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Abstract

DNA damage can have particularly severe ‘carcinogenic influence if it incapacitates the
cellular machinery nomnally protecting ghe cell frompiie cftects of genomic damage. The protective
functions involve not oty DNA repairand apoptosis (programmediceil death), but also regulation of
the cell eyele and proliferation. Therefore. darcinouenesis can be promoted by linactivating or
altering kev regulatogy proteins [ike plﬁ'\m“_ which has the capability 1o arrest the celi eyele’in the
G, phase ahd,prevent inappropriate proliferation. Functional eyelin-dependent kinaseCdk ) inhibitor
pl6"™M* binds to Cdk-4 and CdksGmthereby pres caun the Cdksgyelin complexes oM promoting
phosphorylatign ol pRbvand seleasingithe trangeription factorsk2 o necdeduior the cell cvele to
proceed to the S'phasé. Areest in Gy accounts for a minerity of arresting cells after DNA damage. the
majority of arge$ts faking place. in, s, without recognized pd6 5 conwibution, However,
inactivating alterations of pl6™0 are commeoniifi Cancerss possibly because of additjonai functions
of pl6™™* in sencscence and inhibition of the spreading and migration of cancer eells. Since
oncogenic initiation is Jiisufticient®for drowing  signiiigantaiunersiwithout spreading and
angiogenesis. this could partly explaif why |inacuyated ploDNa < freqUenth exhibited in clinical
mors in spite of apparently lessiexelusive Folcm ccll ¢vile arrete-On the other hand, multiple
oncogenic events are usually necessary to develop cancer. ahd generally both pRb and p53 pathways
are impaired in wmors. This suggests that growth regulation in G, and therefore also its key
molecular components including pt 6™ are important in carcinogenesis.
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Introduction may happen due to some specific
weakness in the defence mechanisms, or

In general. carcinogenesis results by chance with _sufficient time to
from a failure of the cellular defences to accumulate damage.
DNA damage or oncogene activation. This
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Cell cycle arrest

DNA damage is particularly severe
if it can inactivate the mechanisms that arc
normally protecting the cell from genomic
damage. The protective functions include
several mechanisms of DNA  repair.
apoptosis or programmed cell death in
case of irrcpairable damage. and arresting
of  the cell  cvele  before  undue
proliferation. Arresting of the cell cycle is
also important to allow for the ncessary
time for DNA repair. Thereforc
carcinogenesis  can  be  promotedgiby
nactivating or altering_keyv a€gulatory
proteins like pl6™“" swhich can mediate
arrest of the cell gycle in the G phase:

The progression of the cell cycic is
controlled normalty by partiy
interconnéeted and wuohthal regulated

processus,  medialed by @ neowark ol

promoter and inhibitos pioteinsl (o 13, An
nmportant part of this cellutar machinery is
the pRB/EZE “pathway,. which is invalved
i the cell eycle regudation at the (5/S
boundary“both 1n.stresscd and unstrgssed
cells.'  Active dephosphorylated  pRb
inhibits the G/S transition jand gell
prolifcration by binding Jthe E2F
transeription-factors. Full phéspharyiation
of pRb will" relcase L2F| and, promote
progression «to the S “phase. The
phosphorylation is promotedsbyeomplexes
of cyclingdependent™kingses GAKIE/6 and
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Cyclin D, and inhibited by cyclin-
dependent kinase inhibriors (Cdi) like
pl6™"  \which prevent the complex
tormation by binding themscives to the
Cdk. arresting the cell cycle at G,.7*** If
an alteration in the Cdi prevents its
inhibitory function. the cell cvele can
proceed to proliferation, and in case of
sufficient number of oncogenic events,
possibly eventually initiating cancer,” %™
In the pRb/E2F pathway, pRb binds to
FE2F1, L2F2, E2F3 and E2F4. and parallel
to this, the pRb [amily proteins p130 and
ph07ebind to E2F4 or F2E5.'°" For
pl6" ™ dependent arrest in G, pRb
function alone iswnot sufficient without the
action/of either pl30 or pl07." Non-
funetional 165%™ ¢ap appecar in cancer
cellsregandless of the/status of p33. which
confrolstmueh of ahe cellular delences
after DNA damage.” ™

The pl6 protein sand other INK
famidy. proteins  comtdin  four or tive
tandemly repeated ankyrin motifs. each
about 32 aminovacids in Teagth."'"° The
fungtional  binding locus of ple™*n
appears to reside by the third ankyrin
repeat. extending somewhat heyond it. and
binding adjacent fo thesATP-binding site
ofdthe Cdk catalyiic “eleft. This prevents
binding of ATP andwinduces structural
changesgathat propagate to the cyclin-
Biiidin s ite,of O, !
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Fig 1. A simple model of cell cycle. ingluding Cdk-cyelin complexes and the Cdk-4 6 inhibitor
p16™ " swhieh canimediate cycle arrest athCly. With drhibitor action. thetCdk=evclinf complexes
cannot promote phosphor latioi of the, pRY family of protéins towielease theyE2T transcription
factorsfifor G /S transition! Note that thore, are other pafhways to G amest (sge Fig 2) and that

parailel processes  can alse.  arnrcst

There are” several othergimportamt
Cdi proteans (Fige2) inducing Gy arresi, like
p2 VRS Swhich  is  activated, in /p33
dependent andgindependent ‘'manner after
DNA damage or oncogene activation, and
p2 7% which can bind 1o and inhibit Cdk-
2 S8 Il s pites,. of [ the™ poteatial
complementary action, of atleast thiee Cdi
molecules, Gy arrest accounts oily tor 15-
40% of arrested colls after DNA damage. ™
A second set of detencesmeghanisms can
arrest the cell cycle "in thet G, phase
preventing the cell from initiating mitosiss
Blocking G, accounts for 60-85% of tlie
arrested cclls after DNA damage. and 1is
largely —mediated by p53  dependent

regulation without known influence by
plélNK-lH‘?.H

: e INK4;
Studies on tumors with inactive pl6™"

have attributed the inactivation to allehc
loss  {homozygous deletion) and to
transcriptional silencing by subtle mutations
or  DNA  methylation.! =17 DNA

before cntering M o518 (M.

methylation occurs in about one third of all
samples, particularfypaifecting’the 3" GpG
isfand of the gene. Silencing by methylation
miay prevent transactivation of pl6™"* by
AP-2, 2 DNA-binding ‘protein implicated in
signaling . terminal differentiation and in
fransactivatingalse-p2 1o ™ '*

Apart from the assumed
transactivation by AP-2. at least the ras
family of genes, expressed as four 21 kD
protel NSiH-. Do K A and KB-ras. appear (o
induceln e “€di  proteins  pl6™*"*  and
¥ e Oncogenic changes
cooperating with ras tend to neutralise the
functionality of thesc kinase mhibitors, and
can also suppress the third important kinase
inhibitor p27°"" via the MAP Kkinase
pathway.""

Some of the pi6™ " and pRb
related regulatory proteins of the cell cycle
and their chromosomal mapping are
summarised in Table 1.
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Fig 2. Simple niodel 6l the segulatdry, network for cell c¥ele drfest in Q] by cyclin-dependent kinase
inhibiters (Cdi) pl6"™ i ¥ T 378 Ay Girow signilesvactivationdpromotin or process
direction,va line with'a terminal bar mhlbltlon Any of the threesshown Cdi's cafiraiicsithe cycie, since the
action of both Cdk-eyetin complexes arc needed for passage from G, "t 8. Several of the indicated
regulatary molecules appear in reality as a family of proteins with partly parallel functions, e.g. the INK
family jof kinase inhibitors includes pl6"™"" pJ S'\“h 18™"and p19"* Also. te arrest@, in a ple i
dependent'mannerl paratlcl functign by dther members ofl the pRb-family (p1307ar pi07 not shown) is also
necded'in addition 1o pRb. '

I'\I\Il

ThelthreeskinasesmBiBitors pl6
p21 M and p2 7™ odnefally respond lo
different sets ot stimulitand are_not'of gqual
importance junder particular ciretmstances
to arrest theeellnlar evele. The Cdi's also
show unequal rates “of _cafCifiogenic
alerations. In observed cases, pl6™" % has
been found frequently mutatéd or otherwise
altered in tumors. but p21™*"" " and p2 780!
much less often.” Tumorigenesis is thought
lo require on average aboul six oncogenic
events ™, but these events can be both
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colplementaryand axclusie. For example,
silencing of p16 < inifimors is usually
accompanied with_alteration of some of the
central moleetiles of the p33 pathway (such
as'p33 itself), demonstrating the powerful
cateiftpgenic etfect of combined inactivation
of p53.and pRb pathways. Within the pRb
pathway €ithcr pl6™™" or pRb (or other
pRb family proteins pl3Q or p107) can be
altered, but generally not both, ie.
expression  and  alteration  of  these

25261819

components are inversely corrclated.”

S13




Tumar Suppressing Functions of pl6INK4a-4 review

Table |. Seme important regulatory components in the cell cycle and defence systems against DNA
damage, with main functions and chromosomal locations,

Gene/expression Main function . Chromospomal mapping
p33 Damage checkpoint, arrest/apoptosis 1 7pl3.]
plaM Binds MIDM2 to stabilise pS3 and arrest G, 9p21-22 "
plgMhs Induces G, arrest mediated by pRb, p130, p107 9p21-22°
p2 el Inhibits Cdk-cyelin. arrest of G, 6p21.2
p2 7! Inhibits Cdk-2.:arrest of G; i2pl12 - 12pl3.1
pRb Retards (i, (o Siiransition with £2J 13g14.2
Cyclind> Control'of' G, to S'transition 11g13

1) reading exons 10, 2 and 327 alternative reading exons [o;2 and 3

Inhibition of cell migration

The pT6™ " sprotein is & small
molecule land its function as a Gy kinas¢
inhibitor can'be mimicked by a 10 ammo
acid peptidepwhich corresponds to the third
ankyrin-like “repeats of _ther " full-length
protein.'” Thisgpeptide” can /be [synthesized
and directly delivered togells, with 100 %
efficiency in argesting the Geils reversibly ot
G). However, the peptide also shows matrix-
specific inhibition of cells spreadirig on
vibronectin, without affecting the capacity
of the cells to attach to this substratum, This
effect is related to dissociation of the
vitronectin intergrin receptor ov33 from the
focal adhesion contacts. Similar effect has
been observed using peptides derived trom
the kinase inhibitor p21%*""“ " suggesting
that the G, associated kinase inhibitors
regulate avB3 function.'” [t has also been
found that transfection of glioblastoma and
mclanoma cells with full length p/6™*"
gene construct  results in inhibition of
spreading and cell migration. As avf33 is
strongly associated with invasive cancer and
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angiogenesis. it is possible that pl6” > (and
somc other G kinasemghibitors) can inhibit
tuimor' growth as well as initiation. "

The G; arrest agcounts only for a
minority, about |5-40% ‘of arresting cclis,
the majority of amests taking place in the G,
phase where: ple" " “shaseng’ appreciable
influence. ' Howeéver, mufations or other
inactivating * alterations of “pi6™ "™ are
relatively common in cancers. One possible
reason. for this eould be the suggested
additional. role of p16™"" in inhibiting the
spreading and migration of cancer cells, and
possibly even angiogenesis.'"** Particularly
solid tumors cannot grow bevond a size of
about 1-2 mm without additional new blood
vessels.” Although not applicabie to all
cancer types. initiation of such a small
stagnant tumor is usually insufficient to
develop a clinically significant disease
without spreading and angiogenesis. This
could partly explain  why inactivated
pl6™ ¥ is frequently exhibited in clinical
tumors. as clinically significant large and
growing tumors are much more likely to be
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detected than small stagnant tumors, There
appears to be little comparative evidence on
alterations of p16"™"* in small stagnant and
larger growing tumors. General comparisons
of premalignant and malignant tumors™ do
not provide such evidence. simce most
studies on premalignant tissue have not
included tollow-up on stagnancy. However.
absence of pl6™™* tends to correlate with
reduced survival, while eg. loss of pRb
expression does not, in spite of observed
inverse corrglation between loss of pRb and
pl6™*  expressions'™  This  suggests
influcnce by other functions ofp Lo than
cell eyele arrest on the pRb pathway,

Controt of celiular proliferative life span

Normal somatic celis have a limited
life span infterms of thewawumber of possible
cell  divisions., This  limit ™15 generally
auributed 1o graduval'sheseningofielomeres
untt] they are too short to sustain further cell
divisions. Hewever, loss ot functiciwof
pl6"" " or p5S3 can considérably extend! the
linit, and “in thisextension the cffect of
these two proteins is additive. 1% Eventually
such cells stop dividing and reach a slate
calledy crisis. Small number offeells may
escape  theg-etisis  Hmit  and fbecome
immortalised by activating . telomere
maintenance. ustally with the telomerase
enzvme. I this process_lossgof pl™ -
hence  appeafs ot0 4 accur betore
immortalisation !

Immertaiisation. (s aconunenthough
not  exclusive! feature of ntumor  cells.
Frequent loss of ple™* has beet) observed
in immortalised tumareetidlines, while also
several immortalised but notsumerigenic in
viro cell lines have been found te “lagie
functional ple/ e Induced
expression of pl6™™™® (or p21™¥* <Py in
immortalised human fibroblasts leads to
senescence-like growth arrest.”
Spontaneous loss of pl16™*™ expression has
been scen in small colonies of normal
human mammary epithelial cells grown on
standard  serum-frec medium, resulting in
additional  40-30  divisions  beyond  the
nermal limit, until finat permanent growth
arrest ~ Such spontancous loss of of
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pl6™N" expression has been attributed to
methylation of the CpG island of the gene,
and treatment of the cells with the
methylation inhibitor 5-aza-2'-deoxycytidine
has been shown 1o restore plg™c®
expression with the accompanying normal
growth arrest.”

in  certain  cells  like  normal
tibroblasts and retinal pigment epithelial
cefls. transduction of the telomerase
catalytic  subunit (hTERT) cDNA is
sufficient for a large extension of the life
span. " However, other cell tvpes like
heratmgcytes or human mammary epithelial
cells @nly sheyw this extension if either pRb
of plé" M istinactivated. The cell type
dependent diffcrences of the extension
appeat not to bewell understood.'*"’

In several human cell types the
levelsofiple™ " tendto accumulate, so that
a_seneseent.cehtomay contain uip to 40 times
fhe ievels observed in early/passage cells.™
The _continugus accumulation  with  the
namber of ecildivisions suggests that the
increase  in phe. & levels' is not a
copsequence of reaching senescence, and it
has. been speculated that aceumulation of
p16%°" could be invelved in triggering
sencscence  or  possiblye’ related  to
progressive telomere “shortening or other
mitotic ¢lock mechartisms.

Lxpression of #as or raf oncogenes
cammingue chaccimu ldon_of pIG”\mal (and
p3>3). apd prematire sencscence.” This
function oef _sinduction, of premature
semescence has also been found from other
gy clin-dependent  kinase inhibitors."”” The
kKinase - inhibitors” therefore show partially
shared eomplcmentary functions to provide
redundance for the cellular defences. These
tunctions  link  the  mechanisms  of
sencseence to those of cell cycle arrest.

Discussion

High reactivity of the human
genome  can result in more than 100
modifications a dav.”® This is significant
attack in spite of the large size of the
genome, also because the modifications and
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their consequences are not random. They
inflict  particularly  severe carcinogenic
consequences if they can disable some of
the key mechanisms in the cellular defences
to damage or inappropriate oncogene
activation.  Therefore.  the  obscrved
alterations in tumors concentrate on key
regulatory proteins like pte""™* and other
tumor  suppressors in  the  defence
networks.' ¢ Alteration or loss of pl6™"
has been often implicated in a wide range of
different tvpes of cancers. including head
and neck. esophageal. lung. brain. breaSt
colon, bladder and bone canced® aglwell oy
gliomas.  T-cell ac.utt, lymphoblastic
leukemias and melafiomas.' """ In general.
albeit insufficient to initiate cancer alone,
defective p16"1 is the .piost comimon type
genomic damage “In human, cancer after
defective p33. and trequcntlx correlated
with reduéed survival, ="

Understanding of “the functiong, of
pl6™* " has beenscomplicaedy. by he
unusualkcharacter of the.ebrrespondinggene
locus. | Threugh altéfnative reading frames
this locus encodes twe distinetly diffcrent
regulatory, proteins, p16™* and pdd ™. of
which (the latter gfiduces p53sdependent
growth ‘arrest by binding MDM2, stabilising
p33 and “thercbygbromoting patte CRE
inhibit kinase= cwlm complexes required for
G/S  transition ; #1 Genoiig! alterdtion
affecting pT6H&™ gan alsd have an impact
on pl4*™ and therefor@kithout cheekuig it
is possiblel that  phenomena e Lo
alterations in both, proteins are incorrectly
assigned to only ofie“ef themy Tt e 15
evidence sugpesting that the expression o
both of these proteins is regulated. by A
common transcriptional repressor bmi- 1
directly linking the growth arrest ‘runctmn:,
of the pRb and p33 pathways.

G, arrest accounts only for a
minority, about 15-40% of arresting cells
after DNA damage, the majority of arrests
taking place in G, where pl6™* has no
known influence” . and yet mutations or
other inactivating alterations of plé“\m are
relatively common in cancers. A possible
explanation can be found in the suggested
functions of pl6"™™ in inhibiting the
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spreading and migration of mmu cells, and
possibly cven ang;o;:eneslb - Solid tumors
are believed to have a maximum size of
about 1-2 mm without angiogenesis or
additional blood vessels to maintain growth.
Initiation of a single tumor would therefore
not lead to a clinically significant disease
without spreading and angiogenesis. In
addition. loss of pl6"~* function may
facilitate avoiding cellular  senescence,
which is also an important defence
mechanism against genomic damage and
pRcogenesis. The roles in tumor growth and
sencsccige.. could partly  explain - why
dastunctional pl6™ is  frequently
exhibited in clinicabitumors.

On the other hand. a chain of about
six _onéogenic cvents arg believed to be
nefessary 1o dévelop cangeryand within this
¢hain  genevally bothsthe pRb and p33
pathwavs are impaired in tumors.® This
dlone suggests that growth rtgulatlon in Gy
s sigmificante. . caicinogencsis, and
thércfore potentially also the functional role

Cple™™" as aveyctin-dependent kinase
inhibitar. Within  this explanation, the
imppktance of pl6’ N s emphasised by the
obsenvation that aligrationstot 1316”\:!‘-4a and
pRbB are inversely correlatedan tumors.” 52029
his< suggesis that the “qumor suppressor
function’ of pl6e " Mebas considerable
b i ERESSmin,_ spite. “OF gxisting other
members of the INK family-of proteins, so
that pl62°%" Texhibits Himited redundance
withinfthe"pR b pathway. Although there are
other cy¢lin-dependent Kinase inhibitors of
both-.ps3  dependent and  independent
pathways. such as p2 1P and p27°7,
these do et sharc same routes of promotion
or impact with ple™ T Also. little
redundance to plf)'\”(1Et or pRb functions 18
provided by pi30 and pi07, which have
been alse found to be altered in some
twmors.’ Not much redundance can be
expected from p14™" either, since due to
shared coding locus  both  protein
expressions can be dysfunctional when
pl6™ ¥ is altered.

The performance and redundancies
in the network of cellular defences are
characterised by the number of oncogenic
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cvents required tor carcinogenesis. as well
as the relative difficulty by the oncogenic
agents to induce them. Individual molecular
components of the detences are much less
redundant than the system, and with unequal
oncogenic weight. Therefore molecules like
p16™%* with multiple importamt functions
are often dystunctional m tumors. For
reversing the processes that support tumor
initiation and growth, it may hence sulfice
to interfere with the dystunction of very few
key molecules within the cellular defences.
This is also an essential starting point et
much of the current effort_tewards new
therapeutic drugs.
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