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Summary

The cyclin D-Cdk4-6/INK4/Rb/E2F pathway plays a key role
in controlling cell growth by integrating multiple mitogenic and
antimitogenic stimuli. The members of INK4 family, comprising
pl6™Kda p15T™NKD 1, 18NKde and p19™K4d. block the progression
of the cell cycle by binding to either Cdk4 or Cdké and inhibiting
the action of cyclin D. These INK4 proteins share a similar
structure dominated by several ankyrin repeats. Although they
appear to be structurally redundant and equally potent as
inhibitors, the INK4 family members are differentially expressed
during mouse development. The striking diversity in the pattern of
expression of INK4 genes suggested that this family of cell cycle
inhibitors might have cell lineage-specific or tissue-specific
functions. The INK4 proteins are commonly lost or inactivated
by mutations in diverse types of cancer, and they represent
established or candidate tumor suppressors. Apart from their
capacity to arrest cells in the G1-phase of the cell cycle they have
been shown to participate in an increasing number of cellular
processes. Given their emerging roles in fundamental physiologi-
cal as well as pathological processes, it is interesting to explore
the diverse roles for the individual INK4 family members in
different functions other than cell cycle regulation. Extensive
studies, over the past few years, uncover the involvement of INK4
proteins in senescence, apoptosis, DNA repair, and multistep
oncogenesis. We will focus the discussion here on these
unexpected issues.
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INTRODUCTION

The most critical decision that every proliferating mamma-
lian cell must make is whether to continue another round of
cell division or to exit the cell cycle and reach a quiescent state.
Likewise, quiescent cells must decide whether to continue in
their non proliferative state or to re-enter the cell cycle. All
cells have the capacity to enter quiescence and all quiescent
cells, except those that have reached a state of terminal
differentiation, have the capacity to re-enter the cycle. So,
which are the mechanisms that control these important
decisions and how can small imbalances in these regulatory
pathways lead to cancer?

The basic cell cycle is divided into four phases. During two
of these phases, cells execute the two basic events in cell
division: generation of a single and faithful copy of its genetic
material (S phase) and partitioning of all the cellular
components between two identical daughter cells (M phase).
The two other phases of the cycle, G1 and G2, represent ‘gap’
periods, during which cells prepare themselves for the
successful completion of the S and M phases, respectively.
When cells cease proliferation, either due to specific antimito-
genic signals or to the absence of proper mitogenic signalling,
they exit the cycle and enter a non-dividing quiescent state
known as GO. To ensure proper progression through the cell
cycle, cells have developed a series of checkpoints that prevent
them from entering into a new phase until they have
successfully completed the previous one (7, 2).

Progression through each phase of the cell cycle is governed
by cyclin-dependent kinases (Cdks). The Cdks are a family of
Ser/Thr protein kinases, which are activated by phosphoryla-
tion/dephosphorylation events and binding to regulatory
subunits or cyclins to form heterodimers. Mitogen stimulation
induces entry and progression through G1 in part by ligand
binding to receptors, activating multiple signalling pathways
that converge on the transcription of immediate early genes,
D-type cyclins, and cyclin assembly to Cdk4/6 kinases (3).
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Activated cyclin D-Cdk4/6 complexes preferentially phos-
phorylate retinoblastoma protein (pRb) and pRb-related
proteins p107 and p130 (4). This initial pRb phosphorylation
is followed by additional phosphorylation by the cyclin
E-CDK2 holoenzyme. Once phosphorylated, pRb and related
proteins release tethered E2F transcriptions factors that,
in complex with DP subunits DP1 and DP2, either activate
(E2F-1, 2, and 3) or repress (E2F- 4 and 5) gene transcription
essential for the G1 to S phase transition and commitment to
mitosis (5).

Cyclin-Cdk complexes are negatively regulated by small
polypeptides, the Cdk-inhibitors (CKIs). In mammals, CKIs
are divided into two families. The INK4 family, that
specifically bind and inhibit Cdk4/6, includes pl6'™NK4a,
pl5™NKAb - 18INK4e - and  p19™K4 The Cip/Kip family
comprises p21<'P! p27%P! and p57%P2. Whereas Cip/Kip
proteins act as negative regulators of cyclin E- and cyclin
A-Cdk2 and cyclin B-Cdk1 holoenzymes in a 1:1 stoichio-
metry, they also act as positive regulators of cyclin D-Cdk4/6
complexes by mediating their assembly early in G1 (3). This
results in the titration of p27%"! from cyclin E-CDK2, and the
activation of this complex. In turn, p27%"! is phosphorylated
by cyclin E-Cdk2, targeting it for degradation. Instead, INK4
proteins compete with D-type cyclins for binding Cdk4/6.
Enforced expression of INK4 proteins can lead to G1 arrest by
promoting the redistribution of Cip/Kip proteins and blocking
cyclin E-Cdk2 activity. Thus, in cycling cells, there is a
reassortment of Cip/Kip proteins between Cdk4/6 and Cdk2
as cells progress through G1 alternately acting as positive or
negative regulators of Cdk activity (3, 6).

The four proteins of the INK4 family share a similar
structure dominated by several ankyrin repeats. Although they
appear to be structurally redundant and equally potent as
inhibitors, the INK4 family members are differentially
expressed during mouse development. The striking diversity
in the pattern of expression of INK4 genes suggested that this
family of cell cycle inhibitors might have cell lineage-specific or
tissue-specific functions. Apart from their physiological roles,
the INK4 proteins are commonly lost or inactivated by
mutations in diverse types of cancer, and they represent
established or candidate tumor suppressors (7, 8). Extensive
studies over the recent past years uncover the involvement of
INK4 proteins in different functions other than cell cycle
regulation. We will focus the discussion here on these
unexpected issues.

TUMORIGENESIS

The INK4a/ARF/INK4b locus is deleted in a wide variety of
tumors including melanoma, pancreatic adenocarcinoma,
glioblastoma, leukemias and bladder carcinoma. In a relative
small 35 kb region of the human genome, the locus encodes
three related genes (ARF, pI5SINK4b and pl6INK4a) that
instruct for distinct tumor suppressor proteins (9). While

pI5INK4b has its own open reading frame that is physically
distinct, pI6INK4a and ARF have different first exons that are
spliced to a common second and third exon. Although exons 2
and 3 are shared by p16"™%%* and ARF these polypeptides are
not isoforms and do not share any amino acid homology. Both
pl6™K4 and p15™K4® have appropriate biochemical proper-
ties for tumor suppression by acting as inhibitors of the
Cdk4/6 that regulate progression through the G1 phase of the
cell cycle. The tumor suppressor activity of ARF is largely
ascribed to its ability to regulate p53 in response to aberrant
growth or oncogenic stresses. ARF binds to and inactivates
the MDM?2 protein, and MDM2 in turn negatively regulates
p53 (9). As human cancers frequently harbor homozygous
deletions of the INK4a/ARF/INK4b locus that abrogate
expression of all three proteins, considerable dispute has
focused on which member of the locus represents the principal
tumor suppressor activity located at human chromosome
9p21. Knockout studies of mice specifically deficient for Arf,
p15™K4 and p16™K4 have revealed that all three strains are
more prone to spontaneous cancers than wild-type littermates,
but that each of these single knockouts appears less tumor
prone than animals lacking both p16"™¥4* and Arf (10). The
finding of synergy between pl6"™%4* and Arf loss in murine
cancers has been established in several tumor-prone models
including response to certain carcinogens, melanoma, glio-
blastoma, and pancreatic cancer (/7). Overexpression of the
INK4a]Arf/INK4b locus in mice also supports its role in tumor
suppression. Recently, mice carrying a transgenic copy of the
entire INK4a/Arf/INK4b locus were characterized (12). Cells
derived from these mice have increased resistance to in vitro
immortalization and oncogenic transformation. Importantly,
‘super INK4a/Arf mice’ manifest higher resistance to cancer
compared to normal, nontransgenic, mice and display normal
aging and lifespan. Therefore, the authors suggest that an
increase in tumor suppression can be achieved by increased
INK4al Arf/INK4b activity without increased aging.

Specific somatic loss of pl16"™ 4 through point mutation
or small deletion, has been reported in thousands of human
cancers (/3, I14). Similarly, at least 56 distinct germline
mutations targeting only pl6INK4a, and sparing ARF and
pISINK4b, have been described in unrelated kindreds that are
cancer prone. Finally, p/6INK4a was one of the first genes
noted to be silenced epigenetically in human cancers, and
silencing through promoter methylation is well described at
high frequency in numerous types of human cancers.
Definitely, p16™%* is an important suppressor of human
cancer. On the other hand, specific genetic lesions of
pISINK4b, which do not also inactivate p/6INK4a or ARF,
are not well described. Specific epigenetic silencing by
hypermethylation of p15™X4" gene has been demonstrated
in rare glial tumors and certain hematologic neoplasma
including leukemia and myelodysplasia (/5). In myelodyspla-
sia, pISINK4b hypermethylation has been reported in the
absence of p/6INK4a hypermethylation and in some of these
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cases the expression of p15™%4® can be reactivated in response
to treatment with inhibitors of DNA methyltransferase (76).
Furthermore, because of their overlapping biochemical func-
tion, co-deletion of p/5INK4b with pl6INK4a may be more
oncogenic in certain tissues than loss of either alone. Such
redundancy might explain why a few malignancies (e.g., T cell
acute lymphoblastic leukemia) appear to show very high
frequencies of homozygous deletion of 9p21 (targeting all
three proteins) rather than specific inactivation of pl6INK4a
or ARF. Therefore, pl15™%# jis probably an important
suppressor of human cancers too, particularly in the hemato-
poietic lineages.

Genetic alterations of pI/8INK4c gene are rare events in
human tumors. However, several studies reported that
p18™K4¢ is a haploinsufficient tumor suppressor in mice,
suggesting the possibility that a quantitative decrease of this
INK4 may be involved in human tumorigenesis (/7). In this
regard, a recent work demonstrates that activation of
PKC promotes human cancer cell growth through
downregulation of p18™ 4 in an AP-1 activation-indepen-
dent manner (/8). Furthermore, a large variety of structurally
and mechanistically distinct PKC inhibitor was reported to
have potent antitumor activity in vitro and in vivo. Some of
these agents are now undergoing clinical evaluation (79).
Therefore, it will be of great interest to investigate the
expression levels of p18™%4¢ in human tumors with stimulated
PKC activity, and to examine the role of pl8™K4 in
anti-PKC-based therapy for human malignancies. Addition-
ally, p18INK4c gene silencing by promoter methylation
has been observed in Hodgkin lymphoma (20) and medullo-
bastoma (21).

p19INK4d null mice do not develop tumors or other types
of proliferative disorders. Furthermore, they are not more
susceptible to tumor formation than wild-type mice in
response to carcinogenic treatment. These results suggest that
p19™K4d js not a tumor supresor (8). The only significant
phenotype observed in p/9INK4d knock out mice is testicular
atrophy, albeit the animals remain fertile (22, 23). This
phenotype is associated with increased apoptosis of germ
cells, a result that correlates well with the high expression
levels of p19™&4d in this tissue (24).

One common question is why pl6INK4a is frequently
mutated in human cancers whereas the other three /NK4 genes
are rarely altered. Several pieces of evidence indicate that the
basis for the physiological differences between individual
INK4 most likely lies in their upstream regulation. Detailed
description of the elements and factors involved in INK4
transcription has been recently reviewed (6, 25).

Despite that INK4b/ARF/INK4a locus encodes three tumor
suppressors which together constitute one of the main anti-
oncogenic defenses of mammalian organisms, little is known
about the mechanisms that govern the expression of this locus.
A new mechanism of inactivation of the INK4b/ARF/INK4a
locus has been reported very recently (26). The authors have

identified a conserved DNA element located near the
transcription initiation site with the capacity to regulate the
locus in a global manner. Inactivation of this element, which
the authors named RD™K#ARF Loqilts in the silencing of the
entire locus. Interestingly, RD™K#ARE g both a transcrip-
tional regulatory element and a replication origin. The
replication protein Cdc6 binds to RD™KYARF and is able to
recruit histone deacetylases that, in turn, result in the
heterochromatinization and repression of the INK4b/ARF/
INK4a locus. This model, although unprecedented in verte-
brates, has striking parallelisms with the silencing of the yeast
mating-type HM locus of the yeast S. cerevisiae (27). The Cdc6
protein is aberrantly overexpressed in some human cancers
and its oncogenicity could be related to the functional
inactivation of the locus (28, 29). Thus, this proposal
represents a novel oncogenic mechanism that connects
the replication machinery with the inactivation of tumor
Suppressors.

SENESCENCE

According to a current hypothesis on aging, senescence
cells accumulate in the organism and this result in failure of
organ homeostasis and function. Cellular senescence —
characterized by the permanent arrest of cell proliferation —
is detrimental to the regenerative capacity of organs during
aging. However, the senescence checkpoint is also considered
to be a major mechanism for suppressing tumors, protecting
the organism from cancer during early life (30). A number of
stimuli have been identified as inducing senescence and these
include telomere shortening, DNA damage, oxidative stress,
sustained mitogen stimulation, and other cellular stresses.
Senescence induced by telomere shortening has been called
‘replicative senescence’ and is a result of DNA damage-like
signals generated by dysfunctional telomeres (37). In addition
to telomere attrition, several other mechanisms can abruptly
induce senescence independently of telomere length, termed
‘premature senescence’, including, overactivation of mitogenic
pathways such as Ras, Raf, or MEK, or overexpression of
E2F (32).

Recent evidence from several groups, have confirmed
seminal observation of Sherr and colleagues (33), indicating
that the expression of p16"™ 4 increases markedly with aging
in many tissues of rodents and humans. This finding has now
been extended to a large number of aging human tissues in
health and disease and has led to the proposal that pl16™%4
expression could be used as a biomarker of physiologic, as
opposed to chronologic age. Moreover, as aging is character-
ized in part by a reduced ability of reservoirs of self-renewing
tissue stem cells to regenerate lost or damaged cells, this
observation has suggested the possibility that an age-induced
increase in p16™ 4" expression contributes to the decline of
replicative potential of certain self-renewing compartments
with aging.
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Senescent cells remain permanently insensitive to mitogenic
signals, owing to the combined action of the p53 and
pl6"™K4_Rb  tumor suppressor networks. Although the
stability of senescence presumably contributes to its anti-
neoplasic activities, the molecular machinery that drives the
cell into a permanent state of proliferative arrest is poorly
understood (34). In some cell types, senescence is associated
with global changes in chromatin structure, leading to the
accumulation of heterochromatin protein 1 (HP1) and histone
H3 trimethylated on lysine 9 in senescence-associated hetero-
chromatin foci (SAHF) and on the promoters of certain cell
cycle genes (35). Such changes could promote senescence by
producing a repressive chromatin environment that prevents
transcription of growth-promoting genes, thereby producing
an extreme insensitivity to mitogenic stimulation. In this
regard, authors of a recent reports claim that High-Mobility
Group A (HMGA) proteins, which are typically associated
with gene activation and have been linked to proliferation and
tumorigenesis, accumulate on the chromatin of senescent
fibroblasts and are essential structural components of SAHF
(36). Thus HMGA proteins act in a mutually reinforcing
manner with pl6™¥* to promote SAHF formation and
contribute to the stable repression of E2F target genes (37).
Accordingly, suppression of both HMGA and pl6™K4 in
growing cells acts synergistically to enable cells to bypass
senescence and leads to the reactivation of some E2F target
genes and S phase re-entry in senescent cells.

Recently, Krishnamurthy et al. attempted to identify
molecular markers of aging in mice and rats by exploiting
the expression levels of several known cell cycle inhibitors (38).
They show that the expression levels of both p16™%4* and
ARF mRNA markedly increase with aging in most murine
tissues, whereas there is no significant change in the expression
levels of other related cell cycle inhibitors such as p15™K4®
p21€PT and p27%P! with aging. At the level of transcription,
the expression of pl16"™ % is modulated by three principal
regulators, ETSI1, inhibitor of DNA binding 1, and beta
lymphoma Mo-MLV insertion region (BMI1) (39). The
evidence presented by the authors indicates that the age-
related increase in pl6™%* and ARF expression can be
attributed largely to the expression of ETSI. These data
suggest that, in addition to its role as senescence effector,
p16INK48 is a robust biomarker of mammalian aging (40).

In cancer the levels of BMI1 or the histone methyltransfer-
ase EZH?2 are frequently found to be up-regulated, and have
been associated with cancer development (4/). A recent
communication presents evidence demonstrating that the
repression of the INK4b-ARF-INK4a locus by BMI1 requires
its direct association and is dependent on the continued
presence of the EZH2-containing Polycomb-Repressive Com-
plex 2 (PCR2) complex (42). Significantly, EZH2 is down-
regulated in stressed and senescing populations of cells,
coinciding with decreased levels of associated trimethylation
of lysine 27 of histone 3, displacement of BMI1, and activation

of transcription. These results provide a model for how
Polycomb proteins contribute to cancer and how they are
related to senescence condition.

Even though numerous aging-related stimuli have been
reported to increase p/6INK4a gene expression (32), less is
known about the posttranslational regulation of its products
(43). In a recent report, authors demonstrate the presence of
an instability determinant within the 3’-untranslated region
(UTR) of the p16™¥** mRNA human diploid fibroblasts (44).
The pl6™K4 3_UTR was found to be specific target of
AUFI1, an RNA binding protein implicated in promoting
mRNA decay. Both AUF]1 levels and AUF1-p16™%* mRNA
associations were strikingly more abundant in early-passage
than late-passage fibroblast cultures. Moreover, short inter-
fering RNA-based reductions in AUF1 levels increased the
stability of p16"™%4* 3’_.UTR containing transcripts, elevated
the expression of pl6™K4 and accentuate the senescent
phenotype.

The role of pl6™ 4 in senescence was challenged in a
recent report. Reactive oxygen species (ROS) serve many
cellular functions; for example, second messenger, anti-
bacterial agent, mutagen, aging-accelerant and growth stimu-
lant. With regard to neoplasia, the view has generally been
that ROS cause cancer through a number of mechanisms,
including the induction of DNA damage and alteration of
intracellular signalling (45). A provocative new report,
however, suggests that ROS have an unexpected role in
inducing and maintaining senescence-induced tumor suppres-
sion (46). The authors make a particularly tantalizing
speculation as to how this process may work: Rb, through
E2F transcription factors, regulates enzymes involved in ROS
production and metabolism. Therefore, mitogenic stimulation
induces a growth-related production of ROS, while concomi-
tant Rb activation induces an enzymatic production of ROS
and impedes ROS degradation, suggesting that these cellular
signals converge to produce sharply elevated ROS levels. In
agreement with this hypothesis, the authors showed that
pl6INK4a expression in normal fibroblasts, which presum-
ably does little more than activate Rb, induced ROS levels to
almost the same levels as the strong proliferative signals
associated with the ectopic expression of oncogenic Ras.
Because of convincing data linking ROS and aging, many
experts in the field have wondered whether ROS promotes
senescence by inducing p16™%** expression and Rb activa-
tion. Although this may be, the authors show that, in fact,
pl6"™K4_Rb activation can induce ROS.

Tissue repair and regeneration are essential for longevity in
complex animals, and often depend on the proliferation of
unspecialized cells known as stem or progenitor cells. In many
tissues, the regenerative capacity of such cells declines with
age, and it is thought that this decline drives many age-related
symptoms. But stem/progenitor-cell proliferation is a double-
edged sword. Although it ensures tissue repair and regenera-
tion, it also puts tissues at risk of hyperproliferative diseases,



Downloaded By: [INIST/CNRS] At: 19:10 1 November 2007

NOVEL BIOLOGICAL FUNCTIONS OF INK4 PROTEINS 423

the most deadly of which is cancer (47). This risk is mitigated
by tumour-suppressor mechanisms, which either eliminate
potential cancer cells by programmed cell death (apoptosis) or
prevent their proliferation, often by permanently halting the
cell division cycle (senescence). Therefore, the benefits to
longevity afforded by stem/progenitor-cell proliferation might
be compromised by mechanisms that prevent life-threatening
cancer (48).

Present studies, however, do not directly address the
question of whether p16™ 4 plays a causal role in the age-
induced decline of replicative function in self-renewing
compartments in vivo. Three papers, recently published,
uncover a new role for the pl6"™%%" in promoting aging, a
role shared by the p53 tumor suppressor. These papers, using
pl6"™K4 deficient and overexpressing mice to study self-
renewal in three distinct tissues: hemoatopoietic stem cells
(HSC), neural stem cells (NSC), and pancreatic islets, have
suggested that pl6™%* expression is one cause of aging in
these tissues (49—51). These particular self-renewing tissues
were chosen for analysis because expression of pl6™K4
markedly increases in each with aging, and these tissues
appear to require CDK4 or CDK6 activity for proliferation.
In all three cell types, p16"™%4 deficiency partially abrogated
the age-induced decline in proliferation. This decline in
proliferation was accompanied by functional effects. For
example, HSCs from old, but not young, pl6™%*"deficient
animals demonstrated an enhanced ability to serially trans-
plant or competitively repopulate irradiated recipient mice
compared to wild-type cells from littermate mice. Moreover,
pl16™K4 deficiency increased neural progenitor function and
neurogenesis in old but not young mice. Lastly, older
pl6™K4_deficient mice displayed an age-dependent enhance-
ment of islet regeneration after chemical ablation of f cells
when compared to littermate wild-type mice. Enhanced islet
regeneration correlated with resolution of diabetes and
improved survival. Therefore, these data from disparate
systems suggest that p16™%% in part, promotes aging by
limiting proliferation and self renewal.

APOPTOSIS AND DNA REPAIR

To ensure survival and propagation of accurate copies of
the genome on to subsequent generations, eukaryotic cells
respond to damaged DNA by a multifaceted response that
coordinates cell cycle progression with DNA repair, chromatin
remodelling, transcriptional programs and other metabolic
adjustments or cell death (52, 53).

In spite of these mechanisms, the enzymes responsible for
DNA repair do not always properly fix damaged DNA, and
some lesions may remain unrepaired or be misrepaired.
Residual lesions can lead to apoptosis. However, if apoptosis
is inhibited for some reason, this increases the risk of
chromosomal instability at several levels, and cells that are
sufficiently robust to survive can be at a growth advantage,

which ultimately can lead to cancer. Genetic instabilities,
including changes to chromosome numbers and chromosomal
aberrations, are frequent in human cancers and are thought to
be required for the generation of the multiple genetic hits
necessary for malignant transformation (54). The maintenance
of a switching mechanism that shifts the cell from DNA repair
to apoptosis, as appropriate in the presence of excessive DNA
damage, appears to be of central importance for avoiding
progression to cancer (55). There is much evidence supporting
the fact that apoptosis might relate to DNA repair. It may be
accomplished through proteins that participate in the detec-
tion of DNA damage and in DNA repair and can directly
relay to the apoptotic machinery (56).

Several recent works have been reported that proteins from
the INK4 family could be involved in the cellular response to
genotoxic agents. In one of these papers, the authors show that
pl6™K4 compromised cells, osteosarcoma U20S cell line as
well as pl6INK4a —/— MEFs are sensitive to apoptosis,
following treatment with ultraviolet light (57). On the other
hand, only a small proportion of plé-proficient EH1/EH2
cells and MEF pl6INK4a +/+ cells underwent UV-induced
apoptosis, showing that this tumor suppressor protects cells
against UV damage-mediating apoptosis in both human and
mouse cells. Importantly, the UV-mediated apoptosis ob-
served in U20S coincided with a decrease in the level of the
antiapoptotic Bcl-2 protein, with no effect on the level of
the apoptosis agonist Bax protein. However, in EH1 cells the
reduction in UV-induced apoptosis was associated with
downregulation of Bax expression, whereas the level of Bcl-2
protein remained constant. This suggests that ple™K4
negatively controls UV-induced apoptosis by downregulating
the apoptosis agonist Bax protein. However, in the absence of
pl6™K4a UV damage triggers apoptosis by downregulating
the apoptosis antagonist Bcl-2. Therefore, pl6™ 4 would
control UV-dependent apoptosis through the intrinsic mito-
chondrial cell death pathway, which is under the control of the
p53-tumor-suppressor protein. Further evidences were re-
ported by Le et al. (58) demonstrating that, after DNA
damage, p16"™%4 overexpression, like p21<"P! and p27%P!, in
tumoral cells caused cell cycle arrest and inhibited genotoxic-
induced apoptotic events such as cytochrome c release,
mitochondrial membrane depolarization, and activation of
the caspase cascade. These observations suggest that by
blocking dysregulated cell cycle progression, CDK inhibitors
can influence the sensitivity of the mitochondria to proapop-
totic signals in DNA damage-induced cancer cells.

Recent observation contributes to this hypothesis involving
pl6™K4 in triggering apoptosis. INK4a —/— mice possess
increased thymus size and cellularity, thus suggesting the
involvement of pl6™%* in the control of thymocyte
proliferation (59). In these animals, authors found increased
numbers of CD8 and CD4 T lymphocytes in thymus and
spleen. Unexpectedly, this was not related to an increase in
T-cell division rates, which were similar in lymphoid organs of
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wild type mice. In contrast, T-cell apoptosis rates were
significantly decreased in thymus and spleen from INK4a
—/—. Moreover, whereas pl6"™ %_deficient and wild type T
cells were equally sensitive to Fas or TCR-mediated apoptosis,
the former were clearly more resistant to apoptosis induced by
oxidative stress or gamma irradiation. These results indicate
that p16"™%4 function is associated with T-cell apoptosis, and
subsequently contributes to the control of T-cell population
size in lymphoid organs.

On the other hand, in our laboratory, we obtained strong
evidence that another INK4 member, p19™%44_ plays a crucial
role in regulating genomic stability and overall cell viability
under conditions of genotoxic stress (60, 61). By using
different cell lines, like human neuroblastoma derived SH-
SYSY cells, mouse Leydig tumor MA-10 cells, and hamster
fibroblast BHK21 cells, proficient or deficient in p19'™VK4d
expression, we have demonstrated that p19™¥4d-overexpres-
sing cells exhibited enhanced DNA repair activity after UV
irradiation, whereas pl9-deficient cells showed diminished
ability to repair DNA lesions. Notably, improvement of DNA
repair in these cells inversely correlated with the apoptosis
triggered by DNA damage. In this regard, our results showing
that pl9™K4d overexpression confers resistance to cells
exposed to UV irradiation suggest that, in addition to its role
in improving DNA repair, pl9™¥* would negatively
modulate DNA damage-induced apoptosis in mammalian
cells. On this matter, recent studies performed in p/9INK4d
null mice, demonstrated that knockdown of p19"™K4d ren-
dered cells sensitive to apoptotic and autophagic cell death
and suggest a possible role of pl9™¥4 induction in
chemoprevention (62, 63).

We do not know yet whether pl19™K4d exerts a direct
inhibitory effect over some step of apoptotic pathways or if it
plays an indirect role that reflects the increased efficiency of the
mechanisms involved in DNA damage removal. However, the
action of a protein allowing a more robust response against
DNA injury and, besides, diminishing apoptotic cell death
would be physiologically relevant. Given that both DNA
repair and apoptosis are energy-demanding processes, the
proper utilization of the available ATP in the cell is of vital
importance (64). If repair of DNA damage is prolonged in any
given cell an ‘energy catastrophe’ will occur if, concomitantly,
apoptosis is triggered in the meantime. Thus, induction of
p19™K4d iy response to DNA damage would be directed to
the maintenance of genomic stability by increasing DNA
repair effectiveness and to the prevention of a considerable
investment of energy by delaying the commitment to
programmed cell death. Finally, how might pl19'™~k4d exert
its effect in response to DNA damage? Our results strongly
support a CDK4-binding independent mechanism, suggesting
that the role of p19"™¥4d in DNA repair is distinct from its cell
cycle regulatory role and described a new function of this
protein (60, 61). Considering its function as cell cycle inhibitor,
as a whole, these results suggest that p19"™%4d may itself play a

role in DNA repair, in cell cycle checkpoint response, or in
integrating apoptosis and DNA repair response.

CONCLUSIONS

It has been just over a decade since the discovery of the
INK4 family of CDK inhibitors. The extensive studies during
these last few years have contributed significantly to our
current understanding of mammalian GI1 control at the
cellular and biochemical levels. However unresolved and
controversial issues still remain. Given their emerging roles
in fundamental physiological as well as pathological processes,
the biochemical similarities and evolutionary homology of the
INK4 family members raise and important question about
redundant versus non-overlapping features among them.
Recent evidence, discussed here, support that, in addition to
their role as cell cycle regulators, the individual INK4 family
members would perform diverse and distinct cellular tasks.
This statement is not surprising and there is a good reason to
believe that we will be promptly uncovering new functions for
the INK4 proteins in diverse cellular mechanisms. Inevitably,
various cellular pathways, such as cell growth, differentiation,
senescence, DNA repair, apoptosis and various checkpoint
controls, must interact with the pathways that regulate the
progression through the G1 phase of the cell cycle.

An open question still remains: which are the mechanisms
involved in these INK4 novel functions? Some of them, like its
roles in tumorigenesis or senescence are closely related to their
ability to inhibit CDK4/CDK®6. In this case the common
structural motif implicated in CDK4/CDK6 binding could
suffice to confer such properties. Thus, INK4 specific
functions could rely on its upstream regulation. However,
other recently described functions of INK4 proteins, like those
related to apoptosis and DNA repair seem to be dissociated
from their role in CDK4/CDK6 modulation. Why certain
INK4 exert these functions and other does not? Perhaps, the
study of minor, although potentially relevant variations in
INK4 structure or differential postranslational modifications
would reveal key determinants that allow delineation of their
emerging individual roles.
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