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Abstract
The phosphoinositide-3-kinase (PI3K)/AKT signaling pathway
controls fundamental processes of cancer cell biology like
proliferation and cell survival. The PI3K/AKT pathway is
activated in pancreatic ductal adenocarcinoma (PDAC) cells.
The molecular mechanisms linking PI3K signaling to the cell
cycle machinery in PDAC cells are not investigated in detail.
Using the PI3K inhibitor Ly294002 as well as small interfering
RNA targeting AKT1 expression, we show that PI3K controls
the proliferation and G1 phase progression of PDAC cells.
Gene profiling revealed several important regulators of G1-S
phase progression controlled by PI3K signaling like p21 Cip1 ,
S-phase kinase–associated protein 2 (SKP2), CDC25a, cyclin A,
cyclin D2, CDK2, and cyclin E. We show that the F-box protein
SKP2, an oncogene up-regulated in PDAC, is transcriptionally
regulated by the PI3K/AKT1 pathway in PDAC cells. At the
molecular level, the control of the SKP2 gene by PI3K is due to
the regulation of E2F1 binding to the proximal SKP2 gene
promoter. The complex and profound connection of PI3K/
AKT1 signaling to the cell cycle qualifies this pathway as a
suitable target for therapeutic intervention in PDAC. [Cancer
Res 2007;67(9):4149–56]

Introduction
The retinoblastoma protein RB is a well-known regulator of
G1-S phase progression (1). Negative regulation of the cell cycle
by RB is due to the ability of RB to bind the transcription factor
E2F and repress transcription required for S phase progression.
Control of RB activity occurs by the concerted action of G1 phase
cyclins, cyclin-dependent kinases (CDK), and cyclin-dependent
kinase inhibitors like p21Cip1 and p27Kip1. A functionally inactivated RB characterizes pancreatic ductal adenocarcinoma (PDAC)
cells (2).
The E2F family of transcription factor consists of eight members (E2F1–8). They modulate important cellular responses
including cell cycle progression, apoptosis, and DNA damage
response. Furthermore, the E2F family contributes to carcinogenesis of many human tumors (3). Less is known concerning
the function of the E2F transcription factor family in PDAC cells.
E2F1 is up-regulated in PDAC cells, and positive correlation with
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proliferation markers suggests effector function in G1-S phase
progression (4).
Overexpression of the oncogene S-phase kinase–associated
protein 2 (SKP2) has been detected in a large number of human
cancers, including prostate cancer, oral squamous cell cancer,
breast cancer, lymphoma, small cell lung cancer, and colorectal
carcinoma (5). High-level SKP2 expression was observed in PDAC
and is an independent predictor of patient outcome (6). At the
molecular level, the F-box protein SKP2 functions as a receptor
component of the SCF ubiquitin ligase complex, resulting in
ubiquitination and degradation of several important cell cycle
regulators like p27Kip1, p57Kip1, p21CIP1, p130, Cdt1, E2F1, hOrc1p, cmyc, and Foxo1 (5). Although SKP2 is controlled at the
transcriptional level by phosphoinositide-3-kinase (PI3K) signaling,
the molecular mechanisms linking this pathway to the SKP2 gene
were not investigated in detail (7, 8).
The PI3K pathway is crucial to many aspects of cell growth and
survival (9). Although no mutations in AKT1 and PI3K genes have
been reported in PDAC cells, the PI3K/AKT pathway is constitutively active (10). Although the mode of activation of the PI3K
pathway in PDAC cells is not entirely clear, the contribution of the
tumor suppressor phosphatase and tensin homologue deleted in
chromosome 10 (PTEN) has been shown (11). In addition, a
receptor tyrosin kinase is involved in PI3K activation because the
insulin receptor substrate 1 (IRS-1) was shown to be an essential
mediator of PI3K activation in quiescent PDAC cells (12). In PDAC
cells, PI3K/AKT signaling regulates chemotherapeutic resistance
and proliferation (13–17). Although molecular mechanisms linking
PI3K signaling to the cell cycle are not fully understood in PDAC
cells, the control of the G1-S phase progression was shown to
depend on PI3K signaling (14, 18). The transcription factors c-myc
and NF-nB were shown to be downstream targets of the PI3K
pathway in PDAC (11, 19, 20).
Here, we show that PI3K/AKT signaling regulates a complex
genetic program needed for G1 phase progression of PDAC cells.
Transcription of SKP2, an important regulator of cell cycle
progression, is regulated by PI3K via control of E2F1 binding to
the proximal SKP2 gene promoter.

Materials and Methods
Cell culture and reagents. The pancreatic cancer cell lines MiaPaCa2
and DanG, the colon cancer cell lines HCT116 and SW480, and HeLa
cells were cultivated in DMEM or RPMI supplemented with 10% FCS and
1% (w/v) penicillin/streptomycin (Invitrogen). Ly294002 (EMD Biosciences)
was dissolved in DMSO and stored at 20jC. Double-stranded small
interfering RNAs (siRNA) were transfected at a final concentration of
200 nmol/L using OligofectAMINE (Invitrogen) according to the manufacturer’s protocol. siRNAs were purchased from Ambion. Target sequences
of the used siRNAs were control siRNA 5¶-AACAGTCGCGTTTGCGACTGG-3¶ and AKT1 siRNA 5¶-AAGCTGGAGAACCTCATGCTG-3¶.
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Statistical methods. All data were obtained from at least three
independent experiments done in duplicate, and the results are presented
as mean and SE. To show statistical significance, Student’s t test was used.
P values are indicated in the figure legends.
Quantitative reverse transcription-PCR. Total RNA was isolated from
pancreatic carcinoma cell lines using the RNeasy kit (Qiagen) following the
manufacturer’s instructions. Quantitative mRNA analyses were done using
real-time PCR analysis (TaqMan, PE Applied Biosystems) as previously
described (21). Semiquantitative reverse transcription-PCRs (RT-PCR) were
done as previously described (22). Primer sequences are available upon
request.
Total cell lysates and Western blot. Whole cell lysates were prepared,
and Western blots were done as recently described (21, 22). The following
antibodies were used: E2F1, cyclin E, CDC25a, p21Cip1 (Santa Cruz
Biotechnology), SKP2 (Zymed), cyclin A, cyclin D2, CDK2 (BD Biosciences),
cyclin D1 (Merck Chemicals Ltd.), and h-actin (Sigma-Aldrich). One
representative Western blot out of at least three independent experiments
is shown.
Bromodeoxyuridine-incorporation assay and cell cycle analysis.
Bromodeoxyuridine (BrdUrd) incorporation was measured using the
colorimetric BrdUrd assay according to the manufacturer’s instructions
(Roche Applied Science). For cell cycle analysis, cells were washed twice in
PBS and redissolved in propidium iodide (PI) staining buffer containing
0.1% sodium citrate, 0.1% Triton X-100, and 50 Ag/mL PI. After 1 h of
incubation at 4jC, flow cytometry was done using a BD Biosciences
FACScan. The distribution of cells in different cell cycle stages (G1-S/G2 +
M) was determined according to their DNA content.
Transfection, plasmids, and luciferase assay. Transfections of reporter
genes (500 ng per well) were done using FuGene6 (Roche Applied Science)
according to the manufacturer’s protocol in 12-well plates. For cotransfections, the DNA amount was kept constant using empty pcDNA3 vector
(Invitrogen). After the indicated time points, the cells were incubated in
lysis buffer (Promega) for 15 min, harvested, and cleared by centrifugation
for 15 min. Lysates were normalized for protein content. Luciferase activity
was determined in a LB 9501 luminometer (Berthold) using a luciferase
assay system (Promega). At least three independent transfection experiments were done in triplicate. The 5¶ regulatory region of the human SKP2
gene was amplified by PCR using the following primers: SKP2 forward 5¶CCCGCTCGAGCCCCCTTCCCTCTTCCACTGTTTTC-3¶and SKP2 reverse 5¶CCCGCTCGAGCCATTTCATGCTCTTCCCCTTTTTGCAATC-3¶. The resulting fragment was cloned into pCR4Blunt-TOPO (Invitrogen). SmaI digestion
produces a 1,217-bp fragment, which was blunt-ended cloned into
pGL3basic (Promega), opened by SmaI digestion. This reporter gene
construct was called SKP2-975/+224Luc and was further digested with
NheI/PflFI. Religation results in the SKP2-273/+244Luc reporter gene
construct. The E2F1 expression vector pCMV-E2F1 was a kind gift of Dr. B.
Eymin, and the pE2F1-TA-Luc reporter was a kind gift of Dr. B. Yung. The
pGL3 promoter was used as a control (Promega). All plasmids were verified
by sequencing.
Gene expression profiling. DanG cells were treated with 25 Amol/L
Ly294002 or left as an untreated control. Duplicates of total RNA were
prepared using RNeasy Kit (Qiagen). Labeled cRNA was produced and
hybridized onto the Affymetrix GeneChip Human Genome U133 Plus 2.0 set
according to Affymetrix standard protocols. Expression data were analyzed
using Microarray Suite 5.0. Genes significantly regulated by Ly294002
treatment (>2.5- or <2,5-fold change in expression) with known function in
the regulation of G1-S phase of the cell cycle are presented in Table 1.
Chromatin immunoprecipitation assay. Chromatin immunoprecipitation (ChIP) assays were done as recently described (22). An equal amount
of chromatin (50–100 Ag) was used for each precipitation. The antibodies
used were as follows: E2F1, RNA-polymerase II (Santa Cruz Biotechnology),
anti–acetyl-histone H3, anti–acetyl-histone H4 (Upstate), and h-actin
(Sigma-Aldrich) as a control. One-twentieth of the precipitated chromatin
was used for each PCR reaction. To ensure linearity, 28 to 38 cycles were
done, and one representative result out of at least three independent
experiments is shown. Sequences of the promoter-specific primers are
SKP2-95 5¶-CTCCCCGCCTACCCCGTGG-3¶, SKP+135 5¶-CAGACCCGC-
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Table 1.
G1 to S phase regulators, significantly up-regulated after
Ly294002 treatment
Gene symbol

RefSeq Transcript ID

p21Cip1

NM_000389

G1 to S phase regulators, significantly down-regulated after
Ly294002 treatment
Gene symbol

RefSeq Transcript ID

SKP2
CDC25a
Cyclin A
Cyclin D2
CDK2
Cyclin E

NM_005983/NM_032637
NM_001789/NM_201567
NM_001237
NM_001759
NM_001790/NM_052827
NM_004702/NM_057735/NM_057749

TAAGCCTAGCAACG-3¶, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) forward 5¶-AGCTCAGGCCTCAAGACCTT-3¶, GAPDH reverse 5¶AAGAAGATGCGGCTGACTGT-3¶.

Results
Inhibition of PI3K signaling impairs proliferation and G1
phase progression of PDAC cells. To confirm the impact of the
PI3K pathway on the proliferation of PDAC cells, we inhibited
PI3K using Ly294002 and measured BrdUrd incorporation in
the cell lines MiaPaCa2 and DanG. As shown in Fig. 1A, BrdUrd
incorporation is reduced 24 h after the addition of Ly294002 to
48% in MiaPaCa2 cells and to 35% in DanG cells compared with
untreated control, respectively. The reduced proliferation was due
to an accumulation of the cells in the G1 phase of the cell cycle. The
fraction of MiaPaCa2 cells in G1 was increased from 43.3% to 73.5%
24 h after the addition of Ly294002, accompanied by a decrease
of cells in the S (19.6% to 5.6%) and G2-M (26% to 14.2%) phases
(Fig. 1B). In DanG cells, the fraction of cells in the G1 phase was
increased from 41.4% to 55.1% by Ly294002 treatment. Simultaneously, we observed a decrease of cells in S (24.5% to 14.5%) and
G2-M (22.4% to 16.4%) phases after the addition of Ly294002 to
DanG cells (Fig. 1B).
These findings suggest that PI3K controls proliferation and G1
phase progression of PDAC cells.
PI3K signaling controls the expression of important G1-S
phase regulators in PDAC cells. To find genes contributing
to the observed G1 phase arrest after PI3K inhibition in PDAC
cells, we did RNA microarray analysis in DanG cells. We focused
on genes that were significantly regulated (<2.5- or >2.5-fold
change after Ly294002 treatment) and are known to contribute to
G1-S phase progression. The only gene found to be up-regulated
after Ly294002 treatment in DanG cells satisfying these criteria
was the p21 CIP1 gene (Table 1). Down-regulated genes after
Ly294002 treatment are listed in Table 1. To verify the microarray data, Western blots were done. As shown in Fig. 2A, the
protein expression levels of SKP2, CDC25a, cyclin A, CDK2,
and cyclin E were indeed decreased after the treatment of
MiaPaCa2 and DanG cells with Ly294002. Cyclin D2 expression was decreased in DanG cells by Ly294002 treatment, whereas
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cyclin D2 protein was not detected in MiaPaCa2 cells. The p21Cip1
protein was up-regulated in MiaPaCa2 and DanG by Ly294002
treatment (Fig. 2A). Furthermore, cyclin D1 protein abundance
was decreased by Ly294002 treatment in MiaPaCa2 and DanG cells
(Fig. 2A).
This observation suggests that the G1 arrest after the inhibition
of PI3K is due to a profound alteration of the expression of positive
and negative cell cycle–controlling genes.
PI3K signaling controls SKP2 transcription. Because the PI3K
signaling pathway regulates SKP2 transcription and the molecular mechanism linking PI3K signaling to the SKP2 gene is
unclear, we investigated SKP2 regulation more precisely (7, 8).
To confirm the results of the gene profiling experiments, we
investigated SKP2 mRNA expression after Ly294002 treatment
in MiaPaCa2 and DanG cells using real-time RT-PCR. Here, we
observed a distinct down-regulation of SKP2 mRNA to 52.9% in
MiaPaCa2 and to 28.9% in DanG cells 24 h after the treatment
with Ly294002 compared with untreated control (Fig. 2B). In
contrast, the cyclin D1 mRNA expression is not reduced after PI3K
inhibition in MiaPaCa2 and DanG cells (Fig. 2B). To show transcriptional control of SKP2 after the inhibition of PI3K, we did ChIP
assays. As shown in Fig. 2C, binding of the RNA-polymerase II to
the proximal SKP2 gene promoter is reduced after the treatment
of MiaPaCa2 and DanG cells with Ly294002. As a control, no change
of RNA-polymerase II binding to the proximal GAPDH promoter
was observed after the inhibition of PI3K in both cell lines (Fig. 2C).
Furthermore, we found a reduction of acetylated histone H3 and
H4 binding to the SKP2 gene after the treatment of MiaPaCa2 and
DanG cells with Ly294002. Again, no alterations of histone
acetylation were detected at the GAPDH promoter (Fig. 2C). These

data show that a PI3K-dependent pathway controls SKP2 transcription in PDAC cells.
AKT1 controls SKP2 mRNA and protein abundance. To
confirm the results obtained with Ly294002, we used RNA
interference with an AKT1-specific siRNA. Figure 3A shows the
knockdown of AKT1 48 h after the transfection of an AKT1-specific
siRNA into MiaPaCa2 and DanG cells. A distinct reduction of SKP2
protein abundance in AKT1 siRNA-treated MiaPaCa2 and DanG
cells was observed (Fig. 3A). In addition, the SKP2 mRNA is reduced
to 37.8% in MiaPaCa2 cells and to 31.5% in DanG cells
48 h after the transfection of the AKT1-specific siRNA (Fig. 3B).
In line with the findings obtained with Ly294002, we observed no
significant regulation of the cyclin D1 mRNA after the transfection
of the AKT1 siRNA into MiaPaCa2 and DanG cells. BrdUrd
incorporation was reduced after the transfection of the AKT1
siRNA in MiaPaCa2 and DanG cells (data not shown), and the
fraction of cells in the G1 phase was increased from 42% to 62% in
MiaPaCa2 and from 45% to 61% in DanG cells 48 h after the
transfection of the AKT1-specific siRNA (Fig. 3C). Furthermore, we
found reduced binding of RNA-polymerase II to the proximal SKP2
gene promoter after the transfection of the AKT1-specific siRNA
(data not shown).
Together, these data confirm the results obtained with Ly294002
and show that a PI3K/AKT1 pathway controls transcription of the
SKP2 gene in PDAC cells.
PI3K/AKT1 signaling regulates binding of E2F1 to the SKP2
gene promoter. Recently, SKP2 has been shown to be regulated by
E2F1 (23). The proximal human SKP2 promoter is characterized
by three E2F binding sites. To test the contribution of E2F1 toward
the transcriptional regulation of SKP2 after PI3K inhibition, we did

Figure 1. Inhibition of PI3K impairs
proliferation and G1 phase progression of
PDAC cells. A, BrdUrd incorporation assay
of MiaPaCa2 and DanG cells 24 h after the
addition of 25 Amol/L Ly294002 compared
with untreated control cells. *, P < 0.001.
B, fluorescence-activated cell sorting
(FACS) analysis of cell cycle distribution.
MiaPaCa2 and DanG cells were treated
with 25 Amol/L Ly294002 for 24 h, stained
with PI, and analyzed by FACS. The
fraction of the cells in G1, S and G2-M
phases is indicated. *, P < 0.001 versus
controls.
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ChIP assays. As shown in Fig. 4A, E2F1 binding to the SKP2 gene
promoter is reduced 24 h after the treatment of MiaPaCa2 (lanes 1
and 2) and DanG cells (lanes 3 and 4) with Ly294002. To determine
whether reduced binding of E2F1 to the SKP2 gene is due to
impaired E2F1 protein abundance, we did Western blots. As
shown in Fig. 4B, reduced expression of E2F1 protein 24 h after the
treatment of MiaPaCa2 and DanG cells with Ly294002 was
observed. To detect direct regulation of the SKP2 promoter by
E2F1 in PDAC cells, we did luciferase reporter gene assays.
Whereas the pGL3 promoter control vector was not activated by
cotransfection of an E2F1 expression plasmid in MiaPaCa2 and
DanG cells, the SKP2 273/+244 reporter gene construct was
dose-dependently activated by cotransfection of E2F1 in both cell
lines (Fig. 4C ). Furthermore, we measured E2F-dependent
transcriptional activity in PDAC cells using an E2F reporter gene
construct. Here, we observed down-regulation of E2F-dependent
transcriptional activity to 64% compared with untreated controls
in MiaPaCa2 cells and to 2% compared with untreated controls in
DanG cells 24 h after Ly294002 treatment (Fig. 4D). In line with the
down-regulation of E2F-dependent transcriptional activity, we
observed reduced SKP2 promoter activity after Ly294002 treatment. A decrease of SKP2 promoter activity to 49% compared with
untreated controls was observed in MiaPaCa2 cells 24 h after
Ly294002 treatment (Fig. 4D). In DanG, we found a decrease of
SKP2 promoter activity to 3% compared with untreated controls

24 h after Ly294002 treatment (Fig. 4D). To confirm the results of
PI3K inhibition, we again did AKT1 siRNA transfection. As shown
in Fig. 5A, we observed impaired binding of E2F1 to the proximal
SKP2 gene promoter 48 h after the transfection of the AKT1specific siRNA into MiaPaCa2 (lanes 1 and 2) and DanG cells
(lanes 3 and 4). Furthermore, E2F1 protein levels were reduced
after transfection of the AKT1-specific siRNA into MiaPaCa2 and
DanG cells (Fig. 5B).
These data show that SKP2 is an E2F1 target gene in PDAC cells,
and that PI3K/AKT1 signaling regulates E2F1 binding to the SKP2
gene promoter due to the control of E2F1 protein expression.
Furthermore, decreased E2F1 expression leads to impaired E2Fdependent transcriptional activity and decreased SKP2 promoter
activity in PDAC cells.

Discussion
Although PI3K/AKT pathway is known to be activated in PDAC
cells and linked to proliferation, PI3K/AKT-mediated G1 phase
progression is not completely understood. We now show that the
PI3K/AKT pathway controls G1 phase progression of PDAC cells by
regulating a complex genetic program, involving several key G1
phase–controlling genes like p21 Cip1 , SKP2, CDC25a, cyclin A, cyclin
D2, CDK2, and cyclin E. Among these genes, SKP2 shows the most
profound down-regulation after PI3K inhibition in gene expression

Figure 2. PI3K controls protein abundance of important G1-S phase regulators and SKP2 transcription. A, Western blots of SKP2, CDC25a, cyclin A, cyclin D2, CDK2,
cyclin E, and cyclin D1 expression in MiaPaCa2 (lanes 1 and 2) and DanG cells (lanes 3 and 4) 24 h after the treatment of cells with 25 Amol/L Ly294002. The
membrane was stripped and probed for h-actin to ensure equal protein loading. B, quantitative cyclin D1 and SKP2 mRNA expression analysis. Twenty-four hours after
the treatment of MiaPaCa2 and DanG cells with 25 Amol/L Ly294002 (white columns ) or vehicle (black columns ), total RNA was prepared, and mRNA levels were
quantified using real-time PCR analysis and normalized to cyclophilin expression levels. *, P = 0.002 versus controls; **, P < 0.001 versus controls. C, chromatin
immunoprecipitation analysis of the SKP2 gene. Chromatin of MiaPaCa2 and DanG cells treated with 25 Amol/L Ly294002 or left as an untreated control was
immunoprecipitated with a RNA-polymerase II–specific antibody, an anti–acetyl-histone H3, an anti–acetyl-histone H4, or a h-actin antibody as a negative control.
Precipitated DNA or 10% of the chromatin input was amplified with gene-specific primers for the SKP2 or GAPDH promoter.
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Figure 3. AKT1 knockdown inhibits SKP2
transcription and G1 phase progression of
PDAC cells. A, Western blot analysis of
AKT1 and SKP2 protein levels 48 h
post-transfection of MiaPaCa2 and DanG
cells with an AKT1-specific siRNA. B,
quantitative SKP2 and cyclin D1 mRNA
expression analysis. Total RNA was
prepared 48 h post-transfection of
MiaPaCa2 and DanG cells with an
AKT1-specific siRNA. mRNA levels were
quantified using real-time PCR analysis
and normalized to cyclophilin expression
levels. *, P < 0.001 versus controls;
**, P = 0.004 versus control. C, FACS
analysis of cell cycle distribution.
MiaPaCa2 and DanG cells were
transfected with an AKT1-specific siRNA.
The cells were stained with PI and
analyzed by FACS 48 h post-transfection.
The fraction of the cells in G1, S, and G2-M
phases is indicated. *, P = 0.029 versus
controls; **, P < 0.001 versus controls.

experiments (data not shown). In addition, we show that the PI3K/
AKT pathway is linked to the SKP2 gene promoter via E2F1.
The SKP2 gene is periodically expressed throughout the cell
cycle, being low in G0 phase and mid-G1 phase. SKP2 level
increases in late G1 and stays high in S phase (24, 25). Both SKP2
mRNA and protein levels are regulated. In early G1 phase, the
SKP2 protein is degraded by the anaphase-promoting complex/
cyclosome-containing cdh1 (APC/Ccdh1; refs. 26, 27). Beside SKP2
protein degradation, SKP2 transcription is regulated, and the
SKP2 gene promoter is known to link several important signaling pathways and transcription factors like the Notch pathway,
the CD28 pathway, the NF-nB pathway, the forkhead box M1
(Foxm1) transcription factor, and SP1 transcription factor to the
cell cycle machinery (22, 28–31). PI3K/AKT signaling is known
to control SKP2 transcription in different cellular systems (7, 8).
We now show that in PDAC cells, PI3K/AKT signaling is linked
to SKP2 gene transcription by controlling a cis-acting element
in the proximal human SKP2 gene promoter. We show activation
of this promoter region by E2F1 and impaired E2F1 binding to
the proximal SKP2 promoter upon PI3K inhibition. These findings confirm several recent reports. Zhang and Wang characterized
the human SKP2 promoter, showing that the proximal SKP2
promoter located between +65 and +149 in exon 1 of the SKP2
gene is essential for trans-activation by E2F1 (23). Furthermore,

www.aacrjournals.org

hormonal induction of SKP2 mRNA in 3T3-L1 pre-adipocytes
depends on PI3K/AKT signaling, and the PI3K signal is integrated
in the proximal murine SKP2 promoter, harboring an E2F-binding
site (32). The stronger reduction of E2F1 protein expression
observed after PI3K inhibition in DanG cells might explain the
more profound effect on transcription of SKP2 in this particular
cell line.
PI3K signaling induces proliferation by regulating several
transcription factors. Although Foxo, NF-nB, MIZ1, p53, AP1, cMyc, h-catenin, and HIF1a activities are affected by PI3K signaling, the exact roles of these proteins during PI3K-induced
oncogenesis are unknown (9). In addition, interleukin 2 signaling
is linked to the cell cycle machinery in T lymphocytes by PI3Kregulated E2F transcriptional activity, and an active form of PI3K
promotes E2F activation in lymphoblastoid cell lines (33, 34).
In this line, we found decreased E2F1 protein expression after
PI3K inhibition in PDAC cell lines, explaining the reduced E2F
transcriptional activity observed. Because E2F1 can be degraded
by a SKP2-dependent pathway, the concurrent down-regulation
of both molecules is surprising and points to a disruption of
the regulatory feedback loop between E2F1 and SKP2 in PDAC
cells (35). The molecular mechanism of reduced E2F1 protein
expression after inhibition of PI3K awaits further experimental
investigation.
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The role of E2F in regulating the transcription of genes critically involved in G1-S phase progression as well as the contribution to carcinogenesis is established (3). Interestingly, all cell
cycle–controlling genes found to be down-regulated in PDAC
cells, after PI3K inhibition (Table 1), are established target genes of
E2F or known to harbor E2F binding sites in their 5¶ regulatory
regions (23, 36–40). Therefore, the PI3K/E2F1 pathway might
not only explain the regulation of SKP2, but also the complex
genetic program linking PI3K to the cell cycle in PDAC cells.
Although no down-regulation of SKP2 and E2F1 protein abundance
and SKP2 mRNA expression was observed after PI3K inhibition in
HeLa cells, the PI3K/E2F1/SKP2 pathway is activated in the colon
cancer cell lines HCT116 and SW480 (Supplementary Fig. S1). This

indicates that this pathway is more general, valid, and tumor
relevant.
In addition to cell cycle genes regulated at the transcriptional
level by PI3K signaling in PDAC cells, we observed down-regulation
of cyclin D1 protein expression after inhibition of PI3K without
regulation of cyclin D1 mRNA. Cyclin D1 protein abundance is
regulated by proteasomal degradation in a PI3K/AKT/glycogen
synthase kinase 3h (GSK3h)–dependent pathway (41, 42). Furthermore, a PI3K/AKT/mTOR pathway is known to control cyclin D1
translation (9, 43). Whether reduced cyclin D1 protein expression after the PI3K inhibition is linked to the GSK3h or the mTOR
pathway in PDAC cells is unclear at the moment and awaits further investigation. The stronger down-regulation of cyclin D1 after

Figure 4. PI3K controls SKP2 via E2F1. A, chromatin immunoprecipitation analysis of the SKP2 gene. Chromatin of MiaPaCa2 and DanG cells treated with 25 Amol/L
Ly294002 for 24 h or left as an untreated control was immunoprecipitated with an E2F1-specific antibody or a h-actin antibody as a negative control. Precipitated
DNA or 10% of the chromatin input was amplified with gene-specific primers for the SKP2 or GAPDH promoter. B, Western blots of E2F1 expression in MiaPaCa2
(lanes 1 and 2) and DanG cells (lanes 3 and 4) 24 h after the treatment of cells with 25 Amol/L Ly294002. The membrane was stripped and probed for h-actin to ensure
equal protein loading. C, 500 ng of the pGL3 promoter control or the SKP2-273/+244Luc vector was cotransfected with 100 ng (+) or 200 ng (++) pCMV-E2F1
expression vector into MiaPaCa2 and DanG cells. The amount of DNA was kept constant using pcDNA3. Luciferase activity was measured 24 h after the transfection.
*, P < 0.001 versus controls; **, P = 0.002 versus controls. D, 500 ng of pE2F-TA-Luc or SKP2-273/+244Luc was transfected into MiaPaCa2 and DanG cells. Cells were
treated with 25 Amol/L Ly294002 or were left as an untreated control 24 h after the transfection. Luciferase activity was measured 24 h after the Ly294002 treatment.
*, P = 0.003 versus controls; **, P < 0.001 versus controls.
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Figure 5. AKT1 controls SKP2 via E2F1.
A, chromatin immunoprecipitation analysis
of the SKP2 gene. Chromatin of MiaPaCa2
and DanG cells transfected with an
AKT1-specific siRNA or transfected with a
control siRNA was immunoprecipitated
with an E2F1-specific antibody or an
h-actin antibody as a negative control
48 h after the transfection. Precipitated
DNA or 10% of the chromatin input was
amplified with gene-specific primers for the
SKP2 or GAPDH promoter. B, Western
blots of E2F1 expression in MiaPaCa2
(lanes 1–3 ) and DanG cells (lanes 3–5 )
48 h after the transfection of the cells with
no siRNA, a control, or an AKT1-specific
siRNA. The membrane was stripped and
probed for h-actin to ensure equal protein
loading.

PI3K inhibition in MiaPaCa2 cells might explain the greater cell
cycle effect in this cell line.
In summary, our work shows that the PI3K/AKT pathway is
connected to several key cell cycle–controlling genes to assure
unrestrained G1-S phase progression and proliferation of PDAC
cells. This multilayer interaction of the PI3K/AKT signaling with
the cell cycle machinery qualifies PI3K/AKT signaling as a
suitable target for therapeutic intervention in PDAC.
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