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ABSTRACT
A key step during onset of most cases of non-small cell lung cancer (NSCLC) is the loss of the tumor
suppressor p16INK4a (best known as p16), commonly due to promoter hypermethylation. We recently
reported a novel regulatory pathway involving E6-associated protein and cell division control protein 6,
which provides a methylation-independent mechanism for p16 silencing in patients with a particularly
aggressive form of NSCLC.
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Commentary

Non-small cell lung cancer (NSCLC), constituting 80% of all
lung cancers, is the leading cause of cancer-related mortality
worldwide. Despite important advances in treatment, the dis-
ease is rarely curable and prognosis is poor, with a dismal over-
all 5-year survival rate of only 20%. This highlights the
importance of enhancing our knowledge of the underlying
molecular events of NSCLC to develop rationally designed
methods for early detection and prevention, as well as to dis-
cover novel therapeutics approaches for treatment of this
disease.

The most common genetic event leading to NSCLC is loss of
the tumor suppressor p16INK4a (best known as p16), occurring
in »70% of patients. P16, together with the key tumor suppres-
sors p14ARF and p15INK4b, is encoded in the INK4/ARF locus,
one of the genomic regions most commonly affected in human
cancers. Consistent with the role of p16 as a tumor suppressor,
low p16 levels are associated with poor prognosis and therapeu-
tic resistance of NSCLC patients. Understanding the mecha-
nisms leading to p16 loss in NSCLC is central to restoring its
tumor suppression and improve patient prognosis. Several
mechanisms have been defined to explain the loss of p16 in
NSCLC: epigenetic silencing of the entire INK4/ARF locus,
genetic deletions and mutation of the gene encoding p16
(CDKN2A), and CDKN2A promoter hypermethylation; this last
mode being the most common (»37% of the patients) (Fig. 1).
Together, these account for the loss of p16 in two-thirds of
NSCLC cases, but the molecular explanation for the remaining
cases is unknown. In our recent study published in Science Sig-
naling we addressed, at least in part, this gap in knowledge.1 We
unraveled a novel mechanism for the reduction of p16, involv-
ing the E3 ubiquitin ligase and transcriptional cofactor,

E6-associated protein (E6AP), which we found to be lowly
expressed in certain NSCLCs.

Our analysis identified E6AP as a positive regulator of the
INK4/ARF locus. Mechanistically, we showed that E6AP con-
trols this locus by reducing the ability of E2F transcription fac-
tor 1 (E2F1) to bind to the cell division control protein 6
(CDC6) promoter. CDC6 is a repressor of the INK4/ARF locus,
and consequently low E6AP levels relieve this repression by
CDC6 (Fig. 1). The extent by which E2F1 activity was inhibited
by E6AP was comparable to that achieved by retinoblastoma
protein (RB1, best known as pRb), the key inhibitor of E2F1
during the cell cycle. However, this action of E6AP is indepen-
dent of pRb.

We demonstrated the clinical relevance of the E6AP-CDC6-
p16 axis by analyzing NSCLC human samples. This analysis
revealed that only a small percentage of patients with the
E6AP-low/CDC6-high/p16-low expression profile exhibited
p16 methylation. This suggested that the E6AP-CDC6-regula-
tory axis represents a methylation-independent mechanism for
p16 silencing in NSCLC. Importantly, NSCLC patients with
E6AP-low/CDC6-high/p16-low expression profile have partic-
ularly poor survival rates, rendering this expression profile as a
potential prognostic biomarker. Interestingly, our analysis
demonstrated that low E6AP levels correlate with poor progno-
sis of patients with lung adenocarcinoma but not squamous cell
carcinoma.

In search for an explanation for the specificity of E6AP to
adenocarcinoma we noticed a strong association between the
E6AP-low/CDC6-high/p16-low expression profile and activat-
ing mutations of the KRAS oncogene. These are the most fre-
quent oncogenic alterations in lung adenocarcinomas, but
rarely identified in squamous cell carcinomas. A strong link
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between KRAS activating mutations and p16 is also found in
pancreatic carcinoma (95% KRAS mutations and 90% p16
loss), and colorectal cancer (45% KRAS mutations and 70%
p16 loss).2,3 Activated KRAS promotes senescence by inducing
INK4/ARF.4 Therefore, loss of p16 is necessary to overcome
senescence allowing tumor progression. This possibility is sup-
ported by findings from Bennecke et al.5 showing that deletion
of INK4/ARF in oncogenic KRAS-expressing mice prevents
senescence and leads to an aggressive form of colorectal cancer.
Therefore, we hypothesize that low E6AP levels cooperate with
KRAS to bypass oncogenic-induced senescence in lung adeno-
carcinoma patients. It would be interesting to examine whether
the E6AP levels are also low in other KRAS-driven cancers to
test the extent of our hypothesis. Consistent with this notion,
we previously published that cellular senescence induced by
activated KRAS is compromised by loss of E6AP.6 In this con-
text, it would be of interest to explore the involvement of the
E6AP-CDC6 axis in p16 loss in other KRAS-driven cancers.

Our study opens the opportunity to explore the therapeutic
potential of targeting the E6AP/CDC6/p16 axis to restore p16
levels to treat NSCLC patients with adenocarcinoma. Over the
past decade, identification of epidermal growth factor receptor
mutations and anaplastic lymphoma kinase fusions has led to
advances in the treatment of NSCLC through the use of targeted
therapies. However, despite initial responses, tumors typically
develop acquired resistance to these agents. The frequent silenc-
ing of tumor suppressors like p16 by hypermethylation opens
the possibility of using epigenetic-based therapies in NSCLC.
Indeed, DNA methyltransferases inhibitors have been very suc-
cessful in the treatment of hematological malignancies. Encour-
agingly, combination of epigenetic-targeted therapy, inhibiting
both DNA methyltransferases and histone deacetyltransferases,
act synergistically to restore the expression of tumor suppressors,
including p16, leading to tumor response in preclinical models
of lung cancer.7 Importantly, a phase I/II trial combining the
DNA methyltransferase inhibitor azacitidine and the histone
deacetylase inhibitor entinostat in patients with recurrent meta-
static NSCLC showed that demethylation of CDKN2A was asso-
ciated with improved progression-free and overall survival.8

While the above therapeutic possibilities are relevant to
patients with hypermethylated CDKN2A, our findings open the

possibility to design therapies to restore p16 expression in
patients independent of hypermethylation. One option of
countering the deregulated E6AP/CDC6/p16 axis is by inhibit-
ing CDC6. An exciting possibility to reduce CDC6 expression
is by targeting monocytic leukemia zinc finger protein (MOZ),
a member of the MYST family of histone acetyltransferases.
MOZ was recently shown to induce CDC6 expression and con-
sequently repress the INK4/ARF pathway.9 Importantly, the
development of small molecule inhibitors of MOZ is currently
under way.10

In summary, our paper by Gamell et al. describes a novel
regulatory pathway that provides a molecular explanation for
the loss of the tumor suppressor p16 in adenocarcinoma, the
most common sub-type of lung cancer. This opens an exciting
possibility for the development of precision medicine therapies
to restore p16 expression and consequently improve outcomes
of lung cancer patients.

Disclosure of potential conflicts of interest

No potential conflicts of interest were disclosed.

Funding

The work in the authors’ laboratory is supported by grants from Cancer
Council Victoria’s Grant-in-Aid Scheme (1085154), National Health and
Medical Research Council (NHMRC 1063389) and a fellowship to CG
from Victoria Cancer Agency-Richard Pratt Foundation (Pratt14002).

References

1. Gamell C, Gulati T, Levav-Cohen Y, Young RJ, Do H, Pilling P,
Takano E, Watkins N, Fox SB, Russell P, et al. Reduced abun-
dance of the E3 ubiquitin ligase E6AP contributes to decreased
expression of the INK4/ARF locus in non-small cell lung cancer.
Sci Signal 2017; 10:eaaf8223; PMID:28074012; https://doi.org/
10.1126/scisignal.aaf8223

2. Jones S, Zhang X, Parsons DW, Lin JC, Leary RJ, Angenendt P,
Mankoo P, Carter H, Kamiyama H, Jimeno A, et al. Core signaling
pathways in human pancreatic cancers revealed by global genomic
analyses. Science 2008; 321:1801-6; PMID:18772397; https://doi.org/
10.1126/science.1164368

3. Rasmussen SL, Krarup HB, Sunesen KG, Pedersen IS, Madsen PH,
Thorlacius-Ussing O. Hypermethylated DNA as a biomarker for colo-
rectal cancer: a systematic review. Colorectal Dis 2016; 18:549-61;
PMID:26998585; https://doi.org/10.1111/codi.13336

4. Brookes S, Rowe J, Ruas M, Llanos S, Clark PA, Lomax M, James MC,
Vatcheva R, Bates S, Vousden KH, et al. INK4a-deficient human dip-
loid fibroblasts are resistant to RAS-induced senescence. EMBO J
2002; 21:2936-45; PMID:12065407; https://doi.org/10.1093/emboj/
cdf289

5. Bennecke M, Kriegl L, Bajbouj M, Retzlaff K, Robine S, Jung A, Arkan
MC, Kirchner T, Greten FR. Ink4a/Arf and oncogene-induced senes-
cence prevent tumor progression during alternative colorectal tumori-
genesis. Cancer Cell 2010; 18:135-46; PMID:20708155; https://doi.
org/10.1016/j.ccr.2010.06.013

6. Levav-Cohen Y, Wolyniec K, Alsheich-Bartok O, Chan AL, Woods SJ,
Jiang YH, Haupt S, Haupt Y. E6AP is required for replicative and
oncogene-induced senescence in mouse embryo fibroblasts. Oncogene
2012; 31:2199-209; PMID:21927031; https://doi.org/10.1038/
onc.2011.402

7. Belinsky SA, Klinge DM, Stidley CA, Issa JP, Herman JG, March TH,
Baylin SB. Inhibition of DNA methylation and histone deacetylation
prevents murine lung cancer. Cancer Res 2003; 63:7089-93;
PMID:14612500
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context of low or lost expression of E6AP, E2F transcription factor 1 (E2F1) is free
to stimulates cell division control protein 6 (CDC6) expression, which represses the
INK4/ARF locus and contributes to p16 loss.
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