,26. Normal, preneoplastic and neoplastic liver
tissues were obtained from male mice at different ages (3–20 months). Dissected tissues were
divided in two parts: half was stored at –80°C, half was fixed in 10% formalin and embedded
in paraffin. Sections were stained with hematoxylin and eosin. Histopathological diagnoses
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were based upon criteria previously described30. Animal study protocols were conducted
according to the National Institutes of Health guidelines for animal care.

Clinical Samples
Five normal livers, 50 HCCs and respective surrounding non-tumorous liver tissues were
obtained from patients undergoing surgical treatment for HCC. Patient’s clinicopathological
features are shown in Table 1. HCCs were divided in two prognostic subclasses (HCCB and
HCCP) based on patient’s survival length, as previously described31. HCCB or HCCP were
characterized by a shorter (< 3 years) or longer (> 3 years) survival length following liver
partial resection. Liver samples were kindly provided by Dr. Z. Sung (National Laboratory of
Molecular Oncology, Beijing, China) and the Liver Tissue Procurement and Distribution
System (Minneapolis, MN; Pittsburgh, PA; Richmond, VA), which was funded by NIH
Contract #N01-DK-9-2310. Institutional Review Board approval was obtained at participating
hospitals and the National Institutes of Health.

PCNA and Apoptotic Indices
PCNA-labeling and apoptotic indices were determined as reported27 and presented as a
percentage of the total cells counted.

Quantitative real-time RT-PCR (QRT-PCR)
Primers for mouse c-Myc, E2F1, GAB2, catalytic subunit p110α of phosphatidylinositol 3-
kinase (PIK3CA), and RNR-18 genes were from Applied Biosystems (Foster City, CA). PCR
reactions and quantitative evaluation were performed as described31.

Western Blot Analysis
Whole cell lysates were prepared and processed as described27. The complete list of the
antibodies used is available upon request. For cytochrome c release, cytoplasmic fractions were
obtained using the NE-PER Nuclear and Cytoplasmic Extraction Kit (Pierce Biotechnology
Inc., Rockford, IL) following the manufacturer’s protocol.

DNA Extraction and Methylation-specific PCR
High molecular weight DNA was isolated from frozen tissues as described32 and modified by
using the EZ DNA methylation kit (Zymo Research, Orange, CA). Promoter methylation status
of mouse DAPK was determined with DAPK-unmethylated and - methylated specific primers
as previously described33.

Cell Lines, Treatments, Viability assay, and Apoptosis Index
Alexander, HuH1 and HuH7, and two mouse cell lines derived from E2F1 HCC were
maintained as monolayer cultures either in DMEM or in RPM1 1640 supplemented with 10%
fetal bovine serum. Cells were plated at 2.0 × 103 /well in 96-well plate and grown for 12 h.
After 24 h serum deprivation, LY294002 (pan-PI3K inhibitor), Rapamycin (mTOR inhibitor;
Cell Signaling Technology), PI-103 (PI3KCA/mTOR inhibitor), and CAY10404 (COX-2
inhibitor; Cayman Chemical, Ann Arbor, MI) were added to the medium at 50 µM, 10 nM,
0.5 µM, and 50 µM, respectively, and cells incubated for 6, 12, and 24h. For silencing
experiments, human cell lines plated as described above were serum deprived for 24 h and
treated with either antisense oligodeoxy nucleotides (AODN) against c-Myc, E2F1, GAB2,
and c-Myb (10 µM, final concentration) following previously described protocols34,35 or
siRNA against Akt, mTOR, and COX-2 (Santa Cruz Biotechnology). Cell viability and
apoptosis were determined by the WST-1 Cell Proliferation Reagent and the Cell Death
Detection Elisa Plus kit (Roche Molecular Biochemicals, Indianapolis, IN), respectively.
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Chromatin Immunoprecipitation Analysis
Chromatin immunoprecipitation was performed by the ChIP Assay Kit (Upstate USA Inc.)
following the manufacturer’s protocol. Rabbit polyclonal anti-E2F1 and anti-E2F4 (Santa Cruz
Biotechnology) antibodies were used to immunoprecipitate chromosomal DNA in crosslinked
chromatin prepared from exponentially growing Alexander, HuH1, and HuH7 cell lines.
Immunoprecipitated DNA was analyzed by PCR using previously designed primers specific
for Gab2 promoter20.

Statistical Analysis
Statistical analyses were performed using Student’s t and Tukey-Kramer tests. P values less
than 0.05 were considered statistically significant.

RESULTS
Co-expression of c-Myc and E2F1 Transgenes Enhances Survival of HCC Cells

Recently, we showed acceleration of hepatocarcinogenesis in c-Myc/E2F1 double transgenic
mice when compared with parental lines26,27. To address cellular mechanisms responsible
for accelerated tumor growth, we compared proliferative and apoptotic rates during
hepatocarcinogenesis in all three models. Proliferation was consistently higher in dysplastic
livers from transgenic than wild-type mice (Figure 1A). Mitotic indices in c-Myc and Myc/
E2F1 mice were comparable and significantly higher than in E2F1 mice at all examined ages.
However, apoptosis was constantly higher in c-Myc dysplastic livers than in E2F1 and c-Myc/
E2F1 livers (Figure 1B). Consequently, the net growth rate, as judged by PCNA/apoptosis
ratios, was highest in double transgenic mice. Co-expression of c-Myc and E2F1 did not
produce additive effects on cell proliferation in HCC (Figure 1C). Proliferation indices in c-
Myc/E2F1 and c-Myc tumors were equally higher than in E2F1 HCC, suggesting the
dominance of c-Myc mitogenic properties. Conversely, apoptotic index was significantly
reduced in c-Myc/E2F1 HCC as compared to both c-Myc (about 5-fold) and E2F1 (2-fold)
HCC, implying that E2F1 overexpression interfered with c-Myc-mediated apoptosis (Figure
1C). These results suggest that transgenic expression of E2F1 does not further stimulate
proliferation of neoplastic hepatocytes driven by c-Myc but reduces apoptosis.

Ubiquitous Akt Pathway Activation in E2F1-overexpressing Livers
To investigate the correlation between suppression of apoptosis and E2F1 upregulation, levels
of E2F1, its anti-apoptotic effector GAB2 which triggers the Akt survival pathway20, Akt and
its upstream inducer, PIK3CA36, were assessed. Among the PI3K subunit, the PIK3CA gene
was chosen due to its proven role in hepatocarcinogenesis36. E2F1 was upregulated both at
mRNA and protein level in all three transgenic lines when compared with wild-type livers, but
at significantly higher levels in dysplastic and neoplastic lesions from E2F1 and c-Myc/E2F1
transgenic mice (Figure 2A&C, Supplemental Figure 1&Supplemental Figure 2). GAB2, Akt,
and PIK3CA were induced only in dysplastic and neoplastic livers from E2F1 and c-Myc/E2F1
transgenic mice. Accordingly, phospho-Akt protein levels were progressively increased only
in non-tumorous livers and HCC from E2F1 and c-Myc/E2F1 mice in accordance with
apoptosis data, and were paralleled by gradual inactivation of Bad, caspase 9, and FOXO1 pro-
apoptotic effectors (Figure 2A, Supplemental Figure 2). PTEN phosphorylation levels were
also determined, since disruption of PTEN promotes unrestrained Akt activation37. PTEN
phosphorylation was just slightly higher in E2F1 and c-Myc/E2F1 mice, suggesting that Akt
activation was independent of PTEN silencing (Figure 2A, Supplemental Figure 2). Next, we
measured the levels of apoptosis- signaling-regulating kinase 1 (ASK1), another apoptosis
effector which is suppressed by Akt38. ASK1 activates SEK1/MKK4 and MKK3 following
induction by various stimuli, thus promoting JNK- and p38 MAPK-dependent cell death39.
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No differences were detected in ASK1 total levels between wild-type and transgenic livers
(Figure 2A, Supplemental Figure 2), whereas ASK1 was highly phosphorylated (activated)
exclusively in c-Myc hepatic lesions, HCC in particular. Accordingly, ASK1 downstream
effectors, including SEK1, p38 MAPK, and JNK were activated only in c-Myc mice (Figure
2A, Supplemental Figure 2). Since recent reports indicate that E2F1-dependent apoptosis may
be suppressed by PI3K/Akt via activation of TopBP1 and downregulation of E2F1 pro-
apoptotic targets without affecting E2F1-dependent proliferation22,40, we assessed the levels
of TopBP1, AMPKα2 and Nr4a3 (E2F1 pro-apoptotic targets), and CDC8A and TACC3 (E2F1
proliferation effectors). TopBP1, CDCA8, and TACC3 were progressively upregulated in
E2F1 and c-Myc/E2F1 dysplastic and neoplastic lesions, but not in c-Myc transgenic mice. In
contrast, AMPKα2 and Nr4a3 were downregulated in E2F1-overexpressing livers and strongly
induced in the lesions of c-Myc transgenic mice (Figure 2A, Supplemental Figure 2). These
results indicate that E2F1 hepatic overexpression exerts dominant anti-apoptotic effects
through activation of PIK3CA/Akt pathway and suppression of ASK1-mediated cell death
driven by c-Myc overexpression.

mTOR and p70 S6Kinase are Activated in E2F1 and c-Myc/E2F1 Livers
Next, we addressed whether Akt activation resulted in the induction of mTOR cascade.
Upregulation of both total and phosphorylated (activated) mTOR, Raptor, mTOR/Raptor
complexes, and PP5, p70 S6K, rpS6, and eIF4G (mTOR targets) occurred mostly in
preneoplastic and neoplastic liver lesions from E2F1 and c-Myc/E2F1 mice, and was highest
in HCC. Consistent with Akt-dependent activation of mTOR23,24, total levels of TSC2 were
reduced, whereas those of phosho-TSC2 and Rheb significantly increased in E2F1 and c-Myc/
E2F1 mice (Figure 2B, Supplemental Figure 2). Conversely, c-Myc livers displayed low levels
of mTOR and mTOR effectors, and upregulation of the translation inhibitor 4E-BP1. In E2F1
and c-Myc/E2F1 livers, 4E-BP1 was instead inactivated via mTOR phosphorylation (Figure
2B, Supplemental Figure 2). Furthermore, c-Myc livers displayed significantly higher levels
of activated eIF4E, suggesting that c-Myc activates translation in mTOR/p70 S6K-independent
manner. Upregulation of eIF4E in c-Myc livers was associated with MnK1 induction, implying
that p38 MAPK may be responsible for the increased eIF4E expression, as described
previously41. These data indicate that Akt-dependent activation of mTOR cascade is a major
oncogenic event in E2F1-overexpressing livers.

COX-2 Activation Is Mediated by c-Myb in c-Myc/E2F1 HCCs
Previously, we found a frequent upregulation of COX-2 in HCC from c-Myc/E2F1 transgenic
mice27. Since COX-2 has been shown to activate Akt in human HCC28, we investigated the
significance of COX-2 upregulation in c-Myc, E2F1 and c-Myc/E2F1 transgenic mice (Figure
3). COX-2 was detected neither in wild-type livers, preneoplastic lesions nor in c-Myc HCC.
However, 100% of c-Myc/E2F1 HCC (30/30) and 30% of E2F1 HCC (6/20, 30%; p=1.11E-10)
exhibited COX-2 upregulation. Consistent with these findings, c-Myc/E2F1 HCC also
displayed the highest expression levels of c-Myb transcription factor shown to be responsible
for E2F1-induced COX2 upregulation in prostate cancer42 (Figure 3).

COX-2 is able to suppress apoptosis through transactivation of Bcl-2 and Mcl-1 and
downregulation of death receptor 5 (DR5), a mediator of Trail-induced apoptosis43. Among
the examined mouse models, Bcl-2 and Mcl-1 were upregulated only in c-Myc/E2F1 HCC.
Interestingly, Bcl-2 and Mcl-1 levels were not elevated in E2F1 HCC displaying COX-2
activation, suggesting that other genes cooperate with COX-2 to transactivate Bcl-2 and Mcl-1
in c-Myc/E2F1 HCC. On the other hand, all E2F1 and c-Myc/E2F1 HCC exhibiting COX-2
upregulation were characterized by downregulation of DR5 and activated Caspase 8, and
reduced cytoplasmic release of cytochrome C. Neoplastic cells can acquire resistance to Trail-
mediated apoptosis via multiple mechanisms. Recently, it has been shown that tumor cells can
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become insensitive to Trail by suppressing the Trail effector death-associated protein-kinase
(DAPK) via promoter hypermethylation44. Indeed, DAPK promoter methylation was
significantly more frequent in c-Myc/E2F1 HCC (24/30, 80%) when compared with either
E2F1 (7/20, 35%; p<0.001) or c-Myc (2/20, 10%; p=3.74E-08) HCC. Accordingly, DAPK
protein levels were significantly reduced in HCC displaying DAPK hypermethylation. In
contrast, strong DAPK upregulation occurred in c-Myc HCCs with unmethylated DAPK
promoter (Figure 3). Collectively, the present data indicate that c-Myc and E2F1 co-expression
may confer resistance to Trail- and mitochondria-mediated apoptosis via activation of COX-2,
Bcl-2, Mcl-1, and DAPK epigenetic silencing.

Clinicopathological Significance of c-Myc and E2F1 Activation in Human HCC
Next, the prognostic role of c-Myc and E2F1 was assessed in a collection of human HCC
previously classified as HCC with better (HCCB) or poor (HCCP) prognosis based on global
gene expression profiling31. The c-Myc protein was first detectable in HCCB (8/25, 32%),
whereas it was strongly and ubiquitously up-regulated in HCCP (Figure 4A, Supplemental
Figure 3). E2F1 expression increased progressively from non-tumorous surrounding liver
tissues to HCC, reaching the highest levels in HCCP. Consistent with mouse liver cancer data,
E2F1 accumulation was paralleled by induction of phospho-Akt, GAB2, PIK3CA, TopBP1,
CDCA8, and TACC3. The Akt inhibitor PTEN was strongly induced in all surrounding livers
and HCC, excluding the possibility that Akt activation depends on deregulated PTEN activity.
Induction of Rheb, mTOR, Raptor, PP5, p70 S6K, and rpS6 was present only in HCC, HCCP
in particular (Figure 4A, Supplemental Figure 3). Furthermore, E2F1 pro-apoptotic effectors,
including AMPKα2 and Nr4a3, were upregulated in HCCB, implying an intact E2F1-
dependent apoptosis, whereas they were downregulated in HCCP. Mcl-1 and c-Myb levels
progressively increased from non-neoplastic lesions to HCCP (Figure 4B, Supplemental Figure
3). In contrast, COX-2 levels were equally higher in all HCCs when compared with matching
non-neoplastic livers. COX-2 expression positively correlated with increase in Bcl-2 and
inversely with levels of DR5, Caspase 8, cytoplasmic cytochrome c, and DAPK. These data
indicate that increased expression of c-Myc and E2F1 correlates with upregulation of some
(Akt, PIK3CA, TopBP1, mTOR, Raptor, c-Myb, Mcl-1) but not all (COX-2 and downstream
targets) effectors, and is associated with a poor outcome in human HCC.

E2F1 Silencing Suppresses AKT and mTOR while Inhibition of both E2F1 and c-Myc
Suppresses c-Myb and COX-2 in Human HCC Cell Lines

To further investigate whether Akt, mTOR, c-Myb, and COX-2 were c-Myc and/or E2F1
targets, we treated the Alexander, HuH1, and HuH7 human HCC cell lines with AODN against
c-Myc and E2F1. Knockdown of c-Myc protein effectively decreased the amount of E2F1,
COX-2 and c-Myb proteins but had a very small effect on PIK3CA, Akt, and mTOR protein
levels (Figure 5A, Supplemental Figure 4A). In contrast, E2F1 suppression caused a dramatic
reduction in PIK3CA, Akt, and mTOR proteins, whereas downregulation of c-Myc, c-Myb
and COX2 proteins was less remarkable (Figure 5B, Supplemental Figure 4B). We next tested
whether Akt was induced by E2F1 via GAB2, as reported in osteosarcoma cell lines20
(Supplemental Figure 5). The role for GAB2 in E2F1-mediated Akt activation was
substantiated by the detection of E2F1-GAB2 immunocomplexes in chromatin lysates, and
about 50% suppression of Akt activation following GAB2 silencing by AODN (Supplemental
Figure 5). PIK3CA expression was instead unaffected by GAB2 suppression, implying that
PIK3CA induction by E2F1 occurs via GAB2-independent mechanisms in human HCC. In
accordance with this hypothesis, simultaneous suppression of GAB2 and PIK3CA resulted in
complete inhibition of Akt (Supplemental Figure 5).

Combined inactivation of c-Myc and E2F1 totally suppressed c-Myb and COX-2 expression
with no further decrease in Akt and mTOR protein levels (Figure 5C, Supplemental Figure
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4C). Furthermore, c-Myb knockdown caused downregulation of COX-2, confirming that
COX-2 is c-Myb target (Figure 5D, Supplemental Figure 4D). These observations underline
the pivotal role of E2F1 in promoting PIK3CA, Akt and mTOR activation, and requirement
for a concomitant induction of c-Myc and E2F1 for sustaining c-Myb/COX-2 upregulation.

Combined Inhibition of Akt, mTOR and COX-2 Pathways Suppresses HCC Cell Growth in
vitro and in vivo

To test the involvement of Akt, mTOR and COX-2 pathways in HCC cell growth, Alexander,
HuH1, and HuH7 human HCC cell lines and mouse cell lines established from E2F1 HCC
were treated with pharmacological inhibitors of PI3Ks (LY294002), mTOR (rapamycin), and
COX-2 (CAY10404). Although each single treatment decreased HCC cell growth, a dramatic
synergistic effect leading to growth arrest and massive apoptosis was observed only after
combining all three inhibitors (Figure 6A–D). Importantly, a more rapid and remarkable growth
suppression was obtained with very low doses of PI-103, a PIK3CA/mTOR inhibitor. PI-103
anti-neoplastic efficacy was reinforced by the COX-2 inhibitor CAY10404. Furthermore,
siRNA against Akt, mTOR, and COX-2 genes reduced growth of both human and mouse HCC
cell lines, and combined suppression of the three genes resulted in remarkable growth restraint
and massive apoptosis (Supplemental Figure 6A, B). These results argue that activation of Akt,
mTOR, and COX-2 is required for human and mouse HCC cell survival.

Discussion
Dysregulation of c-Myc and/or E2F1 protooncogenes has been described in a wide range of
rodent and human neoplasms1–5. Here, we used transgenic mice overexpressing either E2F1,
c-Myc or both selectively in the hepatocytes, to address cellular and molecular mechanisms
whereby these two transcription factors promote malignant transformation and/or tumor
progression. It has been hypothesized that c-Myc-triggered apoptotic program must be
circumvented in order for Myc to exhibit its full oncogenic potential45. Here, we provide
evidence that the major effect of c-Myc and E2F1 interaction in hepatocarcinogenesis is
suppression of apoptosis, and describe the molecular mechanisms responsible for E2F1
dependent inhibition of c-Myc-driven cell death. Our findings agree with a previous study
showing that c-Myc overexpressing cells require E2F activity for survival18. Although
upregulation of E2F1 was also detected in c-Myc single transgenic mice, induction of Akt
survival pathway did not occur in this model. This apparent discrepancy might be due to the
higher levels of E2F1 upregulation in E2F1 and c-Myc/E2F1 versus c-Myc transgenic mice,
resulting in upregulation of Akt upstream inducers GAB2 and PIK3CA only in E2F1-
transgenic livers. Nevertheless, we cannot exclude that other tumor modifiers may influence
the activation of Akt in E2F1 and c-Myc overexpressing livers.

Overexpression of E2F1 conferred numerous survival advantages to preneoplastic and
neoplastic hepatocytes. The major effect was activation of Akt signaling pathway, which partly
depended on GAB2 scaffold protein, in accordance with a previous report20. Furthermore, the
present findings indicate for the first time that E2F1 activates Akt also via a GAB2-independent
mechanism, namely the upregulation of the Akt inducer, PIK3CA. Induction of Akt was
associated with inhibition of various pro-apoptotic effectors, including caspase 9, Bad,
FOXO1, and suppression of Ask1/p38MAPK/JNK-mediated cell death. In addition,
upregulation of Akt and PI3KCA promoted induction of TopBP1, which is able to suppress
E2F1-dependent apoptosis but not proliferation40. Accordingly, both mouse and human livers
overexpressing E2F1 exhibited downregulation of E2F1 pro-apoptotic targets (AMPK2α and
Nr4a3), but not proliferation effectors (CDCA8, TACC3), which were instead induced.
Together these data indicate that liver tumor cells with elevated E2F1 levels elaborate a gene
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expression program leading to the predominance of E2F1 proliferative and anti-apoptotic over
pro-apoptotic effects.

Akt induction also triggered activation of mTOR/p70 S6K cascade, a pathway known to
contribute to cell growth and survival26,27. The finding that mTOR was activated both via
phosphorylation by Akt and through inactivation of the mTOR inhibitor, TSC2, implies a
selective pressure toward mTOR activation in E2F1 and c-Myc/E2F1-driven
hepatocarcinogenesis. These results underline the importance of aberrant mTOR activity in
driving the malignant phenotype of E2F1 overexpressing cells. Furthermore, in vitro
experiments aimed at suppressing E2F1 expression showed that activation of the mTOR
cascade was dependent on E2F1 activity. To the best of our knowledge, this is the first report
indicating that mTOR is an E2F1 target.

We also examined the role of another important anti-apoptotic protein, COX-2. In human HCC,
COX-2 activity is presumably mediated by Akt28. However, in c-Myc/E2F1 transgenic
lesions, COX-2 was induced via the c-Myb transcription factor, as observed in prostate
cancer42. These data highlight the role for c-Myb in the activation of COX-2 and in hepatic
malignant transformation/tumor progression in c-Myc/E2F1 and, to a lower extent, in E2F1
transgenic mice. Further studies are needed to unravel the contribution of c-Myb to liver
oncogenesis, and to identify its molecular targets. Although the present data underscore a strong
anti-apoptotic function of Akt, mTOR, and COX-2 cascades, additional survival pathways may
also contribute to c-Myc/E2F1 hepatocarcinogenesis. Both c-Myc and E2F1 protooncogenes
are capable of promoting apoptosis via p53-dependent or p53-independent mechanisms14–
16, and disruption of these mechanisms cannot be excluded in this mouse model of liver cancer.

Our subsequent studies on human HCC implicated combined upregulation of c-Myc and E2F1
in the development of a more aggressive tumor phenotype. Noticeably, the same downstream
effectors, namely activated Akt, mTOR cascade, c-Myb, and COX-2, were activated in human
HCC, implying that the molecular pathways triggered by c-Myc and E2F1 are similar across
species. Furthermore, these data emphasize the importance of c-Myc, E2F1, and some
downstream effectors such as Akt, mTOR cascade, and c-Myb in HCC progression, raising a
possibility of using these genes as both prognostic markers and therapeutic targets. In
particular, we show that suppression of E2F1-dependent apoptosis is a molecular signature of
poor prognosis in human HCC, in agreement with breast and ovarian cancer40. Regarding Akt,
our data are consistent with a recent study showing the correlation between levels of
phosphorylated Akt and human HCC recurrence and prognosis46. However, it has been
reported that activation of mTOR is limited to a small subset of human HCC47. This
discrepancy may be due to the differences in etiological factors associated with HCC
development or less sensitive methods used for detection previously47.

The present data also demonstrate a strong anti-neoplastic effect of combined treatments with
Akt, mTOR and COX-2 inhibitors in vitro suggesting a synergistic activity of the Akt/mTOR
and COX-2 pathways in HCC cell growth. The additive anti-growth effect of the combination
of the Akt inhibitor LY294002 and the mTOR inhibitor Rapamycin implies that mTOR may
be activated independent of Akt in HCC cells. Also, the limited efficacy of Rapamycin on HCC
cell growth restraint agrees with the previous observations showing that suppression of mTOR
by Rapamycin triggers upregulation of Akt23. Thus, the present study supports the idea of
combining Akt and mTOR inhibitors for the treatment of solid tumors23,48. Noticeably, the
treatment with the PIK3CA/mTOR dual inhibitor PI-103 was significantly more effective than
the combination of LY294002 and Rapamycin in suppressing HCC cell growth. The highest
efficacy of PI-103, even at very low doses, might be explained by the strong, combined
suppression of PIK3CA and mTOR, which was not achieved by high doses of LY294002 and
Rapamycin (Calvisi et al., data not shown), in accordance with previous data in gliomas48.
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Together with the low toxicity of PI-10348, these data support the potential usefulness of
PI-103 in HCC treatment.

In summary, we described the molecular mechanisms by which combined activity of two
transcription factors, c-Myc and E2F1, supports the more aggressive tumor phenotype both in
mouse models and human liver cancer. In c-Myc transgenic mice, hepatic overexpression of
c-Myc alone was associated with activation of ASK1/p38MAPK/JNK and TRAIL cascades,
which may be responsible for the high rate of apoptosis and slow development of liver cancer
(Figure 7). In contrast, overexpression of E2F1 transgene caused a strong induction of Akt
survival pathway, which contributed to the faster tumor growth as compared to c-Myc mice.
The molecular signature of c-Myc/E2F1 driven acceleration of hepatocarcinogenesis was
preservation of E2F1-mediated Akt activation in combination with universal COX-2
upregulation and inhibition of ASK1/p38MAPK/JNK signaling pathway. The same molecular
mechanisms were involved in human hepatocarcinogenesis. These data may advance the
prognostic prediction for human HCC and open new perspectives for the development of
treatments aimed at suppressing Akt, mTOR, and COX-2 pathways.
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Figure 1.
Labeling (A) and apoptotic (B) indices in dysplastic livers and HCC (C) developed in E2F1,
c-Myc, and c-Myc/E2F1 mice. The same specimens were analyzed for labeling index
(percentage of PCNA-positive cells in 2000 cells) and apoptotic index (percentage of terminal
deoxynucleotidyltransferase-mediated UTP end-labeling (TUNEL)-positive cells in 2000
cells). Means and 95% confidence intervals from 10 tumors for each genotype are shown. In
(A), a, P=0.002; b, P<2.81E-05; c, P<2.41E-05 versus c-Myc and c-Myc/E2F1; in (B), a,
P=0.0001 versus E2F1; b, P=0.004 versus c-Myc/E2F1; c, P=0.007 versus E2F1; d,
P=9.50E-07 versus E2F1; e, P=0.01 versus c-Myc/E2F1; f, P=0.004 versus E2F1; g,
P=8.97E-05 versus E2F1; h, P=0.001 versus c-Myc/E2F1; i, P=0.009 versus E2F1; in (C); a,
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P=1.38E-20 versus c-Myc; b, P=7.02E-11 versus E2F1; c, P=1.61E-08 versus c-Myc; d,
P<5.44E-06 versus c-Myc; and e, P<3.34E-06 versus c-Myc/E2F1 by two-sided Student’s t
test.
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Figure 2.
Activation of Akt (A) and mTOR (B) cascades in c-Myc, E2F1, and c-Myc/E2F1 hepatic
lesions. Whole cell lysates were prepared from wild-type livers (Wt), dysplastic livers (D) and
HCC (T) from at least 15 samples for each transgenic line and immunoblotted with indicated
antibodies. Representative western blot is shown. (C) Densitometric analysis of c-Myc and
E2F1 levels. Optical densities were normalized to β-actin values and expressed in arbitrary
units. Each bar represents mean±SD. Horizontal lines show the levels of c-Myc and E2F1
proteins in wild type mice.
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Figure 3.
Activation of COX-2 and downstream effectors in wild-type livers (Wt), dysplastic livers (D)
and HCC (T) from c-Myc, E2F1, and c-Myc/E2F1 transgenic mice .(A). Whole cell lysates
were prepared from at least 15 samples per each stage (dysplasia, HCC) for each transgenic
line and immunoblotted with indicated antibodies. Representative western blot is shown. (B)
Densitometric analysis of COX-2 and downstream effectors. Optical densities were normalized
to β-actin values and expressed in arbitrary units. Each bar represents mean±SD.
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Figure 4.
Activation of Akt and mTOR (A) and COX-2 (B) in human liver samples. Whole cell lysates
were prepared from normal livers (NL), surrounding livers (SL) and HCC with better (b) or
poor (p) prognosis and immunoblotted with indicated antibodies. Equal protein loading was
verified by β-actin expression. 25 tissue samples were analyzed from each HCC group and
matching surrounding livers, and 5 tissue samples from normal livers. Representative western
blot analysis is shown.
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Figure 5.
Effect of antisense oligodeoxy nucleotides against c-Myc (A), E2F1 (B), c-Myc and E2F1
(C), and c-Myb (D) on the expression of Akt, mTOR, c-Myb, and COX-2 in Alexander HCC
cell line. Cells were subjected to serum deprivation for 24 h, followed by treatment with
antisense oligodeoxy nucleotides (AODN) against c-Myc, E2F1, and c-Myb. Experiments
were repeated at least 3 times, the results were reproduced in HuH1 and HuH7 HCC cell lines.
AODN, antisense oligodeoxy nucleotides; SCR, scramble.
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Figure 6.
Effect of inhibition of Akt, mTOR and COX-2 pathways in vitro and in vivo. Human
(Alexander, HuH1, and HuH7) and mouse (E2F1_1 and E2F1_2) HCC cell lines were treated
with Akt inhibitor LY294002 (50 µM), mTOR inhibitor Rapamycin (10 nM), PIK3CA/mTOR
inhibitor PI-103 (0.5 µM), and COX-2 inhibitor CAY10404 (50 µM) for 24 h. (A and C) Cell
viability was determined by WST-1 assay performed in a 96-well format as described in the
Materials and Methods (B and D). Apoptosis was determined by Cell Death Detection Elisa
Plus kit performed in a 96-well format as described in the Materials and Methods. Values for
apoptosis and cell viability represent the mean and 95% confidence interval from 3 independent
duplicate experiments.
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Figure 7.
Overview of signal transduction pathways triggered by hepatic co-expression of c-Myc and
E2F1 protooncogenes. Overexpression of c-Myc alone results in induction of apoptosis via the
ASK1/JNK/p38MAPK cascade and activation of translation via elF4E. Overexpression of
E2F1 upregulates Akt and mTOR pathways leading both to inhibition of apoptosis through
suppression of the ASK1/JNK/p38MAPK axis and activation of translation via inhibition of
4EBP1 and activation of elF4G. mTOR activation might depend on Akt activation and/or other
undefined mechanisms (question mark). Co-expression of c-Myc and E2F1 results in
suppression of c-Myc-driven apoptosis and transactivation of the c-Myb protooncogene
leading to a strong induction of the COX-2 survival signaling. Once upregulated, COX-2
promotes cell survival via activation of the anti-apoptotic proteins Bcl-2 and MCl-1, and by
inhibiting the TRAIL-dependent apoptosis via downregulation of DR5. Resistance to TRAIL-
dependent apoptosis is further achieved via promoter methylation of the TRAIL effector
DAPK.
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Table 1
Clinicopathological features of HCC patients

Variable No. of cases

No. of patients 50
Male 46

Female 4
Age

Mean 55.2
SD 11.1

Etiology
HBV 27
HCV 15

Alcohol 6
Hemochromatosis 1
Wilson’s disease 1

AFP (> 300 ng/ml)
+ 30
− 20

Cirrhosis
+ 35
− 15

Tumor size
< 5 cm 28
> 5 cm 22

Survival
< 3 years (HCCP) 25
> 3 years (HCCB) 25
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