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P16, also designated asMTS1 and P16INK4A, is one of the most
extensively studied proteins in the past decades because of its

critical roles in cell cycle progression, cellular senescence, and the
development of human cancers.1�5 At the G1-to-S transition,
P16 specifically inhibits cyclin-dependent kinase 4 and 6 (CDK4
and CDK6, respectively)-mediated phosphorylation of pRb, the
retinoblastoma susceptible gene product, thus sequestering E2F
transcription factors as incompetent pRb�E2F complexes and
consequently blocking cell cycle progression5 (Figure 1).
Furthermore, it has also been demonstrated that an elevated
level of P16 expression induced by oncogenes, DNA damage
response, or aging can trigger and accelerate cellular sene-
scence.1�4 While genetic inactivation of the p16 gene (cyclin-
dependent kinase inhibitor 2a, CDKN2A) by deletion, methyla-
tion, and point mutation has been found in nearly 50% of all
human cancers,6�9 the overexpression of P16 at both mRNA
and protein levels is also associated with poor prognosis for
cancers, including neuroblastoma, cervical, ovarian, and breast
cancers, prostate tumors, and oral cancers.10 Together, these
findings demonstrate that both the transcriptional level and
translational status of P16 are critical for its overall ability to
mediate cellular activities. However, while numerous studies
have focused on defining the genetic and/or epigenetic status
of p16 in different cancers in investigating the molecular
mechanism(s) of carcinogenesis,6,11 the critical regulation of
P16 itself has been understudied until recently. Here we review
recent findings in P16 regulation and discuss their significance
in understanding the roles of P16 in cancer from a biochemical
perspective.

’BASIC BIOCHEMICAL FEATURES OF P16

In 1993, a truncated version of the p16 cDNA gene was first
identified in a yeast two-hybrid screen for proteins that
interact with human CDK4.12,13 The cDNA encoded a
polypeptide of 148 amino acid residues with an estimated
molecular mass of ∼16 kDa that negatively modulated the
kinase activity of CDK4 (Figure 2A). Consequently, it was
designated as P16INK4A (for an inhibitor of CDK4) or
CDKN2 (for CDK inhibitor 2). One year later, the MTS1
(multiple tumor suppressor 1) locus on human chromosome
9p was described following the discovery that the p16 gene
was frequently inactivated by homozygous deletion or muta-
tion in melanomas as well as a broad spectrum of additional
human cancer types.13 The full-length p16 cDNA gene was
reported soon thereafter, which encodes a protein with eight
additional amino acid residues at the N-terminus in compar-
ison with the originally reported cDNA sequence14,15

(Figure 2A). Further studies have established that P16 is a
pivotal regulator of cell cycle progression with diverse phy-
siological functions and unique structural and biophysical
properties.
Function. P16 primarily functions in cell cycle control as a

negative regulator of the prominent pRb�E2F pathway.16 In G0
and early G1 phases, pRb is hypophosphorylated and forms
complexes with members of the E2F family of transcription
factors. These complexes sequester E2Fs and prevent their access
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ABSTRACT: P16INK4A (also known as P16 and MTS1), a protein consisting
exclusively of four ankyrin repeats, is recognized as a tumor suppressor mainly
because of the prevalence of genetic inactivation of the p16INK4A (or CDKN2A)
gene in virtually all types of human cancers. However, it has also been shown that
an elevated level of expression (upregulation) of P16 is involved in cellular
senescence, aging, and cancer progression, indicating that the regulation of P16 is
critical for its function. Here, we discuss the regulatory mechanisms of P16
function at the DNA level, the transcription level, and the posttranscriptional
level, as well as their implications for the structure�function relationship of P16
and for human cancers.
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to the promoters of proliferation-associated genes, such as cyclin
B1 (CCNB), dihydrofolate reductase (DHFR), jun B proto-
oncogene (JUNB), and thymidine kinase 1 (TK1)17,18 (Figure 1).
Once committed to cell proliferation, pRb is progressively hyper-
phosphorylated by CDK4 and CDK6 in the late G1 phase,

resulting in entry into the S phase. Binding of P16 directly
downregulates the kinase activities of CDK4 and CDK6, keeping
pRb in a hypophosphorylated status. Furthermore, P16 can
disrupt complexes of CDK4/6 and non-P16 CDK inhibitors
such as P27 (CDKN1B), thus leading to the release of these non-
P16 inhibitors, suppression of CDK2 activity, and increases in the
level of expression of hypophosphorylated pRb.5 Consequently,
these P16-dependent events culminate in cell arrest at the G1�S
boundary. Interestingly, it has been reported recently that the
suppressive impact of P16 on E2F-mediated gene expression can
be enhanced by the physical association between P16 andGRIM-
19 (gene-associated retinoid-IFN-induced mortality-19), a proa-
poptotic protein functioning in the IFN-β/RA-induced cell
death pathway.19 A more detailed account of these findings is
presented below.
In addition to the pRb�E2F pathway, P16 also contributes to

cell cycle progression through alternate and independent reg-
ulatory pathways.20�22 First, phosphorylation of the carboxyl-
terminal domain (CTD) of the large subunit of RNA polymerase
II by the CDK7 subunit of general transcription factor TFIIH is
an essential regulatory event in transcription.20,21 P16 is able to
interact with TFIIH in the preinitiation complex, inhibit phos-
phorylation of the CTD, and contribute to the capacity of this
pathway to induce cell cycle arrest. Second, it has been reported
that P16 contacts the glycine-rich loop of c-jun N-terminal
kinases 1 and 3 (JNK1 and JNK3, respectively) and suppresses
their kinase activities.22 The loss of JNK activity negatively
regulates UV-induced c-Jun phosphorylation in melanoma cells
and consequently interferes with cell transformation promoted
by the H-Ras-JNK-c-Jun-AP1 signaling axis.22

Additionally, accumulating evidence has shown that P16 is
involved in cellular senescence and aging through molecular
mechanisms yet to be explicitly elucidated.4,23,24 The level of
expression of P16 increases remarkably with aging in a large
number of rodent and human tissues in both healthy and disease
states.4 This elevated level of P16 expression has been shown to
induce cellular senescence and aging in various progenitor cells
and premalignant tumor cells,3 including neural progenitor
cells,25 pancreas islet progenitor cells,26 and hematopoietic stem
cells.27 These findings suggest that an aging-associated increase
in the level of P16 expression can contribute to the decline in
replicative potential for certain self-renewing compartments, a
characteristic of aging.4 Moreover, a number of recent studies
have demonstrated that P16 could be involved in the cellular
response to genotoxic agents.4,12 P16-compromised or P16-
deficient cells demonstrated sensitivity to ultraviolet (UV)
light-induced apoptosis, suggesting that the absence of functional
P16 allows propagation of proapoptotic signaling.28 Conversely,
following genotoxically induced DNA damage, an elevated level
of expression of P16 in tumor cells resulted in cell cycle arrest and
inhibition of apoptotic events such as cytochrome c release,
mitochondrial membrane depolarization, and activation of the
caspase cascade. These findings demonstrate that P16 is able to
mitigate the sensitivity of mitochondria to proapoptotic signals in
cancer cells with damaged DNA.29

Structure. P16 is exclusively composed of four ankyrin repeat
(AR) motifs30 (Figure 2B). Ankyrin repeats are relatively con-
served motifs of approximately 31�34 residues.30,31 They are
abundantly present in proteins of plants, prokaryotes, viruses,
yeast, invertebrates, and vertebrates and are involved in numer-
ous physiological processes through the mediation of protein�
protein interactions.31 Like in other AR proteins, each AR motif

Figure 1. P16�CDK4/6�pRb pathway. Arrows and minus signs
represent positive and negative regulatory effects, respectively. P denotes
phosphorylated. This figure was modified from ref 56.

Figure 2. Primary, secondary, and tertiary structures of P16. (A)
Sequence and secondary structure of P16. Italic residues at the N-ter-
minus represent missing residues in the cDNA gene first reported. Red
and dashed lines represent helical and loop regions, respectively.
Residues with asterisks are those with mutations in human cancers.
AR is the ankyrin repeat. (B) Tertiary structure and domains of P16. The
solution structure of P16 (Protein Data Bank entry 2A5E) is presented
here,30 in which D84, the residue critical for CDK4 inhibition, is
highlighted. JNK denotes c-Jun N-terminal kinases.
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in P16 exhibits a helix�turn�helix (HTH) conformation except
that the first helix in the second AR is composed of only four
residues.30 Neighboring ARs are linked by loops of varying length
in such a way that the orientations of these loops are perpendi-
cular to the helical axes. In comparison with the helical regions,
the loops exhibit less defined structure except some very short,
“nascent” β sheets; thus, they are fairly flexible in conformation.
In solution, the four AR motifs of P16 are stacked together in a
linear fashion to form a helix bundle with a concave surface in
which clusters of charged groups are present for target binding.30

Interestingly, the solution structure of P16 is virtually unchanged
upon binding to CDK6 (a close homologue of CDK4).31

As revealed in the crystal structures of P16�CDK6,32

P19INK4D�CDK6,33 and P18INK4C�CDK6�viral cyclin D
complexes34 (P18INK4C and P19INK4D, abbreviated as P18 and
P19 hereafter, respectively, are close homologues of P16 to be
discussed later), binding of CDK6 to the concave surface of P16
(or P18 or P19) exposes the catalytic cleft of CDK6 to P16 so
that an electrostatic interaction is formed between D84 of P16
and R31 of CDK6 (R24 in CDK4). Because R31 is located at the
active site of CDK6 and its positively charged side chain could
stabilize the transition state of CDK6,32 the aforementioned D84
(P16)�R31 (CDK6) interaction could destabilize the transition
state and thus diminish the kinase activity. This finding is
consistent with independent cellular studies showing that can-
cer-related mutations at either R24 of CDK4 (R24C) or D84 of
P16 (D84N) abolished the inhibition in vivo, leading to un-
controllable cell proliferation.30,35�38 Moreover, P16 could in-
hibit the activity of CDK4/6 by impairing the binding of its
activator cyclin D, as it has been shown that P16 binding to
CDK6 substantially shrinks the binding surface for cyclin D, even
though the P16-binding and cyclin D-binding surfaces in CDK4/
6 are opposite to each other.32,34

In addition to the aforementioned D84 (P16) and R24
(CDK4), binding of P16 to CDK4 involves a great number of
residues that are discontinuously dispersed in both proteins.30,31

Most CDK4-interacting residues in P16, including D84, are
located in the second and third ARs, and the loop linking these
two ARs (Figure 2B),32 which is consistent with the finding that a
peptide derived from part of the second and third ARs of P16
encompassing residues 83�102 remained potent in its inhibition
of CDK4 in vitro and in vivo.39 Residues in the first and fourth
ARs (including the flexible N- and C-termini) contribute little to
P16�CDK4 association.32 They may facilitate CDK4 binding
simply by stabilizing the global structure of P16 as evidenced by
biochemical studies showing that point mutations and removal of
the N- and C-termini caused a decrease in the stability and
solubility of P16.30,40 Notably, residues in the first and fourth ARs
(including the flexible N- andC-termini) have been found to play
important roles in binding to non-CDK proteins19�22 as well as
in posttranslational modification of P16.41,42 First, protein frag-
mentation experiments have demonstrated that residues 1�60
and residues in the fourth AR are responsible for binding to
GRIM-1919 and JNKs,22 respectively. Second, the N- and
C-termini of P16 harbor four phosphorylation sites, Ser7, Ser8,
Ser140, and Ser152, and phosphorylation at these four sites
brings about different perturbations in the structure, function,
and stability of P16.41,42 Third, previous studies have also
indicated that the first AR of P16 may be involved in inhibiting
CDK7-CTD kinase, TFIIH.19,21 Taken together, all four ARs are
required for the structural integrity of P16, and these structurally
similar motifs play distinct biological roles.

Conformational Stability. Because of the modular and
repetitive nature of AR proteins (not including proteins com-
posed of both ARs and non-AR motifs), their structures are
mainly maintained by interactions between residues in the same
AR motif or in the neighboring AR motifs. It has been well
established that at least four ARs are required to pack together to
form a stable and functional protein.31,43 Evidently, P16 is just at
the margin. As demonstrated in previous guanidinium hydro-
choloride (GdmHCl)-induced unfolding studies,40,43 the free
energy of denaturation in water (ΔGd

water) of P16, the parameter
widely used to represent the conformational stability of a protein,
is only 1.94 ( 0.10 kcal mol�1, substantially lower than the
common range of 5�15 kcal mol�1.31 Once impeding the
determination of its structure, the unstable nature of P16 could
be advantageous for its role as a tumor suppressor. Studies by our
group and other laboratories have shown that P16 missense
mutants are prevalent in human cancers, and many of these
mutants may have lost their inhibitory functions because of
impaired folding or stability.30,43 From this perspective, the low
conformational stability is a major reason that P16 mutations
result in cancer.

’REGULATION AT THE DNA LEVEL

The locus encompassing the p16 gene, namely the INK4b/
ARF/INK4a locus, is situated on human chromosome 9p21.14

Because of its high incidence of genetic deletion found in a
variety of human malignancies, including melanoma, pancreatic
adenocarcinoma, bladder carcinoma, and leukemia,1,4,13 this
locus was believed to harbor promising tumor suppressor
candidates long before any of these tumor suppressors was
identified. It is now known that this locus instructs five estab-
lished or candidate tumor suppressors, P16,13 P15INK4B (P15),14

P14ARF,44 P16γ,45 and P12,46 yet the physiological functions of
some of them remain to be elucidated further.6 As discussed

Figure 3. Schematic structure of the INK4b/ARF/INK4a locus. Rec-
tangles represent DNA and mRNA, and cylinders represent proteins.
RD denotes the regulatory sequence of the INK4/ARF locus. e1 and e2
denote exons 1 and 2 of p15INK4B, respectively. E1β, E1R, E2, E2γ, and
E3 denote exons 1β, 1R, 2, 2γ, and 3 of p16INK4A, respectively. In1
denotes intron 1 of p16INK4A. Sizes of coding regions and proteins are
not in strict proportion. This figure was modified from ref 45.
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below, the complexity of this locus and its susceptibility to
genetic alterations have a bearing on P16 functions.
INK4b/ARF/INK4a Locus. Figure 3 represents the unique

architecture of the INK4b/ARF/INK4a locus.45 First, two tumor
suppressor genes, p16 and p15INK4B (also known as MTS2,
hereafter p15), are located in tandem in the adjacent DNA of
∼35 kb such that the open reading frame of p15 is physically
distinct from that of p16, and the two exons of p15 are totally
different from exon 1R, exon 2, and exon 3 of p16.1,4 However,
whereas p15 is expressed upon the induction of transformation
growth factor β (TGF-β),14 P15 and P16 are almost indistin-
guishable in structure and biochemical properties: like P16, P15
consists of four ARs and acts as a specific inhibitor of CDK4/6
that regulates progression through the G1 phase of the cell
cycle.4,47 Hence, it is assumed that the p16 and p15 genes arose
from a duplication event in evolution. Second, exon 1β, an
additional exon located between the p15 gene and exon 1R of
p16, is spliced onto exons 2 and 3 of p16 to generate the
tumor suppressor p14ARF gene (also known as p16β; p19ARF in
mice)48 (Figure 3). Interestingly, exon 1β bears no sequence
resemblance to exon 1R of p16 and is transcribed from its own
promoter. Moreover, the coding frame of p14ARF is offset by a
single base pair relative to p16 so that exons 2 and 3 are trans-
lated in an alternating reading frame (ARF) to that for P16.45

Accordingly, P14ARF shares no structural homology with P16
and exhibits distinct biological functions. P14ARF specifically
binds to HDM2 (MDM2 in mice), a protein with the E3
ubiquitin ligase activity, and promotes degradation of the latter,
thus blocking its ability to mask the transcriptional activating
function of P53, which consequently suppresses oncogenic
transformation in a P53-dependent manner.49 Third, both
p16γ and p12 genes are splicing variants of p16 with potentials
in tumor suppression. The p16γ gene is identical to the p16 gene
except that the coding frame of the p16γ gene contains an in-
frame insertion of 196 bp between exons 2 and 3, which leads to
an additional stretch of 14 residues at the C-terminus of P16.45

To date, no significant difference has been found between P16γ
and P16 in inhibiting CDK4/6-mediated phosphorylation and
repressing the E2F response. Because the expression of p16γ has
been detected in a majority of p16-expressing primary T-ALL
and B-ALL patient samples as well as other p16-expressing tumor
specimens,45 questions about the necessity of the coexistence of
P16γ and P16 in cells remain. The p12 gene is a pancreas-only
transcriptional variant of p16. In this transcript, an additional 274
bp on intron 1, contiguous with the 30 end of exon 1R, is included
in the normal exon 1R sequences followed by exons 2 and 3.46 An
in-frame stop codon in the intron 1-derived sequence results in a
polypeptide of 116 residues with an identical N-terminus but a
distinct C-terminus in comparison with those of P16. It has been
shown that P12 fails to interact with CDK4 but exhibits a pRb-
independent growth suppressing activity in cells.46 Nonetheless,
the molecular mechanism underlying such growth suppressing
activity is unknown.
Because human cancers frequently harbor homozygous dele-

tions of the whole INK4b/ARF/INK4a locus,4,5,13 the coexis-
tence of the aforementioned genes in this locus once brought
about considerable disputes about which of these genes, espe-
cially p16, p15, or p14ARF, was the “authentic” tumor suppressor
representing the principal tumor suppressing activity that origi-
nated from chromosome 9p21. A number of studies using
knockout mice have shown that mice specifically deficient for
each gene (p16, p15, and p14ARF) aremore prone to spontaneous

cancers than wild-type mice but appear to be less tumor prone
than animals deficient for both p16 and p14ARF.50,51 Together
with the fact that overexpression of each (p16, p15, and p14ARF)
leads to cell cycle arrest at the G1�G0 boundary, these observa-
tions strongly support the idea that P16, P15, and P14ARF
potently suppress tumorigenesis individually and synergistically.
While the identity of P16γ or P12 as a tumor suppressor remains
to be established, it is safe to state that P16, P15, and P14ARF
together constitute one of the primary antitumor defenses in
humans through the strict regulation of both pRb and P53
pathways.
Susceptibility to Genetic Alterations. The aforementioned

complexity of the INK4b/ARF/INK4a locus makes this locus
exceedingly vulnerable to genetic alterations because a single
genetic event, such as homozygous deletions, could simulta-
neously influence multiple tumor suppressors.4 For example, in
addition to the aforementioned homozygous deletion of the
INK4b/ARF/INK4a locus that abrogates the expression of p16,
p15, and p14ARF, some cancer-related point mutations or small
deletions in exon 2 have been found to impair both p16 and
p14ARF.52 It has also been reported that in some tumor speci-
mens, multiple genetic events, such as methylation of the p15
promoter and point mutations of p16, occurred concurrently and
these events influenced p16, p15, and p14ARF differently,2,8 yet it
is fair to note that a substantial portion of genetic alterations
found in human cancers target only one of the p16, p15, and
p14ARF genes.53�55 Presumably, co-inactivation of two or all
three p16, p15, and p14ARF genes may be more oncogenic in
certain tissues than loss of one alone. Moreover, whereas P15,
P16, and P14ARF are all potent tumor suppressors, most
mutation events in the INK4b/ARF/INK4a locus, especially
those point mutations and intragenic alterations, impair p16
separately or together with p14ARF.53,54 Hence, we focus on
genetic alterations of p16 and their effects on P16 functions in
this review.
The p16 gene is virtually the most frequently mutated gene,

only secondary to p53, in human cancers.5 The estimated
frequencies of p16 inactivation in different types of human
tumors are as follows:2,6,56 breast cancer, 20%; non-small cell
lung carcinoma (NSCLC), 65%; colorectal cancer, 30%; bladder
cancer, 60%; squamous cell carcinoma of the head and neck
(SCCHN), 50�70%; melanoma, 60%; leukemia, 60%; esophagus
cancer, 70%; multiple myeloma, 60%; pancreatic carcinoma,
g85%. Inactivation of p16 involves four types of genetic altera-
tions, namely, homozygous deletion, promoter hypermethyla-
tion, loss of heterozygosity (LOH), and point mutation.6,54,56

While homozygous deletion and promoter hypermethylation
usually constitute the majority of p16 alterations,6 a preference
for a specific type of p16 alterations arguably exists in certain
tumor types.57 For example, 48% of pancreatic carcinoma speci-
mens harbored homozygous deletions of p16,58 whereas ∼30%
of observed p16 alterations in SCCHN specimens were point
mutations.56,59 In primary gastric carcinoma, aberrant methyla-
tion is the major type of p16 alteration (34%), but deletions or
mutations of p16 are rare (0�2%), indicative of a tendency for
p16 to be inactivated through promoter hypermethylation.60

Similarly, hypermethylation of the p16 promoter has been found
in ∼73% of hepatocellular carcinoma (HCC) specimens.61

Interestingly, in comparison with such a high incidence of p16
methylation in HCC, only 29.4% of liver cirrhosis specimens and
23.5% of chronic liver hepatitis specimens harbored p16 methy-
lation, suggesting that p16methylation occurs more frequently at
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the late stage of the development of liver cancers.61 In con-
trast, promoter hypermethylation has been found to be a major
mechanism for the inactivation of p16 in esophageal adenocarci-
noma with an incidence of 61%, and∼85% of these methylation
events have been observed in corresponding Barrett’s esophagus
(BE) specimens.62,63 Because Barrett’s metaplasia is well recog-
nized as the precursor to esophageal adenocarcinoma, these
results indicate that p16 methylation occurs at the early devel-
opmental stage of esophageal adenocarcinoma. Taken together,
the incidence and the mechanisms of p16 inactivation vary with
tumor type and tumor developmental stage.
Furthermore, the nature of a genetic alteration in p16 deter-

mines its mutagenic effect on P16 functions. While homozygous
deletions and aberrant methylation-mediated silencing usually
lead to complete loss of P16 function in cells, point mutations,
especially missense mutations and in-frame small deletions, may
only partially impair the structure and function of P16; thus, their
contributions to tumorigenesis need to be evaluated with
caution.6,30,43,56 To date, cancer-related missense mutations have
been found in at least 76 residues of P16.2,6,56 As shown in
Figure 2A, these residues are dispersed into the whole molecule
but the majority of them are located within the second, third, and
fourth ARs. Residues with cancer-related missense mutations
can be divided into four groups on the basis of their mutagenic
effect on the CDK4-inhibitory ability, conformational stability,
and structural integrity:43,56 (i) The first group consists of residues
directly involved in the association with CDK4/6, such as E26,
D74, D84, and D92. These residues are located on the concave
face for CDK4 binding (Figure 2B). Missense substitutions at
these residues lead to unchanged structures, comparable con-
formational stability, but significantly decreased CDK4-inhibi-
tory activities. For example, D84H, a mutation frequently found
in cancers, is stable and well structured but does not exhibit any
detectable CDK4-inhibitory activity. (ii) The second group includes
most of the residues with cancer-related missense mutations,

such asW15, E69, N71, F90,W110, and L121. These residues are
not directly involved in CDK4 binding. Instead, they contribute
to P16�CDK4 association by stabilizing the global structure of
P16 or facilitating the important P16�CDK4 contacts in their
neighborhood.Mutations of these residues bring about moderate
decreases in CDK4-inhibitory activity and conformational stabi-
lity but little structural perturbation. (iii) The third group
consists of residues important for the formation of the core
structure of P16, such as L63, L78, P81, A100, G101, and P114.
Mutations of these residues significantly perturb the global
structure of P16 and thus eliminate its CDK4-inhibitory activity.
(iv) The last group includes residues whose missense substitu-
tions do not cause any detectable changes in the CDK4-
inhibitory activity, stability, or structure. Most residues in this
group are located within the first and fourth ARs and the N- and
C-termini. Interestingly, residues in these regions are involved in
binding to targets other than CDK4/6, such as TFIIH, JNKs, and
GRIM-19,19�22 or in phosphorylation.41 Hence, mutations of
these residues could impair P16 functions other than modulation
of CDK4/6.20 This notion is supported by the following findings.
First, some tumor-derived mutants in the fourth AR and C-ter-
minus of P16, such as S140C, H142R, and A147G, retained their
CDK4 binding ability but failed to contact GRIM-19.19 Second,
N-terminal P16 mutations, such as R24P, are impaired in their
inhibition of TFIIH CTD phosphorylation by CDK7, whereas
mutations located in the central region of P16 have no effect on
this particular interaction.64

’REGULATION AT THE TRANSCRIPTION LEVEL

The unique nature of the INK4b/ARF/INK4a locus also
brings about complexity in the regulation of p16 transcription.
On one hand, p16, p15, and p14ARF have distinct independent
promoters, and the corresponding proteins function in different
pathways, suggesting that these genes are independently activated

Figure 4. Structure of the p16INK4A promoter and regulators of p16INK4A transcription. Empty arrows represent the transcription directions, and plus
and minus signs indicate positive and negative effects on the transcription of p16INK4A, respectively. RD denotes the regulatory sequence of the INK4b/
ARF/INK4a locus, ITSE the INK4a transcription silencing element, and PPRE the peroxisome proliferator response element. Sizes of the DNA
elements are not in strict proportion.
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or repressed under different circumstances.1,4,65 On the other
hand, the obvious advantage of grouping genes within a single
chromosomal domain is that they can be regulated en bloc by the
same chromatin remodeling event(s),4 thus favoring the notion
that the INK4b/ARF/INK4a locus is coordinately regulated.
Recent studies have provided evidence that supports both
regulatory mechanisms.
Independent Regulation of p16. Given the importance of

P16 in tumor suppression, senescence, and aging, transcriptional
regulation of p16 has been an area of intense study in the past
decade. While some molecular mechanisms remain to be further
explored, it is clear that transcription of p16 is subject to multiple
levels of control, and most of these regulations are related to
diverse regulatory elements present in the p16 promoter
(Figure 4).
Ets-Binding Site-Mediated Regulation. Ets1 and Ets2 tran-

scription factors are known to be downstream targets of Ras-Raf-
Mek signaling and can be activated by MAPK-mediated
phosphorylation.66 There exists a conserved Ets-binding site in
the p16 promoter ranging from position �124 to �85. Upon
binding, Ets1 and Ets2 are able to activate the p16 promoter and
induce an elevated level of expression of p16 in human fibro-
blasts. Interestingly, such Ets2-mediated transactivation is neu-
tralized by physical association of Ets2 with Id1, a helix�loop�
helix (HLH) protein, whereas ectopic expression of oncogenic
Ras enhances the binding of Ets1 and Ets2 to the p16 promoter in
human diploid fibroblasts.66,67 Because Ets2 is the predominant
Ets protein in the transactivation of p16, it appears that Id1
functions to counterbalance the activation of the p16 promoter
mediated by Ras-Raf-Mek signaling.66 In young fibroblasts, p16 is
expressed at low levels because of a balance between Ets2 and
Id1. However, such a steady state can be overridden by introduc-
tion of oncogenic Ras, which promotes aberrant phosphorylation
of Ets2, thus activating the p16 promoter and transcription.
During senescence, the Ras-Raf-Mek signaling is attenuated and
the Ets2 level is low; hence, the increased level of expression of
Ets1 and concomitant downregulation of Id1 result in upregula-
tion of p16. From this perspective, the balance between Ets1/2
and Id1 seems to act as a sensor that detects aberrant growth
signals (mitogenic stress and oncogenic stress). Indeed, it has
been demonstrated that the contribution of reactive oxygen
species (ROS) to senescence is partially attributed to its trans-
activation of p16 expression through the Ras-Raf-Erk-Ets signal-
ing pathway.68

Alternatively, LMP1, the latent membrane protein encoded by
the Epstein-Barr virus, represses the p16 promoter by promoting
the nuclear export of Ets2, which consequently inhibits Ets2-
mediated transactivation.69

E-Box-Mediated Regulation. Besides its effect on Ets activity,
Id1 may also influence the transactivation activity of E47. Like
other class I basic helix�loop�helix (bHLH) proteins (also
known as E proteins),67 E47 contains an HLH domain, which
primarily mediates homo- and heterodimerization with other
HLH proteins to regulate gene expression, and a basic region for
binding to the consensus DNA sequence CANNTG, namely, the
E-box element. There are two E-box elements in the p16
promoter, located at positions �349 (CAGGTG) and �615
(CAGGTG).67 Upon homodimerization or heterodimerization
with other E proteins, E47 binds to these two E-boxes and
activate the transcription of p16 in senescent cells. Id1 contains a
highly conserved HLH domain but lacks the basic DNA binding
domain. As such, Id1 can form only a heterodimer with E47 and

binds to E-box elements as a dominant negative regulator, thus
inhibiting E47-mediated activation of the p16 promoter. Simi-
larly, TAL1, a tissue-specific class II bHLH transcription factor, is
able to functionally repress the p16 promoter by forming a
heterodimer with E47.70

Additionally, Myc, an E-box-binding transcription factor, has
been reported to bind to the promoter and the first intron of p16
and upregulate its expression in human cells.1

Sp1-Binding Site-Mediated Regulation. The GC-rich region
within the p16 promoter contains at least five putative GC boxes
(positions �474 to �447, �462 to �435, �380 to �355, �76
to �49, and �26 to �1), which represent the putative binding
target sites for Sp transcription factors (including Sp1, Sp3, and
Sp4).71�73 It has been well documented that there is a positive
transcription regulatory element (positions �466 to �451) in
the p16 promoter, which harbors a GC box (positions �462
to �435) for Sp1 binding.71 Such binding is enhanced during
cellular senescence mainly because of an increase in Sp1 binding
affinity (not the amount of Sp1 protein). Moreover, ectopic
expression of Sp1 induces the transcription of p16 in human
fibroblasts.72 These results suggest that Sp1 positively influences
p16 transcription upon binding to the corresponding GC box in
the p16 promoter. Furthermore, it has been shown that P300/
CBP, a transcriptional coactivator with histone acetyltransferase
activity, cooperates with Sp1 to stimulate both p16 promoter
activity and p16 mRNA expression. While ectopic expression of
P300 is able to induce cell cycle arrest by upregulating p16
expression, the participation of P300 in p16 transcription is
Sp1-dependent. As revealed in chromatin immunoprecipita-
tion (CHIP) assays and protein�protein interaction assays,
P300 physically interacts with the N-terminal domain of Sp1
in vivo through its Q domain, and such association recruits
P300 to the p16 promoter so that the histone acetyltransferase
domain of P300 is able to contribute to p16 transcriptional
activation by inducing hyperacetylation of histone H4 at the
p16 gene.73

HBP1-Binding Site-Mediated Regulation. It has been reported
that the p16 promoter harbors a binding site at positions�426 to
�433 for the HMG box-containing protein 1 (HBP1) transcrip-
tion factor, a downstream effector in the Ras-Raf-Mek signaling
pathway.74 The sequence-specific binding of HBP1 to the p16
promoter positively regulates the expression of p16 and triggers
premature senescence in primary cells. HBP1 knockdown delays
Ras-induced premature senescence in WI38 cells in early pas-
sages and also facilitates Ras-induced cell transformation by
transcriptionally upregulating TERT and Myc but downregulat-
ing p16.74 These findings indicate that HBP1-mediated regula-
tion of p16 may be part of the premature senescence-executing
machinery with imbalances of Ras and other signals.
ITSE-Mediated Regulation. The p16 promoter also harbors a

negative regulatory element, the INK4a transcription silence
element (ITSE), ranging from position �491 to �485.75 The
activity of the p16 promoter increased significantly in young 2BS
cells when ITSE was deleted. Intriguingly, ITSE contains a
binding site for Myb-related protein B (B-MYB), a transcription
factor involved in the regulation of cell survival, proliferation, and
differentiation.76 In human embryonic lung fibroblast cells,
B-MYB downregulates p16 expression, whereas downregulation
of B-MYB has an opposite effect. Because B-MYB levels in the
inner cell mass/embryonic stem cells (ICM/ESCs) are 100 times
greater than those in normal proliferating cells, its repression of
p16 could be important in pluripotent stem cells.
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Ap1 Site-Mediated Regulation.Mammalian AP1 proteins are
homodimers and heterodimers composed of basic region leucine
zipper (bZIP) proteins, including Jun proteins (c-Jun, JunB, and
JunD), Fos proteins, Jun dimerization partners (JDP1 and
JDP2), and the closely related activating transcription factors
(ATF2, LRF1/ATF3, and B-ATF). Three AP1-like sites are
present in the mouse p16 promoter, including TGACTGA at
position �1189, TGACTTCA at position �783, and TGACA-
CA at position �484.1,77 It has been shown that ectopic
expression of JunB induces high levels of P16, leading to
premature senescence in primary mouse fibroblasts and reduced
levels of proliferation in 3T3 cells.77 Such induction of p16
expression is attributed to transactivation upon binding of JunB
to the Ap1 sites in the p16 promoter. JunB also downregulates
the expression of cyclin D1. As such, overexpression of JunB in
3T3 cells completely abolishes the kinase activity of CDK4,
resulting in a reduced level of pRb hyperphosphorylation and
extended G1 phase. Conversely, c-Jun acts as an antagonist of
JunB: it upregulates cyclin D1 but downregulates P16, thus
promoting cell proliferation. Interestingly, as described ear-
lier, P16 is able to bind to JNKs and inhibit c-Jun phosphor-
ylation and AP-1 activity.22 These findings indicate a putative
feedback loop between P16 and c-Jun, even though the
underlying molecular basis and potential clinical significance
are not clear.
PPRE-Mediated Regulation. A peroxisome proliferator re-

sponse element (PPRE) has been identified in the p16 promoter
at position �1023.78 In vascular smooth muscle cells (SMC),
peroxisome proliferator-activated receptor R (PPARR) nega-
tively regulates cell cycle progression at the G1�S transition by
inducing p16 expression. The underlying mechanism is one in
which PPARR specifically binds to the canonical PPRE region
and interacts with Sp1 in the proximal Sp1-binding sites of the
p16 promoter, thus enhancing p16 mRNA expression. Similarly,
PPARγ is able to activate the p16 promoter upon binding to the
PPRE region in human diploid fibroblast cells (2BS and WI38),
whereas phosphorylation of PPARγ represses its transactivation
function.78

Regulation Mediated by Unspecified Elements. SNF5 is a
component of the SWI�SNF chromatin remodeling complex.
The SWI�SNF complex disrupts histone�DNA interactions to
regulate access of binding domains to transcription machinery.79

Re-expression of hSNF5 in malignant rhabdoid tumor cells
(MRT) leads to G1 arrest with induction of p16 expression
and transcriptional repression of cyclins A, D1, and E.80 Because
the BAF60a subunit of the mammalian SWI�SNF complex
physically interacts with JunB, the SWI�SNF complex might
be directly recruited to the p16 promoter so that hSNF5 is able to
activate p16 transcription. In addition, as demonstrated in
genetic studies in Drosophila, the SWI�SNF complex belongs
to the trithorax group of activators, which counteracts the
Polycomb group of silencers (PcG) to maintain patterns of
developmental gene expression.81,82 It appears that SWI�SNF
and PcG proteins act antagonistically, yet PcG proteins regulate
the entire INK4a/ARF/INK4b locus as discussed in the following
sections. Interestingly, a recent study has identified BRG1, the
catalytic component of the SWI�SNF complex, as a novel
binding partner of P16.83,84 While BRG1 is not required for
P16-induced cell cycle inhibition, P16�BRG1 interaction nega-
tively modulates the chromatin remodeling activity of BRG1.
Taken together, these findings indicate a putative feedback loop
between P16 and the SWI�SNF complex.

Most recently, it has been demonstrated that lymphoid-
specific helicase (Lsh), a member of the SNF2/helicase family,
is involved in p16 regulation.85 In human diploid fibroblasts, Lsh
overexpression delays cell senescence by silencing p16, and such
transcriptional repression is attributed to Lsh-related deacetyla-
tion of histone H3 at the p16 promoter. Lsh also physically
interacts with the p16 promoter as well as histone deacetylases 1
and 2 (HDAC1 and HDAC2, respectively) in vivo, which
consequently recruits a corepressor complex containing HDAC1
and HDAC2 to the p16 promoter and represses endogenous p16
expression. Nevertheless, the factor(s) guiding the sequence-
specific binding of Lsh to the p16 promoter awaits elucidation.
Coordinated Regulation of p16, p14ARF, and p15. In spite of

the aforementioned fact that some stimuli selectively regulate
p16 but not p14ARF or p15, these three genes are weakly
expressed in normal tissues as well as a considerable number of
tumor specimens (with the intact INK4b/ARF/INK4a locus),
and in most of cases, such weak expression is concomitant.3,4,6

Moreover, although they have different 50 regulatory domains,
both p16 and p14ARF mRNAs are extraordinarily stable, which is
presumably attributed to their shared 30 sequences.86 These
common regulatory features led to a notion that there might
be mechanisms controlling p16, p14ARF, and p15 simultaneously.
This notion has been strongly supported by the following
observations showing that p16, p14ARF, and p15 are concomi-
tantly downregulated upon expression of PcG proteins, such as
Bmi1, Cbx7, Ring1b, or Phc2.7,87 Of note, PcG proteins make up
a group of transcriptional repressors that function to generate
and recognize histone modifications, thus transcriptionally silen-
cing chromatin, especially genomic domains with clusters of
genes.1,11,88 First, in knockouts of Bmi1, Bmi1-deficient mouse
embryonic fibroblasts (MEFs) undergo premature senescence
and accelerated accumulation of p16, p19ARF, and p15. In
contrast, ectopic expression of Bmi1 increases the life span of
both mouse and human fibroblasts, and the proliferative defects
of Bmi1-deficient cells can be partially rescued if Bmi1-deficient
mice are crossed into an INK4a/ARF-null background. Similar
observations have been reported with knockouts of Cbx2,Mel18,
PPhc2, and Ring1b. Second, Bmi1-mediated repression of the
INK4b/ARF/INK4a locus is dependent on the continued pre-
sence of the multiprotein complex containing EZH2, a histone
methytransferase, and Polycomb-repressive complex 2 (PRC 2).11

While it is frequently upregulated in cancer, EZH2 is down-
regulated in stressed and senescing cells, which coincides with a
reduction in the associated level of trimethylation of lysine 27 of
histone 3, displacement of Bmi1, and the transcriptional activa-
tion of the INK4b/ARF/INK4a locus. Third, it has been shown
that Cbx7, a PcG homologue, interacts with Ring1 and is
localized to nuclear Polycomb bodies.89,90 Cbx7 extends the life
span of a wide range of normal human cells and immortalizes
mouse fibroblasts by transcriptionally repressing the INK4b/
ARF/INK4a locus in a Bmi1-independent manner.91

The recent identification of a transcriptional regulatory ele-
ment in the INK4b/ARF/INK4a locus has provided insights into
the mechanisms underlying the PcG-involving coordinated
regulation of the INK4b/ARF/INK4a locus.7,88 As shown in
Figure 3, a putative replication origin exists 1.5 kb upstream of
the ATG start codon of the p15 gene, and the location of this
replication origin coincides with a DNA element of∼350 bp that
is conserved among mammalian INK4b/ARF/INK4a loci. Re-
markably, this regulatory domain, RDINK4/ARF (hereafter, RD), is
also a relevant transcriptional regulatory sequence that enhances
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the concomitant expression of p15, p16, and p14ARF. Moreover,
CDC6, an essential DNA replication regulator frequently over-
expressed in human oral, brain, and lung cancers as well as a
subset of mantle cell lymphomas, binds to RD and recruits
HDAC1 andHDAC2 to the INK4b/ARF/INK4a locus, resulting
in heterochromatinization and transcriptional silencing. Further-
more, recent studies have demonstrated that CDK6 physically
interacts with Bmi1 in young MEF cells, thus recruiting PRC 1
and PRC 2 to the INK4b/ARF/INK4a locus and resulting in
transcriptional silencing of this locus as well as its replication
during the late S phase.92 Upon senescence, Jmjd3, a histone
demethylase, is overexpressed and the MLL1 protein, a histone
methyltransferase, is recruited to the INK4b/ARF/INK4a locus,
provoking the dissociation of PcG proteins, its transcriptional
activation, and replication in the early S phase. Therefore, the
replication, transcription, and epigenetics of the INK4b/ARF/
INK4a locus are integrated through modulation of the RD
element.
Interestingly, another transcriptional corepressor, COOH-

terminal binding protein (CtBP), is able to access the p16
promoter and enhance the PcG-based epigenetic histone mark,
thus favoring p16 silencing via DNA methylation.93 Whereas
CtBP-mediated repression of p16 can be reduced by stimuli, such
as an increased level of ROS, CtBP has little influence on the
expression of p14ARF, indicating that even though CtBP func-
tions through the coordinated PcG-mediated regulationmechan-
ism, its influence on the expression of p16 or p14ARF is different.
Additional Mechanisms Transcriptionally Modulating p16.

The expression of p16 can also be modulated by mechanisms
other than the aforementioned independent and coordinated
mechanisms, such as phase-specific expression, differential spli-
cing, and the modulation of transcript stability. First, the expres-
sion of p16 oscillates throughout the cell cycle, reaching a peak
during the S phase when P16 is available to inactivate those no
longer needed CDK4/6�cyclin D complexes.56 Second, partial
deletions, mutations, and promoter hypermethylation have been
implicated in the generation of splicing variants of p16, with most
appearing to be tissue-specific. For example, a number of
aberrant p16 species that lose parts of exons 1 and 2 or contain
insertions of intron 2 have been identified in gastric cancer, most
of which lead to dysfunctional P16.94 In melanoma, the wild-type
exon 2 donor splicing site has been found to be “removed” by an
intron 2 mutation, thus generating two alternative transcripts
that read into intron 2.95,96 Of note, these variants exist only in
tumor specimens, and their sequence alterations occur in regions
different from those generating p16γ and p12. Third, an in-
stability determinant within the 30-untranslated region (30-UTR)
of the p16 mRNA has been identified in human diploid fibro-
blasts.86 This 30-UTR site exhibits a stem�loop structure and is a
specific target of AUF1, an RNA binding protein (RBP) im-
plicated in promoting mRNA decay. siRNA-induced reductions
in the level of AUF1 increase the stability of p16 mRNA, thus
leading to an elevated level of expression of p16 as well as cellular
senescence. Fourth, HuR, the ubiquitously expressed member of
the Hu RNA-binding protein family, is involved in AUF1-
mediated decay of p16 mRNA via the recruitment of the RNA-
induced silencing complex (RISC).97 Similarly, other RBPs, such
as heterogeneous ribonucleoprotein particles A1 and 2 (hnRNP
A1 and hnRNP 2, respectively), are able to negatively regulate
the stability of p16mRNA. Last but not least, recent studies have
shown that p16 is subject to miRNA-mediated regulation, yet the
significance of this regulatory interaction remains to be elucidated.98

In senescing human diploid fibroblasts and cervical carcinoma
cells, an elevated level of p16 expression was associated with
downregulation of miR-24-2, a miRNA that was predicted to
interact with the p16 mRNA coding and 30-UTR regions.
Interestingly, ectopic miR24-2 overexpression led to a remark-
able reduction in the level of P16 protein but not that of p16
mRNA, suggesting that miR24-2 negatively modulates the
initiation and elongation of P16 translation. This finding agrees
with extensive evidence demonstrating that mammalianmiRNAs
suppress protein biosynthesis more commonly than they pro-
mote target mRNA degradation.98

Taken together, a fairly large number of cis and trans factors
positively or negatively regulate p16 expression through diverse
mechanisms. Because some of these mechanisms (pathways) are
correlated with each other in cells, p16 regulation cannot be
explained by a single isolated pathway. For example, while Myc
binds to E-boxes of the p16 promoter and upregulates p16
transcription, it has also been demonstrated thatMyc can activate
Bmi1, a potent repressor of the entire INK4b/ARF/INK4a
locus.1 Evidently, the interplay between Myc and Bmi1 increases
the complexity in evaluating the influence of Myc on p16
expression. Furthermore, considering that some potential reg-
ulators of p16 expression, such as melanocyte-inducing transcrip-
tion factor MITF, pRb, CDK4/6, and E2Fs, are not addressed
here in detail simply because of their yet-to-be-defined mechan-
isms, the cellular machinery controlling p16 expression should be
even more complicated than that presented above. It is also
worth noting that the physiological significance of these mis-
cellaneous factors in regulating p16 gene should not be under-
estimated in comparison with the significance of those regulators
mentioned earlier. An interesting example is pRb. It has been
known for a long time that p16 expression is negatively associated
with pRb status in human tumor cell lines,99,100 which arguably
raises the possibility that p16 transcription might be modulated
by E2Fs because inactivation of pRb is expected to derepress or
activate E2F-responsive genes.101 Such inverse correlation is
further supported by recent findings that an elevated level of
expression of p16 is strongly associated with human papilloma-
virus (HPV) infection in human cervical and oral tumors.102,103

The best-characterized activity of E7 from HPV type 16, the
most frequently detected type in cervical and oral cancers, is
its ability to bind to and induce ubiquitination-mediated
degradation of pRb, which results in constitutive activation
of several transcription factors, including members of the E2F
family.104,105 Hence, HPV infection brings about concomitant
pRb inactivation, E2F activation, and upregulation of p16
transcription. Presumably, if there is a cellular pathway in
which pRb transcriptionally regulates p16, this pathway would
contribute in part to HPV-induced transactivation of p16 as
well as cancer development.

’REGULATION AT THE POSTTRANSLATIONAL LEVEL

Phosphorylation. It has been reported that senescence in
human prostatic epithelial cells (HPEC) not only induces an
elevated level of expression of P16 protein but also promotes
phosphorylation of P16.106 Interestingly, senescence-related
forms of phosphorylated P16 exhibit increased binding affinity
for CDK4/6 in comparison with that of unphosphorylated P16,
indicating that phosphorylation of specific sites on P16 in
senescent HEPC facilitates the binding of P16 to target CDKs
and thereby contributes to G1 phase arrest in senescence.
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Additional studies also demonstrate that P16 is phosphorylated
at four specific serine sites, Ser7, Ser8, Ser140, and Ser152, in
human fibroblast cells.41 These four Ser residues do not directly
contact CDK4/6 as revealed in the crystal structure of the
P16�CDK6 complex;32 however, mutations involving these
residues have been found in familial and sporadic melanomas,
indicative of the importance of P16 phosphorylation in cancer.
Remarkably, in WI38 cells, only Ser152 is phosphorylated in
CDK4/6-bound P16,41 suggesting that the physiological effects
of phosphorylation at these four residues may be different from
each other. This notion is further supported by a recent study
in which phosphomimetic Ser f Glu substitutions were used
to evaluate the biochemical and biophysical effects upon
phosphorylation.42 The results show that the phosphomimetic
substitution at Ser8 of P16 eliminates the majority of its CDK4-
inhibitory activity but does not perturb the core structure or
conformational stability. Contrarily, Ser f Glu substitutions
at Ser7, Ser140, and Ser152 do not bring about any detectable
changes in the core structure or CDK4-inhibitory activity except
that substitutions at Ser140 and Ser152 moderately destabilize
P16 in heat-induced unfolding. In addition, it has been shown
that P16 specifically binds to IKKβ, the primary kinase for
phosphorylating IkBR, in human fibroblast cells.42 Such binding
leads to phosphorylation of P16 at Ser8, which consequently
abolishes its CDK4-inhibitory activity as described above. These
findings strongly support the idea that phosphorylation of P16
represents an important mechanism of P16 regulation, whereas
the corresponding kinases and physiological effects upon phos-
phorylation need to be further investigated. Thus, any pathways
that influence phosphorylation of P16 might have an impact on
P16 function. For example, the activation of IKKβ as a result of
inflammatory cytokine signaling, infectious agents, and DNA
damage may potentially upregulate CDK4-mediated phos-
phorylation of pRb through the phosphorylation and inactiva-
tion of P16. Moreover, protein phosphorylation is closely
related to the level of intracellular oxidative stress.23,106

Oxidative stress may induce P16 phosphorylation, which
may allow tumor cells to enter cell division arrest and pre-
mature senescence, thus keeping them from progressing into
malignant ones.
Degradation. P16 has a relatively short half-life ranging from

30 min to 3.5 h in a variety of cancer cell lines,107 yet the
molecular mechanisms underlying such rapid turnover are un-
known. Because it has been shown that P16 is degraded in a
proteasome-dependent manner in vivo,108,109 one might assume
that like P53, P16 is led to ubiquitination-mediated proteasomal
degradation upon phosphorylation. However, while conjugation
of ubiquitin to an internal lysine is the initial event in ubiquitina-
tion-mediated proteasomal degradation of most proteins, P16 is
lysine-free.109 Moreover, endogenous P16 is completely acety-
lated at its N-terminus, thus making P16 unsuitable for non-
lysine polyubiquitination at the N-terminal residue.108 In addi-
tion, the degradation of P16 is independent of ubiquitination,
and it requires only the 20S catalytic core, not the entire 26S
proteasome, suggesting that both polyubiquitination and the 19S
proteasome do not contribute to P16 turnover.108 Of note, the
26S proteasome consists of the 20S and 19S subunits. The 19S
proteasome functions to bind polyubiquitinated polypeptides
and drive them to the 20S catalytic core in an ATP-dependent
process. Intriguingly, it has been demonstrated recently108 that
REGγ, an ATP- and ubiquitin-independent proteasome activa-
tor that interacts with the 20S catalytic core and enhances the

latter’s activity, is physically associated with P16 in vivo, and loss
of such association in REGγ-deficient cells stabilizes P16. These
findings indicate the potential involvement of the REGγ pathway
in P16 degradation.
Coordination with Other Proteins. As described above, P16

functions through protein�protein interactions with diverse
target proteins.16,31 Any proteins that are able to influence the
interactions between P16 and its targets could potentially con-
tribute to the regulation of P16. Indeed, a number of proteins
have been found to positively and negatively modulate
P16�CDK4 association as well as subsequent CDK4-mediated
phosphorylation of pRb, most of which are relevant to human
cancer. Some of these proteins are discussed below (Figure 5).
Cyclin Ds. In mammalian cells, CDK4 or CDK6 itself exhibits

only minimal pRb phosphorylating activity and becomes fully
functional only after being charged with cyclin Ds, including
D1�D3.5,16 The expression of cyclin Ds is controlled by the
influence of the extracellular growth factors. When these mito-
gens are removed, the accumulation of cyclin Ds is prevented,
and cyclin Ds are rapidly degraded; thus, cell cycle progression is
halted at the restriction point in the G1 phase. Overexpression of
cyclin Ds, especially cyclin D1, has been frequently found in
many human cancers, such as esophageal carcinomas, non-small
cell lung cancers, and breast cancers.110 Elevated levels of
expression of cyclin Ds in cells lead to increased levels of
CDK4-mediated phosphorylation of pRb, thus promoting cell
cycle progression. Because CDK4�P16 and CDK4�cyclin D
binary complexes, not the P16�CDK4�cylin D ternary com-
plex, are present in most cells, overexpression of cyclin Ds could
decrease the level of the CDK4�P16 complex.30,32

Other INK4 Proteins. Besides the aforementioned P15 and
P16, the INK4 family contains two other proteins, P18 and P19,
both of which are exclusively composed of five ARs.111 While all
INK4 proteins have similar structures and are indistinguishable
in CDK4 binding and inhibition,30,40,43,112 there are notable
differences among these proteins. First, the genes encoding these
four proteins are located within distinct chromosomal regions
and are regulated differently in transcription. The p18 and p19

Figure 5. Coordination of P16 and other proteins in modulating
CDK4/6-mediated phosphorylation of pRb. Regulators to be investi-
gated in our proposed studies are shown with a green background.
Arrows and bars represent positive and negative regulation, respectively.
Dotted lines denote genomic DNA; P denotes phosphorylated.

http://pubs.acs.org/action/showImage?doi=10.1021/bi200642e&iName=master.img-005.jpg&w=226&h=180
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genes are located within chromosomes 1p32 and 19p13.2,
respectively,113 and their transcription is regulated periodically
during the cell cycle. The expression levels of both genes are very
low during the G1 phase but increase rapidly at the G1�S
transition with a maximum at the S phase.47,114 In contrast, the
expression level of p16 reaches its peak in the late G1 phase;56 the
expression of p15 is caused by the induction by TGF-β.14

Second, INK4 proteins may play different roles in differentiation
and promotion of senescence. It has been reported that both p18
and p19 were widely expressed in different tissues during mouse
embryogenesis while expression of p15 and p16 was not
detected.115 Previous studies also showed that the level of
expression of p16 and p18 increased as cells approached
senescence.116 Therefore, these INK4 proteins are not regarded
as functionally redundant in general. However, emerging evi-
dence indicates that a certain redundancy exists among INK4
proteins in tumor suppression. It has been reported that loss of
p18 in mice can induce an elevated level of expression of p16 in
certain tissues and deletion of both p18 and p16 produces
synergistic effects in the development of pituitary tumors.117,118

Similarly, acute suppression of p16 in primary human astrocytes
results in enhanced proliferation and E2F-mediated induction of
p18 expression, indicative of a potential compensatory mechan-
ism in cells.117 Additionally, P15 is able to substitute for P16 in
tumor suppression in p16-deficient MEF cells.119 Under stress,
loss of p16 leads to a significant increase in the level of P15 in
MEF cells; however, such increases occur only at the protein
level, indicating that P15 is stabilized in the absence of p16.
Consistently, the expression of p16 promotes the proteasomal
degradation of P15.119 Hence, P15 functionally compensates for
the loss of P16 through a mechanism different from the one
underlying P18 compensation. Together, these findings strongly
support the idea that a hierarchy of tumor suppressive roles for
INK4 proteins exists, wherein P15 and P18 likely serve as
backups in the absence of P16.
KIP Inhibitors. KIP proteins (CDK inhibitor proteins), includ-

ing P21, P27, and P57, are universal inhibitors competent in
inhibiting most of the CDK�-cyclin complexes as well as some
kinases unrelated to CDKs.5,6 While CDK2 is their primary
target, they also bind and inhibit CDK4 and CDK6 in cells.
Binding of KIP proteins to CDK4/6 arguably leads to the
displacement of P16 from CDK4/6, thus allowing P16 function
in pathways other than CDK4/6-mediated phosphorylation of
pRb or directly driving P16 into degradation. The distribution of
KIPs between CDK4/6 and other CDKs also provides a mechan-
ism in which P53 can indirectly influence CDK-mediated
phosphorylation of pRb through modulation of P21.120 Addi-
tionally, it has been reported that P21 is able to activate the
promoter of p16 in HeLa cells, and such activation involves Sp1
and the corresponding GC boxes in the promoter73 (Figure 4).
GRIM-19. As described above, GRIM-19 is able to suppress

STAT3-dependent transcription and oncogenic transformation
in HeLa cells upon IFN-β/RA induction.19 Interestingly, ectopic
expression of GRIM-19 is able to suppress the expression of
genes controlled by E2F1. Furthermore, such suppression is
achieved via physical association with P16 and boosting of the
latter’s inhibition of CDK4/6-mediated phosphorylation of pRb.
In cells, ectopic expression of GRIM-19 leads to the formation of
a ternary complex containing CDK4, P16, and GRIM-19, and the
presence of GRIM-19 enhances the binding of P16 to CDK4.19

In contrast, overexpression of cyclin D1 led to loss of the
CDK4�P16�GRIM-19 ternary complex and the prevalence of

the cyclin D1�CDK4 binary complex, suggesting that binding of
cyclin D1 disrupts interactions of CDK4 with the P16�GRIM-
19 complex.
NF-kB. NF-kB is a transcription factor controlling vital genes

required for immune response and inflammation, cell growth and
differentiation, cell adhesion, and apoptosis.121 Emerging evi-
dence has demonstrated cross talk between the INK4�
CDK4�pRb and IKK�NF-kB pathways.122,123 Whereas P16
is able to bind to and suppress the transactivational activity of
NF-kB, IkBR, a specific inhibitor of NF-kB, competes with P16
for CDK4 binding and inhibits CDK4-mediated phosphoryla-
tion of pRb as potently as P16 does.122 Moreover, IKKβ, the
primary kinase for IkBR phosphorylation, is capable of phos-
phorylating P16 at Ser8.42 Such cross talk leads to a potential
correlation between two major molecular events in human
cancer, namely, downregulation of p16 and activation (over-
expression) of NF-kB. While inhibition of CDK4 by IkBR could
serve as a safety backup in the absence of P16, overexpressed NF-
kB may compete with CDK4 for binding P16, thus promoting
progression of the cell cycle through the pRb pathway.42

Gankyrin. Gankyrin is a newly defined regulatory subunit
associated with the 26S proteasome.124,125 Overexpression of
gankyrin has been found to be associated with many human
cancers, including HCCs,126 esophagus SCCs (ESCCs),127 and
colorectal,128 pancreatic,129 and lung cancers.130 Gankyrin func-
tions as a dual-negative regulator of the two most prominent
tumor suppressor pathways: (i) INK4�CDK4�pRb and (ii)
ARF�MDM2�P53. On one hand, gankyrin binds to the
ubiquitin ligase MDM2 and promotes P53 ubiquitination and
subsequent proteasomal degradation.131 On the other hand,
gankyrin physically interacts with pRb and facilitates the latter’s
phosphorylation and degradation.126 In parallel, gankyrin com-
petes with P16 for binding CDK4, but gankyrin binding to CDK4
does not inhibit the CDK4 activity, thus leading to cell cycle
progression.132 Furthermore, gankyrin is a key regulator of
oncogenic Ras-mediated activation of Akt through inhibition of
the downstream RhoK�ROCK�PTEN pathway in mouse and
human cells, thus playing an essential role in Ras-induced
tumorigenesis.130

SEI-1/TRIP-Br1. The SEI-1 gene is a candidate oncogene
located within human chromosome 19q13.1, a region frequently
amplified in human breast, esophagus, ovarian, lung, and pan-
creatic cancers.133 The SEI-1 gene product P34SEI-1 (also named
SERTAD1 and TRIP-Br1) functions in multiple physiological
processes.134 First, through upregulation of the SEI-1�SET�
NM23H1 pathway, ectopic expression of SEI-1 markedly in-
creases the frequencies of chromosomal alteration and micro-
nucleus formation, thus inducing chromosomal instability.135

Second, P34SEI-1 is able to inhibit apoptosis by stabilizing the
X-linked inhibitor of apoptosis protein.136 Third, P34SEI-1 speci-
fically binds to CDK4 (but not CDK6) in vitro and in vivo, and
this binding appears to antagonize the function of P16, thus
rendering CDK4-mediated phosphorylation of pRb resistant to
the inhibitory effect of P16 during the late G1 phase.137 P34SEI-1

is also able to contact DP-1 and stimulate E2F1/DP-1 transcrip-
tional activity.134 Because both inactivation of p16 and over-
expression of SEI-1 are prevalent in the aforementioned human
tumor types,138 these two events are synergistic with regard to
their influence on the CDK4�pRb�E2F pathway.
Tax. Encoded by human T-lymphotropic virus 1 (HTLV-1)

genome DNA exon 2, Tax is a transcription activator crucial for
both HTLV-1 viral gene expression and transcription regulation
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in HTLV-1-infected cells.139,140 Tax is believed to be responsible
for adult T-cell leukemia and other HTLV-1-related diseases,
such as tropical spastic paraparesis. The expression of Tax
protein in HTLV-1-infected cells is correlated with an increase
in CDK4 activity.139,141 The underlying mechanisms involve the
following two interactions. First, Tax is able to form a binary
complex with P16 in vitro and in vivo, thus counteracting the
CDK4/6-inhibitory activity of P16, resulting in cell cycle
progression.141 Second, Tax protein directly binds to CDK4
and stimulates the latter’s activity in phosphorylating pRb.141 In
addition, Tax binds to cyclin D3 and induces a novel hyperpho-
sphorylated cyclin D3 protein and the concomitant increase in
CDK4 kinase activity.140

’REGULATION OF P16 AND HUMAN CANCER

Carcinogenesis is a multi-step process through which normal
cells are sequentially transformed via the activation of proto-
oncogenes and inactivation of tumor suppressor genes into their
malignant derivatives. While genetic inactivation of p16 has been
one of the most prominent genetic changes identified in human
cancers to date, some frequent molecular events, such as activa-
tion (overexpression) of cyclin D1 (CCND1), gankyrin
(PSMD10), SEI-1 (SERTAD1), CDC6, and NF-kB, also lead
to the deregulation of P16 function through diverse mechanisms.
Consequently, the physiological upregulation or downregulation
of P16 in human cancers is subject to the coordination and
summation of well-known genetic alterations of p16 and activa-
tion of aforementioned oncogenes as well as changes in related
tumor suppressors. On one hand, as described above, functional
redundancy allows P15 or P18 (or IkBR) to successfully
substitute for P16 in tumor suppression in the presence of
genetic inactivation of p16 (deletion and silencing),117,119

whereas partial loss of P16 function due to missense p16
mutations can be compensated by an elevated level of expression
as observed in some tumor specimens.10,142 On the other hand,
even in the presence of intact p16, other molecular events, such as
overexpression of CDC6, cyclin D1, gankyrin, and SEI-1, have
the potential to “functionally inactivate” P16, thus promoting
cancer progression. Hence, the genetic status of p16 does not
automatically reflect the status of P16 function in human cancers,
and the contributions of P16 function to human cancer may vary
with individual cases. For example, deletion or silencing of p16
could be the primary cause for aberrant cell proliferation in the
presence of intact and normally expressed p15 and p18, whereas
the synergistic effect is likely observed on aberrant cell prolifera-
tion in the absence of p16, p15, and/or p18.117,119 In contrast,
loss of p16 may not contribute significantly to carcinogenesis in
the presence of an increased level of expression of p15 and p18.

The coordination between genetic inactivation of p16 and
oncogene-mediated deregulation of P16 may also vary with the
developmental stages of human cancers.125 Even though genetic
inactivation of p16 has been established as a landmark during
epithelial cancer progression, it remains to be elucidated whether
this event occurs at the earliest, “initiating” stages of carcinogen-
esis. Emerging evidence shows that deregulation of P16 through
activation of the aforementioned oncogenes occurs during the
earliest stages of cancer development, possibly in advance of
genetic alterations of p16.143�145 For example, in a chemically
induced rodent hepatocarcinogenesis model, hypermethylation
of the p16 gene appears at later HCC stages, whereas gankyrin is
strongly overexpressed soon after the initial carcinogen exposure

(liver fibrosis), preceding the loss of pRb (cirrhosis) and
hepatocellular adenoma formation (HCA).143 Moreover, it
has been reported that the frequency of gankyrin overexpres-
sion in human HCC decreases as Edmondson-Steiner grades
increase, indicating that aberrant gankyrin overexpression is an
early initiating event in HCC development.144,145 Recent
studies in our laboratory have also demonstrated that gankyrin
is overexpressed in all tested human OSCC specimens and
∼50% of premalignant oral lesions.146 Hence, aberrant gankyrin
expression, independent of genetic alterations of p16, may
represent a valuable biomarker for early cancer detection and
intervention.

Furthermore, oncogene-mediated deregulation of P16 func-
tion may have more profound effects than genetic inactivation of
p16. On one hand, oncoproteins such as gankyrin and P34SEI-1

have diverse physiological functions, and their aberrations may
generate multifactorial consequences capable of modulating cell
growth and carcinogenic progression independently.125,137 For
example, aberrant gankyrin expression may bring about changes
in the cell cycle via CDK4 interference, ubiquitination-mediated
protein degradation of pRb and P53 via the proteasome complex,
and p53-mediated apoptotic suppression125 (Figure 6). On the
other hand, perturbations of the RD�CDC6 interaction, such as
genetic alterations of RD and an elevated level of expression of
CDC6, may have a global effect on all three tumor suppressors
(P16, P15, and P14ARF) encoded by the INK4b/ARF/INK4a
locus, thus providing an inclusive effect greater than that of the
individual genetic inactivation events of the p16 or p14ARF

gene.88 Moreover, in most human cancers, genetic alterations
occur at the p16 gene while the p15 gene remains intact.6

However, perturbations of the RD�CDC6 interaction are able
to abolish the aforementioned functional redundancy between
P15 and P16 in tumor suppression.

While downregulation of P16 mainly contributes to cancer
progression by promoting aberrant cell proliferation, the invol-
vement of upregulation (overexpression) of P16 in human
cancers is poorly documented. Once regarded as a characteristic
of stress-induced cellular senescence and aging,3,23 overexpres-
sion of P16 (including both wild-type and mutant P16) has been
reported to be associated with poor prognosis for cancers,
including neuroblastoma, cervical, ovarian, breast, and prostate
tumors as well as OSCCs.10 Specifically, the incidence of over-
expression of P16 is up to 55% in human OSCCs. Apparently,
even though overexpression of some partially impaired P16 mutants
may represent an unidentified feedback mechanism for rendering
P16 functions in some tumor specimens, the involvement of
overexpression of P16 in cancers deviates from its conventional
role as a tumor suppressor. It is very likely that overexpression of
P16 is induced by stress or oncogenic environmental risk factors
through an undefined feedback loop, but its inhibition of cell
proliferation is bypassed or counteracted by other molecular
events, such as aberrant SEI-1 expression138 or the expression of
viral Tax protein in the host cells upon HLTV-1 infection;141

therefore, cell transformation and aberrant cell proliferation
occur in the presence of an elevated level of P16. Like in
stress-induced senescence and aging, overexpression of p16 in
human cancers could be mainly ascribed to the transactivation of
the p16 gene through Ras-Raf-Mek signaling as well as other
mechanisms.3,23 However, some alterations in the RD�CDC6
interaction, such as amplification of RD or downregulation of
CDC6, may underlie upregulation of p16 in human cancers,88 as
evidenced by our recent finding that p16 mRNA overexpression
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in HeLa cells is correlated with the amplification of RD
(unpublished data).

It is also important to note that the involvement of P16 in the
age-associated decline in function of certain tissue-specific stem
cells25�27,147 is significant in emerging anticancer stem cell
therapeutics. Cancer stem cells (CSCs) are a small, resilient
subset (less than 1 in 10000) of cells found within many tumors
or hematological cancers that possess characteristics associated
with normal stem cells, especially the capacity to self-renew and
differentiate, leading to tumor initiation and driving its growth,
recurrence, and metastasis.147�155 CSCs are pluripotent, which
allows these cells to adapt to and to resist standard chemother-
apy, radiotherapy, and even current molecular targeted
therapies.147 Hence, for cancer therapy, it is best to eliminate
CSCs, as the dormant CSCs may re-enter the proliferative phase
once the proliferation-inhibiting drugs are cleared.156,157 Recent
studies have shown that repression of p16 (as well as p14ARF) by
aforementioned Bmi1 (Figure 4) and other regulators is a key
requirement for self-renewal of stem cells, and this Bmi1-P16
signaling pathway appears to be active in CSCs.147,158�160

Presumably, upregulating P16 or downregulating Bmi1 in CSCs
negatively modulates the proliferation and self-renewal of CSCs,
thus reducing cancer incidence. From this perspective, P16
represents a potential target for the eradication of cancer by
the elimination of CSCs.

In conclusion, the regulation of P16 function is multifactorial.
It integrates mechanisms that target the DNA, RNA, and protein
levels through independent and overlapping pathways, some of
which remain to be further explored. While the general role of
P16 in tumor suppression is well-established, the specific con-
tributions of p16 deregulation to the development of a particular
tumor depend on the nature of the p16 deficiency and the
coordination of other mediating molecular events occurring in
the same tumor microenvironment. This complex orchestration

of direct and indirectmechanisms of growth control derived from
alterations of P16 function may best be addressed by a “perso-
nalized” assessment of the intricate roles of P16 in cancer
progression. As the approach of personalized diagnosis or
personalized medicine is becoming a trend in cancer treatment,
it is a challenging mission for biochemists to facilitate this process
by uncovering more of the molecular details of the “regulatory
web” of P16.
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’ABBREVIATIONS

AR, ankyrin repeat; BE, Barrett’s esophagus carcinoma; CDK,
cyclin-depedent kinase; CDKN2A, CDK inhibitor 2a, also
P16INK4A (P16); CDKN1B, CDK inhibitor 1b, also P27; CSC,
cancer stem cell; ESCC, esophagus squamous cell carcinoma;

Figure 6. Multifactorial effects of aberrant gankyrin overexpression on cell growth and carcinogenic progression. In both panels A and B, arrows and
crosses represent positive and negative regulatory effects, respectively. In panel B, red crosses indicate that overexpressed gankyrin precludes the
inhibition of P16 and P21 on CDK4/6, while red arrows represent the enhancing effects on phosphorylation of pRb, ubiquitination of P53, and
proteasome-mediated degradation of both pRb and P53. P denotes phosphorylated. This figure was modified from ref 125.

http://pubs.acs.org/action/showImage?doi=10.1021/bi200642e&iName=master.img-006.jpg&w=310&h=241


5578 dx.doi.org/10.1021/bi200642e |Biochemistry 2011, 50, 5566–5582

Biochemistry CURRENT TOPIC

GdmHCl, guanidinium hydrochloride; GRIM-19, gene-asso-
ciated retinoid-IFN-induced mortality-19; HCA, hepatocellular
adenoma formation; HCC, hepatocellular carcinoma;HDAC,
histone deacetylase; HLH, helix�loop�helix; HPV, human pa-
pillomavirus; HTH, helix�turn�helix; HTLV-1, human T lym-
photropic virus 1; IFN, interferon; INK4, inhibitors of cyclin-
dependent kinases 4 and 6, including P16, P15INK4B (P15),
P18INK4C (P18), and P19INK4D (P19); JUNK, c-jun N-terminal
kinase; KIP, universal CDK inhibitors, including P21, P27,
and P57;MEF, mouse embryonic fibroblast; MRT, malignant
rhaboid tumor cell; MTS1 and -2, multiple tumor suppressors 1
and 2, also termed P16 and P15, respectively; NSCLC, non-
small cell lung carcinoma; p14ARF, alternate reading frame of the
p16 gene, also p16β; OSCC, oral squamous cell carcinoma; PcG,
Polycomb group of silencers; pRb, retinoblastoma susceptible
gene product; PRC, Polycomb-repressive complex; RD, enhan-
cer element of the INK4b/ARF/INk4a locus; RISC, RNA-
induced silencing complex; ROS, reactive oxygen species;
SCCHN, squamous cell carcinoma of the head and neck; SMC,
smooth muscle cell; UTR, untranslated region.
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