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contributes to decreased expression of the INK4/ARF
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INTRODUCTION

The genes within the INK4/ARF locus encode the key tumor suppressors p15INK4b, p16INK4a, and alternate reading frame (ARF) (p14ARF in
humans and p19ARF in mice). A loss of the INK4/ARF locus is among
the most frequent events in human cancer (1, 2). P15INK4b and p16INK4a
bind to and inhibit cyclin-dependent kinase 4 (CDK4) and CDK6,
causing hypophosphorylation of retinoblastoma protein (pRb) and cell
cycle arrest, whereas ARF activates p53 by protecting it from mouse
double minute 2 homolog (MDM2)–mediated degradation (3). Hence,
the gene products of the INK4/ARF locus control the two main tumor
suppressor pathways in the cell, the ARF-p53 and the p16INK4a-pRb
pathways. The INK4/ARF locus is a sensor of oncogenic stress, becoming transcriptionally activated by aberrant proliferating signals, such
as those generated by RAS and MYC (2). Gene expression from the
INK4/ARF locus is controlled at multiple levels by a myriad of mechan1
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isms, which involve interplay between positive and negative regulators.
The behavior of the locus suggests the existence of regulatory elements
with capacity to exert a global effect on the entire INK4/ARF locus. For
example, epigenetic regulation of the entire INK4/ARF locus by the Polycomb repressive complexes (PRC1 and PRC2) is well established, where
various Polycomb group (PcG) proteins, such as BMI-1, can repress the
entire locus (3). The INK4/ARF locus can also be regulated at the transcriptional level by cell division control protein 6 (CDC6). Binding of
CDC6 to the cis-acting upstream regulatory domain of INK4/ARF represses the whole locus through recruitment of histone deacetylases and
increased methylation of histone H3 on lysine 9 (H3K9), which are hallmarks of heterochromatinization (4). CDC6 itself is a replication licensing factor, which is transcriptionally activated by the transcription
factor E2F1 in a cell cycle–coordinated manner (5, 6). Consistent with
its ability to repress the INK4/ARF locus, CDC6 is increased in abundance in a number of human cancers such as non–small cell lung
cancer (NSCLC) (7–9), mantle cell lymphoma (10), oral squamous cell
carcinoma (11), cervical cancer (12, 13), and prostate cancer (14).
Moreover, common regulatory domain deletions have been identified
in multiple human cell lines and pheochromocytoma tumors (15).
The protein E6AP (also known as UBE3A) has been extensively
studied in a neurodevelopmental condition known as Angelman syndrome (16) and in the context of human papillomavirus (HPV)–
induced cervical carcinogenesis. In the latter, its interaction with
HPV E6 oncoprotein drives the ubiquitination and degradation of
p53 (17). Beyond HPV-induced cancer, E6AP has been linked to
breast cancer (18), prostate cancer (19, 20), and B cell lymphoma
(21). E6AP emerges as a key E3 ubiquitin ligase capable of regulating
several molecules important in cancer including p53 (22–24), promyelocytic leukemia protein (PML) (25), and p27 (26). Beyond its
E3 ligase activity, E6AP can also act as a transcriptional cofactor, with
the best-characterized targets being the nuclear hormone receptors
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The tumor suppressor p16INK4a, one protein encoded by the INK4/ARF locus, is frequently absent in multiple cancers,
including non–small cell lung cancer (NSCLC). Whereas increased methylation of the encoding gene (CDKN2A)
accounts for its loss in a third of patients, no molecular explanation exists for the remainder. We unraveled an
alternative mechanism for the silencing of the INK4/ARF locus involving the E3 ubiquitin ligase and transcriptional
cofactor E6AP (also known as UBE3A). We found that the expression of three tumor suppressor genes encoded in
the INK4/ARF locus (p15INK4b, p16INK4a, and p19ARF) was decreased in E6AP−/− mouse embryo fibroblasts. E6AP induced the expression of the INK4/ARF locus at the transcriptional level by inhibiting CDC6 transcription, a gene
encoding a key repressor of the locus. Luciferase assays revealed that E6AP inhibited CDC6 expression by reducing
its E2F1-dependent transcription. Chromatin immunoprecipitation analysis indicated that E6AP reduced the amount
of E2F1 at the CDC6 promoter. In a subset of NSCLC samples, an E6AP-low/CDC6-high/p16INK4a-low protein abundance profile correlated with low methylation of the gene encoding p16INK4a (CDKN2A) and poor patient prognosis.
These findings define a previously unrecognized tumor-suppressive role for E6AP in NSCLC, reveal an alternative
silencing mechanism of the INK4/ARF locus, and reveal E6AP as a potential prognostic marker in NSCLC.
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(27, 28). We have uncovered a novel role of E6AP in the regulation of
cellular senescence in mouse embryonic fibroblasts (MEFs) under oxidative or oncogenic (HRAS) stress conditions in vivo and in vitro
(29, 30). In the search for the molecular mechanism by which E6AP
suppresses cancer, we examined the effect of E6AP on the INK4/ARF
locus as a major regulatory node of multiple tumor-suppressive
pathways.

RESULTS
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E6AP represses CDC6 expression by inhibiting E2F1
transcriptional activity
CDC6 transcription is induced by the E2F1 transcription factor (5);
therefore, we sought to test whether E6AP reduced CDC6 abundance
by inhibiting E2F1-dependent transcription. First, we measured the
effect of E6AP on E2F1-mediated induction of the CDC6 promoter
using a luciferase gene reporter assay. Because E2F1 is tightly regulated
Loss of E6AP suppresses the INK4/ARF locus through
by the pRb (31), we used Saos-2 cells, which lack pRb expression due
induction of CDC6 expression
to a deletion. Cells were transfected with a CDC6 promoter construct
To further explore the effect of E6AP in the INK4/ARF locus regula- containing the E2F1 binding region (5) together with E2F1 and E6AP.
tion, we analyzed the effect of E6AP presence on key proteins impli- E2F1-dependent luciferase activity was reduced by E6AP expression
cated in epigenetic and transcriptional silencing of the locus. We (Fig. 3A and fig. S2), strongly supporting a role for E6AP in repressing
focused our attention on the proteins encoded by the PcG genes CDC6 expression by inhibiting E2F1-dependent transcription. The
and on CDC6 because of their documented ability to silence the entire possibility that E6AP promotes the degradation of E2F1, thereby imINK4/ARF locus (3). We detected no significant alteration in the pairing the induction of CDC6 expression, was ruled out, as E6AP had
abundance of key PcG proteins (BMI-1, CBX2, MEL18, and RING1B) no measurable effect on E2F1 protein expression (Fig. 3B). Consistently,
we found that the E3 ligase activity of E6AP
was not required to repress E2F1-dependent
A
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C
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transcription of CDC6 because expression
of a catalytically inactive mutant of E6AP
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0.15
(E6AP-C820A) in Saos-2 repressed CDC6
p16INK4a
p16INK4a
transcription to a similar extent as did ex0.4
0.1
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*
*
pression of wild-type E6AP (fig. S3). To
E6AP
E6AP
0.2
0.05
0.1
gain further insight into the mechanism
**
Tubulin
underpinning E6AP regulation of E2F1
0.0
0.0
0.0
Actin
transcription activity, we next examined
−/−
−/−
−/−
WT E6AP
WT E6AP
WT E6AP
whether E6AP and E2F1 interact. Using
−/−
Fig. 1. The expression of INK4/ARF locus products is compromised in E6AP MEF cells. (A) Immunoblot analysis
coimmunoprecipitation assays in Saos-2
INK4a
−/−
INK4a
−/−
of p16
abundance in early-passage wild-type (WT) and E6AP MEFs. (B) Analysis of p16
in early-passage E6AP
cells, we found an interaction between ecMEFs reconstituted with E6AP or empty vector. Blots in (A) and (B) are representative of three independent experiments.
topically expressed E2F1 and endogenous
(C) Reverse transcription polymerase chain reaction (RT-PCR) analysis of the expression of p15INK4b (Cdkn2B), p16INK4a
E6AP using an E6AP antibody (Fig. 3C)
(Cdkn2A), and p19ARF (Cdkn2A) mRNA, normalized to the housekeeping gene Ubc. Data are DDCt ± SD of three
independent paired experiments. *P < 0.05, **P < 0.01, unpaired Student’s t test.
and between the two endogenous proteins
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Loss of E6AP reduces gene expression of the INK4/ARF locus
We have previously shown that E6AP-null (E6AP−/−) MEF cells
bypass replicative and oncogene-induced senescence (29, 30). Because
p16INK4a is a key regulator of cellular senescence (2, 3), we examined
the effect of E6AP on p16INK4a abundance. A comparison of earlypassage E6AP−/− MEFs and their wild-type counterparts showed a
marked reduction in p16INK4a protein abundance (Fig. 1A). To verify
that the observed differences were due to E6AP expression and not
due to spontaneous immortalization of the MEFs, we reconstituted
E6AP−/− MEFs with E6AP using a retroviral vector. E6AP overexpression correlated with an increase in p16INK4a protein abundance (Fig. 1B),
demonstrating that the effect of E6AP deficiency on reduction of
p16INK4a abundance is specific to E6AP loss rather than a secondary
adaptation of cells due to some other genomic alteration.
We next sought to determine how E6AP regulates p16INK4a expression. As the expression of the genes within the INK4/ARF locus is
regulated largely at the transcriptional level (2, 3), we analyzed the
mRNA expression of p15INK4b (CDKN2B), p16INK4a (CDKN2A), and
p19ARF (ARF product of the CDKN2A locus) in the E6AP−/− MEFs.
Markedly, E6AP−/− MEFs showed significantly lower mRNA expression of all the INK4/ARF genes (Fig. 1C), in particular, that of
p16INK4a. These results support a role for E6AP in the regulation of
the entire INK4/ARF locus.

in E6AP−/− MEFs cells relative to wild-type cells (Fig. 2A), whereas
CDC6 abundance was clearly increased (Fig. 2B), suggesting that
the ability of E6AP−/− MEF cells to bypass senescence might depend
preferentially on CDC6 up-regulation. Reconstitution of E6AP expression in E6AP−/− MEFs reduced the abundance of CDC6 (Fig. 2C),
further supporting the specificity of the effect of E6AP on CDC6
abundance.
Because E6AP acts as an E3 ubiquitin ligase and as a transcription
cofactor, we next investigated at what level E6AP regulates CDC6 expression. To analyze whether E6AP affects CDC6 at the protein level,
we treated E6AP−/− and wild-type MEFs with cycloheximide to block
protein synthesis and subsequently measured CDC6 abundance at different time points. Consistent with our data above (Fig. 2B), the basal
abundance of CDC6 was greater in E6AP−/− MEFs than in wild-type
MEFs; however, the half-life of CDC6 protein was not affected in the
absence of E6AP (Fig. 2D). This suggested that E6AP does not affect
CDC6 protein stability. Consistent with this notion, E6AP−/− and
wild-type MEFs showed no differential accumulation of CDC6 protein
when treated with the proteasome inhibitor MG132 (Fig. 2E). In contrast, CDC6 mRNA expression was significantly increased in E6AP−/−
MEFs compared with wild-type MEFs (Fig. 2F), suggesting that E6AP
regulates CDC6 at the transcriptional level. However, we did not detect a difference in CDC6 transcript stability between wild-type and
E6AP−/− MEFs cultured with the transcription inhibitor actinomycin
D (fig. S1), supporting our conclusion that E6AP regulates CDC6 protein abundance by inhibiting its transcription.
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using an E2F1 antibody (Fig. 3D). Furthermore, we detected E2F1E6AP complexes in an in vitro coimmunoprecipitation assay using purified proteins (Fig. 3E), indicating that this interaction is direct. We next
investigated whether E6AP inhibits the binding of E2F1 to the CDC6
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promoter using chromatin immunoprecipitation (ChIP) analysis in
Saos-2 cells with normal or deficient abundance of E6AP. Inducible
knockdown of E6AP increased the extent of E2F1 binding to the
CDC6 promoter (Fig. 3F), suggesting that E6AP inhibits E2F-dependent
transcription of CDC6 by reducing E2F1
binding to its target genes promoters.
A
To further interrogate the role of E6AP
in E2F1 regulation, we examined whether
the effect of E6AP on E2F1 is specific to
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the CDC6 promoter or more generally
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affecting E2F1 transcriptional activity.
Using qRT-PCR, we found that the expresTubulin
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sion of five other E2F1 target genes (Ccne1,
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(fig. S4). This result suggested that E6AP
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C
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porter assay to compare CDC6 expression
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driven by an E2F1 mutant that cannot be
E6AP
E6AP
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whereas pRb, as expected, was incapable
of efficiently inhibiting mutant E2F1dependent transcription of CDC6, E6AP
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larly (Fig. 4B), indicating that E6AP and
pRb do not share a binding site on E2F1.
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However, a competition assay with purified
proteins revealed that a truncated form of
E6AP
pRb containing the minimum region shown
to repress growth suppression (33) comE2F1
peted with E6AP for E2F1 binding in a
Tubulin
dose-dependent manner (Fig. 4C, left).
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Consistent with this result, high amounts
−/−
WT
E6AP
of E6AP displaced pRb from its binding
to E2F1 (Fig. 4C, right). To better underF
E
E6AP−/−
WT
Cdc6
stand the biological implication of the
3.5
2.0
MG132 − +
+
−
3
physical interaction between E6AP and
1.5
2.5
CDC6
E2F1, we used a series of truncated
2
1.0
1.5
E6AP
Myc-tagged mutants of E2F1 to map the
0.5
1
E6AP binding region. E2F1 wild type and
Actin
0.5
0.0
−/−
the truncated mutants were in vitro trans0
WT E6AP
− + − + MG132
lated in the presence of S35M or S35C muFig. 2. E6AP stimulates the expression of the INK4/ARF locus through repression of CDC6. (A) Immunoblot analtations, and the lysates were incubated with
ysis of key PcG proteins in early-passage WT and E6AP−/− MEFs. The graphs show the densitometry analysis of three
E6AP to allow binding to occur. An E6AP
independent experiments. Data are means ± SD. ns, not significant. (B) Immunoblot analysis of CDC6 abundance in
cocktail of antibodies was used to capture
early-passage WT and E6AP−/− MEFs. (C) Analysis of CDC6 abundance in early-passage E6AP−/− MEFs reconstituted with
E6AP and coprecipitate any bound
E6AP. Blots in (B) and (C) are representative of three independent experiments. (D) Immunoblot analysis of CDC6 protein
complexes. E6AP bound to all E2F1 mu−/−
stability in WT and E6AP MEFs treated with cycloheximide (CHX; 50 mg/ml) or dimethyl sulfoxide (DMSO) (0). Right:
tants except the mutant lacking the
Graph of the densitometry analysis from three independent experiments. Data are means ± SEM. hr, hours. (E) Immu−/−
N-terminal domain (E2F1 DN) (Fig. 4D),
noblot analysis of CDC6 abundance in WT and E6AP MEFs treated with the proteasome inhibitor MG132 (20 mM
indicating that the first 198 amino acids
for 4 hours) or DMSO (−). The graph on the right shows the densitometry analysis of four independent experiments.
of E2F1 were essential to bind E6AP. To
Data are means ± SEM. (F) Quantitative RT-PCR (qRT-PCR) for Cdc6 mRNA expression, normalized to the housekeeping
gene Ubc. Data are DDCt ± SD from six experiments. *P < 0.05, unpaired Student’s t test.
corroborate this, we translated nonlabeled

SCIENCE SIGNALING | RESEARCH ARTICLE
Myc-tagged truncated mutants of E2F1 in vitro, and we used anti-Myc
antibody to capture E2F1 and measured the amount of E6AP in the
immune complexes by immunoblot analysis of E6AP. Consistent with
the first approach, E2F1 DN failed to complex with E6AP (fig. S5),
further supporting the notion that E6AP binds to the first 198 Nterminal amino acids of E2F1. These results strongly suggested that
E6AP binds the N-terminal region of E2F1. Overexpression of
E6AP and pRb simultaneously repressed E2F1 transcriptional activity
to a similar level as each of them individually, indicating that E6AP
and pRb have neither a synergistic nor an additive effect on E2F1 activity (fig. S6).
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CDC6 overexpression has been linked to poor prognosis and chemoresistance in NSCLC (7–9). We therefore hypothesized that the E6APCDC6-p16INK4a regulatory axis may provide a molecular explanation
for the silencing of p16INK4a, which is not achieved by promoter hypermethylation. To explore this notion, we analyzed the correlation
between E6AP, CDC6, and p16INK4a abundance in a clinical setting.
Immunohistochemical analysis of a set of tissue microarrays (TMAs)
from 185 human resected NSCLC cases with low amounts of p16INK4a
revealed a subpopulation of tumors characterized by E6AP-low/
CDC6-high/p16INK4a-low, which accounted for 18% of the total
NSCLC samples analyzed (95% confidence interval, 13 to 24%) (Fig. 5A).
The subpopulation of E6AP-high/CDC6-low/p16INK4a-low cases
served as a control group. Consistent with our data showing that
E6AP abundance is down-regulated in a proportion of
E6AP had no effect on E2F1 protein abundance (Fig. 3B), a comparative
NSCLC patients, and this correlates with low p16INK4a in
tumors and worse overall survival in patients
immunohistochemical analysis of E2F1 protein abundance between
The results described so far demonstrated a novel link between E6AP E6AP-low/CDC6-high/p16INK4a-low and E6AP-high/CDC6-low/
and p16INK4a via CDC6 regulation. p16INK4a is frequently silenced in p16INK4a-low subpopulations revealed no difference (fig. S7).
NSCLC patients (34–36), but only a proportion of these cases (~37%)
Because DNA hypermethylation is a major known mechanism that
can be explained by its promoter hypermethylation (37). In addition, silences p16INK4a in NSCLC, we compared the methylation status of
the CDKN2A promoter (driving p16INK4a
expression) between these two groups of
A
B
C
Cdc6 promoter
tumors. Only 15.3% of the patients in the
0.5
E6AP-low/CDC6-high/p16 INK4a -low
HA-E6AP −
0.4
HA-E2F1 +
group were methylated, as compared with
+ + +
37.5% in the control group (Fig. 5B). This
0.3
E6AP
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observation suggested that E6AP-low/
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0.2
E2F1
CDC6-high–mediated repression of p16INK4a
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0.1
might represent a novel methylationTubulin
independent mechanism for p16INK4a si0.0
lencing in NSCLC.
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Querying our data set of NSCLC paE6AP − − + +
tients, we observed that patients with
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tein expression profile presented signifiE2F1 +
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E6AP −
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cantly reduced overall survival (185
E6AP
patients, P = 0.037) (Fig. 5C). Because
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Actin
sample size limitations precluded clinical
IP: E2F1
subtype–specific analyses of this expresE6AP
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sion pattern, we evaluated the prognostic
E2F1
value of E6AP in a large publically available clinical data set of lung tumors from
E6AP
Input
1926 patients (Kaplan-Meier Plotter
Wobble
shE6AP
Fig. 3. E6AP binds to E2F1
database). The prognostic power of E6AP
E2F1
and suppresses its transcripwas high for stage I (653 patients, P = 1.4 ×
20
tional activity. (A) Analysis of
10-5) and stage II patients (320 patients,
CDC6 promoter activation by lu15
P
= 0.043) (Fig. 5D), but, as is commonly
ciferase assay in Saos-2 cells transiently transfected as indicated. Data are
observed
with cancer biomarkers, it was
10
means ± SD from biological triplicates, representative of four independent
not
significant
for stage III patients (fig. S8).
experiments. **P < 0.01, Student’s t test. (B) Immunoblot analysis of E2F1 in
5
human embryonic kidney (HEK) 293T cells (HEK293T) transiently transfected
These analyses support a tumor-suppressive
0
with E2F1 and increasing amounts of E6AP. HA, human influenza hemagglurole for E6AP in NSCLC, where patients
tinin (aa 98–106). (C) Saos-2 cells transiently transfected with E2F1 were incuwith low E6AP transcript abundance
bated with immunoglobulin G (IgG) or E6AP antibodies, and the
have significantly reduced overall survival
immunoprecipitated proteins (IP) and total cell extracts (lysates) were analyzed by immunoblotting. (D) Saos-2 cells were
than those with high amounts of E6AP at
incubated with IgG or E2F1 antibodies, and the immunoprecipitants and input lysates were analyzed by immunothe early stage of their disease.
blotting. (E) Immunoblot analysis of in vitro coimmunoprecipitation of purified E6AP and E2F1 to assess direct interacWe next assessed whether E6AP extion. Arrowhead marks the intended signal. Blots in (B), (C), (D), and (E) are representative of three independent
pression
had prognostic power in all
experiments. (F) Efficiency of E6AP knockdown (top blot) and ChIP for E2F1 binding to the CDC6 promoter (lower blot)
cases of NSCLC or in any particular hisin Saos-2 cells transduced with inducible shE6AP or wobble control and treated with doxycycline for 4 days. The graph
tological subtype. The most common
represents the ChIP-qPCR analysis of E2F1 binding to the CDC6 promoter in the presence (gray bar; Wobble) and absence of E6AP (black bar; shE6AP). Data are means ± SD from three independent experiments. *P < 0.05.
NSCLC cancer histological subtypes are
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adenocarcinoma and squamous cell carcinoma. These two subtypes
not only present distinct histological features but also differ in their
molecular drivers, pathogenesis, and disease progression, and they require differential treatment strategies. The prognostic power of E6AP
was further increased in adenocarcinoma patients (865 patients; HR,
0.56; P = 8.6 × 10-7, log-rank), whereas E6AP abundance did not correlate with prognosis in squamous cell carcinoma patients (676 pa-
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in Saos-2 cells transfected with a CDC6 promoter reporter and the indicated plasmids. mut, mutant that is refractive to pRbmediated inhibition. Data are means ± SD of biological triplicates, representative of three independent experiments. **P <
0.01, Student’s t test. (C) Immunoblot analysis of in vitro competition assays with the indicated purified proteins followed by
coimmunoprecipitation with E2F1 antibody. Arrows indicate signal remaining from previous blotting with pRb antibody.
Arrowheads indicate the intended signal. Heavy chain IgG detection is noted in the immunoprecipitation pRb blots. Data
are representative of three independent experiments. (D) E6AP and in vitro–translated [35S]methionine/cysteine-labeled
E2F1 WT and truncated mutants were used in an immunoprecipitation assay. E6AP antibodies were used to immunoprecipitate E6AP with the coimmunoprecipitation of radiolabeled WT E2F1 or E2F1 mutants. The presence of each E2F1
mutant was detected by autoradiography (AR). Bottom: Immunoblot shows the efficiency of the E6AP immunoprecipitation. Blots are representative of two independent experiments.
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The gene products of the INK4/ARF locus
control the two main tumor suppressor
pathways in the cell, the ARF-p53 and
the p16INK4a-pRb pathways. Consistently,
it is one of the most rearranged loci in human cancers (2). Specifically, p16INK4a expression is lost at high frequency in
multiple cancer types by different mechanisms: epigenetic regulation of the
entire INK4/ARF locus, promoter hypermethylation, genetic deletions, or mutation of the p16INK4a gene. Together,
these account for ~37% of the cases with
p16INK4a silencing; however, for the remaining cases, the mechanisms are unclear.
Here, we identified a novel regulatory
pathway, which provides a molecular explanation for the down-regulation of
p16INK4a expression (Fig. 6). We found
that E6AP inhibits the induction of the
CDC6 promoter by E2F1. Mechanistically, we demonstrated that E6AP regulates
CDC6 transcription by reducing the ability of E2F1 to bind to CDC6 promoter.
The extent by which E2F1 activity was
inhibited by E6AP was comparable to
that achieved by pRb, the key inhibitor
of E2F1 during the cell cycle (31). We
showed that E6AP interacted with the
N-terminal region of E2F1 (Fig. 4D and
fig. S5). Strikingly, pRb binds E2F1 in
two regions: at the C-terminal (to regulate
its cell cycle role) and at the N-terminal
region (to mediate its cytotoxic response
to stress) (40). Interaction through both
regions reduces the binding of E2F1 to
DNA, presumably through conformational change induced by the binding.
Therefore, E6AP and pRb share the same
binding site at the N-terminal region,
which provide molecular explanation
for the competition for E2F1 binding
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tients; HR, 0.89; P = 0.33, log-rank) (Fig. 5E), suggesting a clinical
subtype–specific role of E6AP. To further validate the contribution
of E6AP in patients with lung adenocarcinoma, we analyzed the correlation between E6AP and activating mutations of the KRAS oncogene, which represent the most frequent alteration in human lung
adenocarcinomas (~33% of the patients) but are rare in squamous cell
carcinoma patients (38, 39). We found that E6AP-low/CDC6-high/
p16INK4a-low expression pattern correlated with KRAS mutations in 27%
of cases as compared with only 8% in
WT
Mcm3
the control population (Fig. 4F), further
−/−
E6AP
suggesting that the E6AP/CDC6/p16INK4a
axis plays a crucial role in NSCLC adenocarcinoma patients.
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(Fig. 4C). It also suggests that the interaction of E6AP with the Nterminal region of E2F1 affects its binding to DNA in a similar manner to pRb, that is, through conformational change (40). Moreover,
E6AP inhibited E2F1 in pRb-deficient cells (Saos-2), and an E2F1 mutant that is refractory to inhibition by pRb through the C terminus
was inhibited by E6AP. We therefore concluded that the inhibition
of E2F1 by E6AP is pRb-independent and hence is unlikely to be cell
cycle–dependent. Because the interaction of pRb with the N-terminal
region of E2F1 is induced by stress, it is possible that E6AP interacts

with the N-terminal region of E2F1 in response to different stress
conditions, such as oxidative or oncogenic stress (29, 30). This interaction of E6AP with N-terminal E2F1 reduces its DNA binding, and
hence its activity presumably through conformational change as proposed for pRb (40).
Loss of p16INK4a or increased CDC6 expression in NSCLC patients
is linked to poor prognosis of NSCLC patients (4, 8, 9, 36). This
prompted us to test the involvement of the E6AP-CDC6-p16INK4a axis
in NSCLC, which revealed a cohort of NSCLC patients (18%) with
E6AP-low/CDC6-high/p16INK4a-low expression profile. Only a small percentage
of patients with this expression profile
exhibit p16INK4a methylation, supporting
A E6AP / CDC6 / p16
B
C
E6AP / CDC6 / p16
our notion that the E6AP-CDC6 axis represents a methylation-independent mechanism of p16INK4a suppression. This cohort
37.5%
40
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Fig. 5. E6AP is down-regulated in primary NSCLC patient’s samples and is associated with low p16INK4a methyl(figs. S8 and S9), although at low freation and poor clinical outcome in lung cancer patients. (A) Representative images of primary human NSCLC TMA
quency, suggesting that at least in part
stained by immunohistochemistry for E6AP, CDC6, and p16INK4a. A subpopulation characterized by E6AP-low/CDC6this down-regulation occurs at the prohigh/p16INK4a-low is shown on the left, whereas control subpopulation E6AP-high/CDC6-low/p16INK4a-low is shown
tein level. Low E6AP expression has also
on the right. Scale bar, 100 mm. (B) Quantification of percentage of cases with p16INK4a methylation in each of the
been observed in triple-negative breast
subpopulations of NSCLC human samples described in (A). (C) Kaplan-Meier overall survival analysis of NSCLC cases
cancer, where it is associated with poorer
INK4a
-low and all the other cases (n = 185 patients). HR, hazard
separated into two groups: E6AP-low/CDC6-high/p16
survival (18). Similarly, albeit by different
ratio. (D) Survival curves from patients with stage I (n = 652) or stage II (n = 320) lung cancer stratified by E6AP
mechanisms, normal E6AP function is
expression. Data obtained from the Kaplan-Meier Plotter database. (E) Survival curves from patients with adenocompromised in HPV-infected cells.
carcinoma (n = 866) and squamous cell carcinoma (n = 675) stratified by E6AP expression. Data obtained from the
The E6 protein of the high-risk HPV reKaplan-Meier Plotter database. (F) Quantification of percentage of cases with oncogenic KRAS mutation in each of
the subpopulations of our data set of NSCLC patients described in (A).
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RNA extraction and qRT-PCR
RNA was isolated using TRIzol reagent
(Life Technologies) in accordance with
the manufacturer’s instructions. cDNA
was synthesized using M-MLV reverse
transcriptase (Promega) and Random
Primers (Promega). PCR was performed
on StepOnePlus PCR machine (Applied
Biosystems) using Fast SYBR Green
Master Mix (Applied Biosystems). The
mouse primer sequences are detailed in
table S1. Mouse Ubc was used as a control. All the assays were performed in
technical triplicates in at least three
independent experiments.

E6AP / CDC6 / p16INK4a

E6AP / CDC6 / p16

INK4a

tumor suppressor p53 (17). E6AP also targets another tumor suppressor, the PML (25). In this context, E6AP targets PML for degradation
in subsets of B cell lymphomas and prostate cancer patients (19–21).

MATERIALS AND METHODS

Cell culture and reagents
All cell lines except for MEFs were obtained from the America Type
Culture Collection. No additional authentication was conducted by
the authors. All cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum. MEFs were
derived from wild-type and E6AP−/− mice and cultured as described
previously (29). In all experiments, early-passage MEFs were used (between passages 2 and 5). The reagents used in cellular experiments
were the proteasome inhibitor MG132 (474790, Merck), cycloheximide (239764, Calbiochem), and doxycycline (D9891, Sigma).
Plasmids transfections and viral infection
Complementary DNA (cDNA) transfections were carried out as previously described (30). Retroviral production and infection to overexpress E6AP was performed as previously described (29). For lentiviral
infection of Saos-2 cells, a third-generation lentiviral vector, FH1t with
green fluorescent protein (GFP) tag (41) was used to generate short
hairpin RNA (shRNA) to knock down E6AP and for the wobble control consisting of the same sequence as the short hairpin against E6AP
but with three nucleotides substituted (underlined) so it does not induce E6AP knockdown. The primer sequences are detailed in table S1.
Ten micrograms of FH1t-shE6AP or FH1t-shWobble was transfected
along with the appropriate lentivirus packaging plasmids into
HEK293T cells, and several batches of the supernatants were collected
up to 72 hours after transfection. Saos-2 cells were incubated with the
concentrated viral particles (250 ml) in the presence of polybrene
(8 mg/ml; H9268, Sigma) for 6 hours. Seventy-two hours after infection, cells were sorted on the basis of the expression of reporter
GFP (Becton Dickinson FACSAria II flow cytometer). E6AP downregulation was achieved by treatment of the cells with doxycycline
(0.2 mg/ml) for at least 3 days.
Gamell et al., Sci. Signal. 10, eaaf8223 (2017)
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Immunoprecipitation
Cells were lysed in 50 mM tris-HCl (pH 8), 150 mM NaCl, 5 mM
EDTA, and 0.5% NP-40 supplemented with protease and phosphatase
inhibitors. For each immunoprecipitation assay, 1 mg of total cell lysates was used. Protein lysates were precleared with protein A/G agarose beads (Calbiochem) for 1 hour and then incubated with 1 mg of
the appropriate antibody [E2F1 (sc-193, Santa Cruz Biotechnology),
E6AP (E8655, Sigma), or IgG control (sc-2027, Santa Cruz Biotechnology)] overnight at 4°C with orbital rotation followed by incubation with protein A/G agarose beads or protein A/G dynabeads for
1 hour and washed four times in 50 mM tris (pH 8), 150 mM NaCl,
5 mM EDTA, and 0.1% NP-40 supplemented with protease and
phosphatase inhibitors. Proteins were eluted from the beads with
SDS–b-mercaptoethanol sample buffer, boiled for 10 min, and detected by Western blotting as described above.
For in vitro immunoprecipitation assays, purified E6AP and E2F1
recombinant proteins were used following the same protocol. For
E6AP and E2F1 recombinant protein production, codon-optimized
full-length E6AP (accession number Q05086) and E2F1 (Q01094)
were cloned into a modified pET43 vector with an N-terminal
His-tag, and proteins were purified using Ni–immobilized metal
affinity chromatography resin (Roche) followed by size exclusion
chromatography.
The E2F1 wild type and the truncated mutants [E2F1 DpRb
(D401–437), E2F1 DN (D1–198), and E2F1 DDP1-TA (D192–437)]
used in Fig. 4D and fig. S5 were a gift from X. Lu. E2F1 wild type
and the truncated mutants were in vitro translated and labeled (when
required) with S35M or S35C using the TNT T7 Quick Coupled
transcription-translation system (Promega) following the manufacturer’s
7 of 10
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Protein extraction and Western
blot analysis
Cells were lysed with 50 mM tris-HCl
(pH 7.4), 250 mM NaCl, 5 mM EDTA,
and 0.1% Triton X-100 supplemented
with protease and phosphatase inhibitors. Western blots were probed with antibodies against p16INK4a
(sc-1207), MEL18 (sc-10744), BMI-1 (sc-10745), CBX2 (sc-19297),
CDC6 (sc-9964), E2F1 (sc-193), and pRb (sc-50), each from Santa
Cruz Biotechnology; E6AP (E8655), b-tubulin (T2200), and actin
(A4700), each from Sigma; RING1B (5694), rabbit IgG light chain
(3677), and Myc (2276), each from Cell Signaling Technology; and
HA (11867423001) from Roche.

Fig. 6. Model depicting how low abundance of E6AP promotes lung tumorigenesis by silencing p16INK4a in a
methylation-independent manner. In a healthy lung tissue, E6AP restricts the abundance of CDC6 by inhibiting E2F1
transcription activity. This results in high p16INK4a amounts that are tumor suppressive in the lung. In cancer cells, low or lost
expression of E6AP results in high abundance of CDC6, which represses the INK4/ARF locus and therefore results in low
amounts of p16INK4a, which is tumorigenic in the lung. RD, cis-acting regulatory domain.
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instructions. Immunoprecipitation was performed as detailed above
with either a cocktail of antibodies specific for E6AP (E8655, Sigma;
MCA3532Z, Serotec; and sc-25509, Santa Cruz Biotechnology) or an
antibody specific for Myc (2276, Cell Signaling). Detection was done
either by autoradiography or immunoblotting using the indicated
antibodies.

Luciferase assay
Saos-2 cells were seeded in 12-well plates 24 hours before transfection.
The following day, cells were cotransfected with a CDC6 promoter reporter plasmid (provided by K. Ohtani) along with vectors expressing
wild-type E2F1, mutant E2F1 (DpRb), E6AP or pRb, and an internal
control plasmid constitutively expressing Renilla luciferase using
polyethylenimine (PEI). Luciferase activity was quantified with the
Dual-Luciferase/Renilla Reporter Assay System (Promega).
Chromatin immunoprecipitation
ChIP was performed as described previously (42) using antibodies
raised in rabbit against either E2F1 (sc-193, Santa Cruz Biotechnology) or IgG (sc-2027, Santa Cruz Biotechnology) and protein
G–coupled magnetic beads (Dynabeads Protein G, Invitrogen). DNA
samples were extracted using phenol/chloroform/isoamyl alcohol and
precipitated with sodium acetate. PCRs contained 2.5 ng of immunoprecipitated or diluted total input, 1 mM CDC6 primers (as detailed in
table S1), and GoTaq Hot Start Green Master Mix (Promega). After
30 cycles of amplification, PCR products were run on a 2% agarose gel
and analyzed by ethidium bromide staining. The abundance of CDC6
promoter in the immunoprecipitates was also determined by qPCR
using the same CDC6 primers detailed above. ChIP levels are
presented as relative to input chromatin and normalized against
IgG. The graph is the result of three biological independent
experiments.
NSCLC TMA staining and analysis
All studies carried out on human specimens were approved by the
Peter MacCallum Cancer Centre Human Ethics Committee. The Melbourne cohort TMAs containing resected samples from 363 lung
cancer patients (185 NSCLC samples with low p16INK4a abundance)
were collected from St. Vincent’s Hospital and Peter MacCallum
Cancer Centre between 1996 and 2009. Samples were analyzed and
stained for E6AP, CDC6, and p16INK4a using antibodies against
CDC6 (1:125 dilution, SC-8341, Santa Cruz Biotechnology), E6AP
(1:50 dilution, MCA3532Z, AbD Serotec), p16INK4a (clone E6H4 prediluted, Roche), and E2F1 (1:50 dilution, SC-251, Santa Cruz BioGamell et al., Sci. Signal. 10, eaaf8223 (2017)
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DNA methylation analysis of CDKN2A in human samples
The methylation status in the CDKN2A promoter region was assessed
using the methylation-sensitive high-resolution melting (MS-HRM)
methodology as previously described (43). All samples were tested
in duplicate along with the methylation controls.
Clinical data set analysis
For survival analysis of the Melbourne cohort of NSCLC patients stratified by protein abundance of E6AP, CDC6 and p16INK4a scored as
explained above were represented as Kaplan-Meier plots and tested for
significance using log-rank tests. For survival analysis using the public
data set from Kaplan-Meier Plotter database (44), data collection was
locked on 16 June 2015. Kaplan-Meier plots and log-rank tests were
applied to determine the significance of differences in cumulative survival in lung cancer patients stratified by gene expression of E6AP
(UBE3A). Probe 213291_s_at was used for UBE3A.
KRAS mutation analysis of human samples
The KRAS mutation status of the formalin-fixed paraffin-embedded
human biopsies was assessed using the MS-HRM methodology as previously described (45). Samples with aberrant melting curves were recorded as “mutation-positive” and confirmed with Sanger sequencing.
Statistical analysis
Data are presented as means ± SD or SEM as indicated. The unpaired
Student’s t test was used for comparison between two independent
groups. For survival analysis, Kaplan-Meier plots and log-rank tests
were applied to determine the significance of differences in cumulative
survival. For all statistical comparisons, P < 0.05 was considered significant. All statistical analyses were performed using GraphPad Prism
(version 7.0a) software. The appropriateness of the statistical tests used
has been approved by A. Herschtal, a senior biostatistician at the Peter
MacCallum Cancer Centre.

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/10/461/eaaf8223/DC1
Fig. S1. E6AP does not affect Cdc6 transcript stability.
Fig. S2. Immunoblot of cell lysates from Fig. 3A.
Fig. S3. E3 ligase catalytic activity of E6AP is not required for inhibition of E2F1 transcriptional
activity.
Fig. S4. The effect of E6AP on E2F1 targets is specific.
Fig. S5. E6AP binds to the N-terminal domain of E2F1.
Fig. S6. E6AP and pRb inhibit E2F1 transcriptional activity in a nonsynergistic and nonadditive
manner.
Fig. S7. Changes in E2F1 abundance did not contribute to the effect of E6AP on CDC6
expression.
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Competition assay
For the in vitro competition assays, E6AP, E2F1, and pRbABC were
purified as detailed above. Purified proteins were resuspended in
100 ml of 50 mM tris (pH 8), 150 mM NaCl, 5 mM EDTA, and
0.1% NP-40 supplemented with protease inhibitors and incubated
for 30 min in agitation at room temperature followed by 2 hours at
4°C. The proteins were then immunoprecipitated with an antibody
raised in rabbit against E2F1 (sc-193, Santa Cruz Biotechnology) for
4 hours at 4°C in agitation followed by incubation with protein A/G
agarose beads for 40 min. Bound proteins were washed four times in
50 mM tris (pH 8), 150 mM NaCl, 5 mM EDTA, and 0.1% NP-40
supplemented with protease and phosphatase inhibitors. Proteins were
eluted from the beads with SDS–b-mercaptoethanol sample buffer,
boiled for 10 min, and detected by Western blotting.

technology). Immunohistochemistry slides were semiquantitatively
scored for intensity and proportion of tumor cells with staining in
the cell nucleus and cytoplasm. Intensity was scored as 0 (none),
1 (weak), 2 (moderate), or 3 (strong); proportion of cellular staining
was scored as a percentage between 0 and 100% in increments of 10.
A Histo score (H score) was then determined for each core by multiplying the intensity and proportion scores to give a range of H scores
from 0 to 300. Cores were then classified as low (H score, 0 to 149) or
high (H score, 150 to 300) based on cytoplasmic staining for CDC6 and
both nuclear and cytoplasmic staining for E6AP and p16INK4a. Slides
were examined on an Olympus FluoView 1000 microscope. Images
were analyzed with analySIS software (Soft Imaging System).

SCIENCE SIGNALING | RESEARCH ARTICLE
Fig. S8. Low E6AP mRNA expression is not associated with clinical outcome in patients with
stage III lung cancer.
Fig. S9. Expression of UBE3A in lung adenocarcinoma NSCLC patients.
Table S1. List of primers used.
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INK4/ARF repression in lung cancer by loss of E6AP
The abundance of the cell cycle decelerator p16INK4a, encoded at the INK4/ARF locus, is decreased in various
cancers. Gamell et al. found that the absence of p16INK4a in some patients is explained by the lack of the E3 ubiquitin
ligase E6AP. E6AP bound to and inhibited the activity of transcription factor E2F1; a decrease in E6AP abundance
enabled E2F1-mediated expression of the cell cycle promoter CDC6, which encodes a transcriptional regulator that
represses INK4/ARF expression. The findings identify a tumor-suppressive role for E6AP in lung cancer and suggest that
targeting the E2F1-CDC6 pathway might slow tumor growth in some NSCLC patients.

