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Abstract

CIP/KIP and INK4 families of Cyclin-dependent kinase inhibitors (CKls) are well-established cell cycle regulatory pro-
teins whose canonical function is binding to Cyclin-CDK complexes and altering their function. Initial experiments
showed that these proteins negatively regulate cell cycle progression and thus are tumor suppressors in the context
of molecular oncology. However, expanded research into the functions of these proteins showed that most of them
have non-canonical functions, both cell cycle-dependent and independent, and can even act as tumor enhancers
depending on their posttranslational modifications, subcellular localization, and cell state context. This review aims
to provide an overview of canonical as well as non-canonical functions of CIP/KIP and INK4 families of CKls, discuss
the potential avenues to promote their tumor suppressor functions instead of tumor enhancing ones, and how they
could be utilized to design improved treatment regimens for cancer patients.
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Background

Cyclin-dependent kinase inhibitors are small nucleocy-
toplasmic proteins belonging to two families—CIP/KIP
family encompassing p21CIP, p27KIP1 and p57KIP2,
and INK4 family encompassing p16INK4a, p15INK4b,
p18INK4c and pl9INK4d. CIP/KIP family members
are able to bind all the major cell cycle promoting Cyc-
lin/CDK complexes (Cyclin A, B, D, E with respective
CDK1,2,4,6), and depending on their posttranslational
modification, they can either inhibit or promote the
activity of bound Cyclin/CDK complexes. On the other
hand, INK4 family members can bind only to Cyclin
D/CDK4/6 complexes and work as inhibitors. In non-
transformed cells, members of both families usually
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collaborate to regulate development, differentiation, and
stem cell pool and have partially overlapping functions.
However, in transformed cells, almost all the members
are gaining new tumor-enhancing functions such as
increasing survival, stimulating DNA repair, and apopto-
sis resistance. Since cancer cells usually retain the func-
tionality of at least some CKI members which is evident
from the low frequency of gene deletion across differ-
ent cancer types (Fig. 1), it likely represents an adaptive
trait increasing survival, especially in stressed conditions.
Therefore, there could be a therapeutic opportunity to
shift the balance from the tumor-enhancing function of
these proteins to the tumor-suppressor functions, which
will be discussed throughout this review.

CIP/KIP family

The canonical function of CIP/KIP family proteins—
p21CIP, p27KIP1 and p57KIP2 is regulation of cell cycle
progression through binding different complexes of Cyc-
lins and CDKs [1-3]. Proteins of this family have been
mostly studied as inhibitors of CDK complexes; however,
they can also act as positive regulators through stabilizing
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heterodimers of Cyclins and CDKs [4, 5]. The CIP/KIP
proteins share a high level of structural similarity in their
N-terminal domains that mediates their CDK-inhibitory
actions (kinase inhibitory domains—KIDs) [6, 7]. On the
other hand, they contain intrinsically disordered C-ter-
minal domain (CTD), which differs in sequence among
individual members and has an important regulatory role
[8, 9]. Members of this family have slightly different roles
in normal development, which is illustrated by different
developmental abnormalities in mice lacking individual
members of the CIP/KIP family [10]. Moreover, these
proteins are associated with CDK complexes through-
out the whole cell cycle and exert their inhibitory activi-
ties only under specific conditions that lead to increased
concentration and differential posttranslational modifica-
tions [6] (Figs. 2, 3, 4).

p21CIP
Function

The canonical function of p21CIP in normal, not trans-
formed cells is to regulate the cell cycle mainly through
interaction with Cyclin-CDK complexes. P21CIP
accumulates in normal cells arrested in GO phase and
inhibits the entry into cell cycle through inhibition of
CDK4/6 complexes [11]. In response to environmental
stress it binds also to CDK1 complexes and arrest cells
in G2 phase [12]. P21CIP binds to most of the major
Cyclin/CDK complexes (Cyclin D/CDK4/6, Cyclin E/
CDK2, Cyclin A/CDK?2) [13] and the binding of p21CIP

to Cyclin/CDK complexes is mediated through Cyclin-
binding and CDK-binding motifs. P21CIP contains two
Cyclin binding motifs—N-terminally located Cyl is the
major interaction site, and C-terminal Cy2 is an addi-
tional binding site that provides further refinement
of binding [14]. Optimal inhibition is further ensured
by binding the KID domain to CDK [15]. Addition-
ally, p21CIP inhibits Cyclin/CDK complexes indirectly,
either through displacing cdc25A necessary for full
activation of Cyclin E/CDK2 [16] or through inhibi-
tion of CDK-activating kinase (CAK), which is cru-
cial for phosphorylation of Thr161 on CDK1 and its
full activation [17]. On the other side, p21CIP induces
assembly and activation of Cyclin D/CDK4 complexes,
which can sequester p21CIP from Cyclin/CDK2 com-
plexes, leading to their increased activity and pro-
gression through the cell cycle [7, 18]. However, the
mechanism of p21CIP-mediated activation of Cyclin
D/CDK4/6 is not fully elucidated but likely would be
mediated by specific p21CIP phosphorylation similar
to p27KIP1 [19]. p21CIP also regulates DNA damage
repair, mainly through interaction with PCNA. P21CIP
sequesters PCNA and inhibits the formation of com-
plexes of PCNA with DNA repair machinery that leads
to impairment of mismatch repair [20]. p21CIP accu-
mulates also on the sites of double-strand breaks and
promotes homologous recombination (HR) or non-
homologous end joining (NHE]) depending on the cell
cycle phase [21, 22]. The role of p21CIP in response do
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Fig. 2 A Graphicillustrating the role of p21CIP in normal cells (left cellular part) and in transformed cells (right cellular part). The graphics focuses
on major posttranslational modifications altering the function of p21CIP and depicting major oncogenic pathways responsible for inactivation
or gain-of-function modifications. Created with BioRender.com. B p21CIP domain structure with highlighted sites of posttranslational modifications

DNA damage is further complicated because p21CIP
can either repress or promote apoptosis due to DNA
damage [14].

It is apparent that the role of p21CIP in regulation of
both CDK activation or inhibition as well as in DNA
damage repair and response is dependent on the actual
cellular state and dominant signaling, and is regulated by
p21CIP phosphorylation and localization.

Expression and stability regulation

p21CIP is encoded by CDKNIA gene that is located at
chromosome 6p21.2 in humans and the key transcrip-
tion factor regulating p21CIP expression is p53 [23].
In the canonical scenario, p53 is stabilized and acti-
vated in response to various extrinsic (chemicals, radi-
ation) and intrinsic (replication stress, DNA damage)

stress signals, which leads to increased expression of
p21CIP. Increased abundance of p21CIP inhibits Cyc-
lin/CDK complexes (CDK1, CDK2, CDK4/6) and pro-
motes cell cycle arrest in G1, S, and G2 phases [24].
Therefore, numerous proteins that stimulate p53
stability and transcriptional activity, such as ATM,
BRCA1l, GADD34, or KLF4, also regulate p21CIP
abundance [24]. In addition to p53-dependent tran-
scription, several p53-independent mechanisms stim-
ulate p21CIP expression. Major transcription factors
that regulates p21CIP expression, in the absence as
well as presence of functional p53, are Spl and Sp3
[25]. Spl is activated in response to oncogenic sign-
aling as a fail-safe response that blocks the carcino-
genesis through p21CIP activation [26]. Similarly, Sp1
collaborates with TGFf signaling and activates p21CIP
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expression to block the cell cycle progression [27, 28].
Lastly, the major tumor suppressor protein—Rbl-is
also collaborating with Spl to induce p21CIP expres-
sion thus inhibiting the cell cycle progression [28-31]
Pathways regulating p21CIP expression are upregu-
lated in response to various environmental stresses as
well as oncogenic pathway overactivation the expres-
sion of p21CIP is a major event leading to cell cycle
arrest in the response to stress or oncogene activation.
However, the fact that p21CIP is widely expressed in
human cancers indicates that posttranslational regula-
tion is the key determinant of p21CIP function.

On the post-translationally level p21CIP is mainly
regulated by three major ubiquitin complexes through
the cell cycle: SCFS*2.Cks1, Cul4-DDB1°‘2, and APC/

CCd20 Culg©? and SCFS*P? ubiquitin ligase degrade
p21CIP, mainly in the S-phases of the cell cycle. Cul4-
mediated degradation of p21CIP is triggered by PCNA,
which ensures transition through S-phase in the absence
of stress signals (e.g., DNA damage) [32, 33]. Similarly,
the SCF complex destabilizes p21CIP throughout G1 and
S-phase, which leads to cell cycle progression [34—36].
The last major ubiquitin ligase complex, APC/CC4%,
controls the ubiquitin-mediated degradation of p21CIP
in prometaphase [37]. Little is known about deubiqui-
tination of p21CIP. So far the only identified p21CIP-
specific deuibiquitinase is USP11. USP11 is activated in
response to DNA damage and deubiquitinates p21CIP,
which leads to its stabilization and facilitation of cell
cycle arrest and DNA damage repair [38]. Activity of
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p21CIP-destabilizing systems is increased in cancer cells
which is one of the avenues to bypass upregulation of
p21CIP transcription and promote cancer growth. More-
over, the degradation of p21CIP is further stimulated
through its posttranslational modifications, which will be
discussed in the following sections.

Posttranslational modifications

Despite p21CIP being a relatively small protein, it is
highly modified post-translationally, mostly through
phosphorylation. Multiple signaling pathways target
p21CIP, which serves as a hub for integrating different
signals to regulate the cell cycle, DNA damage repair,
transcription, or apoptosis. There are four major sites
of phosphorylation on p21CIP-T57, S130, and T145/

S146 (Fig. 2A, B). Threonine 57 is targeted by GSK3p
and ERK1/2, which leads to its export to the cytoplasm,
destabilization, and degradation [39, 40]. On the other
side, phosphorylation of the same Thr57 by Mst1/2, JNK,
or p38 leads to its stabilization and cell cycle arrest [41,
42]. The same context dependency has been described
also for other phosphorylation sites. Phosphorylation of
Ser130 by ERK1/2 or Cyclin E/CDK2 leads to p21CIP
degradation, and the same phosphorylation mediated by
JNK and p38 stabilizes p21CIP [42-44]. Similarly, phos-
phorylation of Thr-145 and Ser146 by different kinases
has different effect. The major kinase promoting phos-
phorylation of these residues is Akt, and phosphoryla-
tion of Thr145 and Ser146 by Akt leads to disruption of
binding to PCNA, p21CIP stabilization, and export to the
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cytoplasm where it exerts its pro-survival functions [45,
46]. Since Akt is commonly upregulated in various can-
cers, phosphorylation of p21CIP on Thr145 and Serl46
is clear demonstration how oncogenic signaling not
only inhibits anti-proliferative functions of p21CIP, but
also stimulates its pro-survival role. Another kinase that
was shown to promote phosphorylation of these sites is
Pim1. In vivo, Pim1 stimulates phosphorylation of both
sites however, in vitro experiments show that Pim1 only
phosphorylates Thr145, which leads to p21CIP stabiliza-
tion [47]. This seems to promote S146 phosphorylation
and export to cytoplasm and stimulation of survival in
response to stress [47]. On the other hand, phospho-
rylation of Thr145 in the context of active Pim2 leads to
stabilization of p21CIP and cell cycle arrest [48]. Inter-
estingly, this phosphorylation is not associated with the
phosphorylation of S146 nor with p21CIP export to the
cytoplasm. Finally, Serl46 is also phosphorylated by
Lats2 after UV irradiation independently of Thr145 phos-
phorylation, and it leads to its decreased stability [49].
This decreased stability is translated into a higher rate of
apoptosis, which is likely caused by decreased p21CIP-
mediated caspase inhibition [49]. The importance of the
Thr145/Ser146 phosphorylation is also substantiated
by the fact that Thrl45 phosphorylation is promoted
by methylation of Argl56 by PRMT6, which leads to
p21CIP cytoplasmic localization and increased survival
[50]. In summary, the output of p21CIP phosphoryla-
tion depends on multiple factors, such as the interaction
between different phosphorylation sites, cellular context
and type, and the trigger (Fig. 2A). Therefore posttrans-
lational modification of p21CIP, mainly phosphorylation,
could overcome increased expression that is stimulated
by various stresses or even the overactivation of the com-
mon oncogenes.

Role in cancer

Since the p21CIP function is highly context-depend-
ent, it is no surprise that the role of p21CIP in cancer
is not as straightforward as initially thought. In mouse
models of carcinogenesis, deletion of p21CIP led to
higher susceptibility to development of hematologic,
epithelial and endothelial tumors [51, 52], and these
mice are more prone to develop colonic tumors after
treatment with chemical carcinogen [53]. Interestingly,
the role of p21CIP is quite different in established
tumors treated with anticancer drugs. Various in vitro
and in vivo models showed that tumor cells with dele-
tion of p21CIP are more susceptible to chemotherapy
such as Chkl inhibitors, platinum-based compounds,
microtubule inhibitors or irradiation [54-57]. In
comparison to mice-derived results, human cancer
data shows that it is more complicated [58]. TCGA

Page 6 of 28

database analysis shows that the CDKDNI1A gene is
mutated only in~2% of cases across different can-
cer types, and more than half of those mutations are
gene amplifications. Additionally, mRNA expression
is associated with worse overall survival in patients
with gastrointestinal tumors, lung adenocarcinoma, or
breast cancer [58, 59]. As it is established that p21CIP
concentration is a crucial determinant of its func-
tion, it is maintained at low levels in the majority of
tumor types. For example, in osteosarcoma and lung
adenocarcinoma, p21CIP is maintained at low levels
by increased expression of Cul4-DDB1¢T°2 E3 ubiqui-
tin ligase, resulting in cell cycle progression [60, 61].
Similarly, in melanoma, the expression of p21CIP is
inhibited by the epigenetic regulator EZH2, and EZH2
knockdown in melanoma cells rescues p21CIP expres-
sion [62]. In contrast to its proposed tumor suppressor
role, p21CIP can promote tumorigenesis mainly when
localized in the cytoplasm, which is in agreement with
the evidence that major survival pathways (Akt, p38)
induce phosphorylation of p21CIP and its export to
cytoplasm [45]. For example, p21CIP also plays a role
in oncogenesis while located in the cytoplasm, where
it upregulates pathways associated with survival and
apoptosis resistance [63, 64]. It is becoming clear
that transient overexpression of p21CIP in certain
cell populations and states and its posttranslational
modification is more important for its role in cancer
than steady-state levels. An increasing amount of evi-
dence shows that p21CIP promotes drug resistance
mainly through two distinct mechanisms in two differ-
ent subcellular compartments. Cytoplasmic localiza-
tion of p21CIP regulated by its T145 phosphorylation
confer resistance to several anticancer treatments.
It stimulates resistance to paclitaxel and cisplatin in
ovarian cancer [65, 66] or resistance of colorectal can-
cer to 5-fluorouracil [67]. In cytoplasm, p21CIP can
directly bind and inhibit pro-apoptotic mitochondrial
pathways [68, 69] or inhibit translocation of proap-
optotic proteins into the nucleus by masking their
nuclear localization signal [67]. While cytoplasmic
p21CIP functions are largely independent of its cell
cycle inhibitory function, p21CIP can indirectly pro-
mote therapy survival of cancer cells through cell cycle
arrest and increased protection of cells from DNA
damage [70, 71]. Additionally, p21CIP-mediated cell
cycle arrest is crucial for the maintenance of stem cells
in certain conditions. In hematopoietic stem cells,
p21CIP expression ensures their dormant phenotype
and is crucial for maintaining the hematopoietic stem
cell pool [72]. Similarly, p21CIP could function as a
regulator of cancer cell stemness. However as of now,
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there is no clear evidence confirming or disproving
this, and more research is needed.

Overall the role of p21CIP in human cancer is complex
but several conclusions could be suggested. Induction of
p21CIP transcription after cellular stress (DNA damage,
oxidative stress, oncogene overactivation) promotes cell
cycle arrest and protects organisms from tumorigenesis.
However, cancer cells bypass this restriction by either
maintaining low levels of p21CIP through increased
degradation or modifying its function through specific
phosphorylation. Moreover, specific phosphorylation of
p21CIP stimulated by oncogenic signaling not only inhib-
its its tumor suppressor function, but also stimulates its
tumor promoting role such as apoptosis protection.

p27KIP
Function
Protein p27KIP1, encoded by the CDKN1B gene, which
is located at chromosome 12, was first identified as the
CDK2 inhibitor when treating mice epithelial cells with
Tumor Growth Factor p (TGF- B) [73, 74]. Since then,
multiple cellular functions in the regulation of growth
and development have been attributed to p27KIP1 defi-
cient mice [51, 75-77]. As it belongs to the CIP/KIP fam-
ily of CDK inhibitors, its canonical function is to bind
Cyclin/CDK complexes and regulate their functions
[78]. Like the other members of the CIP/KIP family, it
possesses a binding domain as well as a CDK inhibitory
domain (KID) that contains regulatory tyrosines [79, 80].
In its active form, p27KIP1 binds and inhibits Cyclin
E(A)/CDK2, Cyclin (B)/CDK1, and Cyclin D/CDK4/6
complexes [80]. However, more detailed studies have
revealed that the function of p27KIP1 is modulated by its
phosphorylation. In the case of Cyclin D/CDK4, unphos-
phorylated p27KIP1 promotes the assembly of Cyclin D/
CDK4/6 complexes, and its phosphorylation on Thr157
and Thr198 by Akt greatly enhances its scaffolding activ-
ity [4, 81]. However, these complexes are only partially
active, and only subsequent phosphorylation by non-
receptor tyrosine kinases (NRTK) on tyrosines 74 and
88 leads to conformational change and subsequently to
full activation, where the trimeric complex is more active
than Cyclin D/CDK4 heterodimer itself [19, 82]. Simi-
larly, p27KIP1 that is not phosphorylated on Tyr74 and
Tyr88 binds to Cyclin E/A/B—CDK1/2 complexes and
inactivates them. Subsequent phosphorylation of those
tyrosine residues leads to trimeric complex dissociation,
stimulation of threonine 187 phosphorylation by liber-
ated Cyclin E/A/B-CDK1/2 complexes and p27KIP1
degradation which leads to cell cycle progression [79, 80].
Therefore, the key function of p27KIP1 is to regulate the
cell cycle progression, especially the exit from the cell
cycle into quiescence and maintaining the GO phase. This
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role is the most dominant in non-transformed cells, how-
ever, p27KIP1 is also important for cancer cell quiescence
regulation in conjunction with adjacent pathways [78].
Beyond inhibition of cell cycle progression, several other
nuclear and cytoplasmic functions of p27KIP1 were iden-
tified. In the nucleus, p27KIP1 engages in the regulation
of gene transcription both as a co-repressor and as a co-
activator. P27KIP1 associates with p130, E2F4, HDACI,
and Sin3A in quiescent cells and regulates gene expres-
sion leading to a more profound GO phase [83]. Moreo-
ver, there is an interplay between p27KIP1 and p300/
CBP-associated factor (PCAF) at PCAF-regulated gene
promoters where p27KIP1 represses the transcription,
and PCAF activates it, which serves as a fine-tuning of
target gene expression [84]. On the other hand, p27KIP1
emerged as an important regulator of EMT through the
co-activation of c-Jun-mediated transcription programs.
C-terminally phosphorylated p27KIP1 (p27pT157pT198)
is recruited to chromatin together with c-Jun and upreg-
ulates TGF-P2 expression leading to TGFp signaling acti-
vation, EMT, and invasion [85]. Similarly, cytoplasmic
c-terminally phosphorylated p27KIP1 promotes EMT
through STAT3. P27pTIpT interacts with JAK2, which
leads to increased phosphorylation of STATS3, its trans-
location to the nucleus, and activation of expression of
TWIST, which subsequently promotes EMT and inva-
siveness [86]. p27KIP1 also promotes the turnover of
actin and actin cytoskeleton through RhoA regulation.
P27KIP1 binds directly to RhoA and inhibits its associa-
tion with Rho-GEFs (guanine nucleotide exchange fac-
tors), leading to downregulation of ROCK]1 activity and
increased actin cytoskeleton turnover [87]. Interestingly,
similar to the cytoplasmic function of p21CIP, serine 10
phosphorylated p27KIP1 has been shown to be localized
to cytoplasm and promote apoptosis resistance of HeLa
cells [88]. Finally, p27KIP1 has been implicated in the
control of autophagy and vesicular trafficking. P27KIP1
binds to LAMTORI, a scaffolding protein important
for RAGULATOR complex and downstream mTORC1
activation. P27KIP1 binding to LAMTORI inhibits its
GAP activity (GTPase activation protein), thus prolong-
ing RHEB GTP loading and subsequent mTORC1 activ-
ity [89, 90]. To conclude, even though p27KIP1 default
function is inhibition of Cyclin/CDK complex activity,
this function is greatly influenced by its posttranslational
modification. These modifications are mostly promi-
nent in transformed cells where overactivated oncogenic
kinases such as Src or Akt are switching off its tumor
suppressor role and turning on its tumor promoting role.

Expression and stability regulation
Similar to p21CIP, the expression and stability of p27KIP1
are tightly regulated mostly by mitogenic signaling.
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Mitogen-activated signaling pathways, such as MAPK or
PI3K/Akt, inhibit the transcription of p27KIP1 mRNA
through the action of several transcriptional repressors.
One of the major repressors inhibiting p27KIP1 tran-
scription is AP-1 TF consisting of c-Jun and c-Fos, which
binds the CDKNI1B promoter after mitogenic stimula-
tion and blocks p27KIP1 mRNA transcription [91]. In
contrast, expression of Forkhead transcription factors
(AFX, FKHR, and FKHR-L1) stimulates the expression of
p27KIP1 mRNA and blocks the transition of cell cycle in
G1 phase. These factors are phosphorylated by oncogenic
Akt, which stimulates their nuclear export and prevents
activation of p27KIP1 mRNA expression [92]. FoxOla,
FoxO3a and FoxO4 transcription factors work in a simi-
lar fashion—they promote expression of p27KIP. There are
several kinases that phosphorylates these transcription
factors and prevent increased expression of p27KIP1.
Two main pro-survival kinases (Akt, SGK) are phos-
phorylating FoxO factors which leads to their sequestra-
tion in cytoplasm and preventing stimulation of p27Kip
expression. This leads to promotion of cell survival in
the presence of apoptotic stimuli [93, 94]. Additionally
Pim kinase family members (Pim1, Pim2, and Pim3) also
phosphorylate FoxO1 and FoxO3a transcription factors
and prevent p27KIP1 transcription [95]. Finally, p27KIP1
mRNA expression is also stimulated by the major pro-
proliferative transcription factor E2F1, which binds to
the p27KIP1 promoter and activates mRNA and protein
expression of p27KIP1 [96]. Since p27Kip has differential
role in regulation of cell cycle, this loop can both promote
progression of cell cycle through stimulation of CDK4/6-
Cyclin D activity as well as inhibit cell cycle progression
and stimulate the apoptosis by blocking the activity of
CDK1-Cyclin A/B complexes [96]. Posttranslational reg-
ulation of p27KIP1 protein stability is controlled more
extensively. The major ubiquitin ligase responsible for
p27KIP1 degradation is SCF(Skp2) in association with
Cks1 [36, 97]. This complex’s activity peaks in the S-phase
when p27KIP1 degradation is happening. This degrada-
tion is triggered by T187 phosphorylation by CDK2 [98].
The major compartment of p27KIP1 degradation is the
cytoplasm, where another 2 complexes were identified to
be responsible for its degradation. Pirh2 directly ubiqui-
tinates p27KIP1 and targets it to degradation by protea-
some. Pirh2 expression steadily increases from the late
G1 phase, and it cooperates with SCF for p27KIP1 deg-
radation throughout S-phase [99]. Lastly, the KPC ubiq-
uitin ligase complex was identified to be responsible for
p27KIP1 degradation on the transition between GO and
G1 phases, and this degradation takes place only in the
cytoplasm [100]. Although p27KIP1 is a major regulator
of cell quiescence, its functionality depends on the locali-
zation and posttranslational modifications.
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Posttranslational modifications

Similarly, to p21CIP function, localization, and stabil-
ity of p27KIP1 are extensively regulated by posttransla-
tional modifications, mainly phosphorylation. There are
6 major phosphorylation residues that affect the function
and stability of p27KIP1-S10, Y74, Y88, T157, T187, and
T198 (Fig. 3A, B). Phosphorylation of S10 is the key event
that stimulates nuclear export as well as stabilization of
p27KIP1 [101]. S10 phosphorylated p27KIP1 is bound
by CRM1, which facilitates its export to cytoplasm [102].
S10 phosphorylation significantly increases p27KIP1
stability and must be dephosphorylated to be degraded
[101]. There are several kinases targeting this site. Akt is
the major kinase phosphorylating S10, and this phospho-
rylation also stimulates the sequential phosphorylation of
Thr187 [103]. Interestingly this phosphorylation is stimu-
lated under physiologically relevant conditions such as
oxidative stress which indicates that p27KIP cytoplas-
mic localization is important for cell survival [103]. Same
serine 10 is also target for Calmodulin-dependent pro-
tein kinase II (CaMKII) and this phosphorylation leads
to export to the cytoplasm and stimulation of apoptosis
resistance [104]. Phosphorylation of S10 could be one
of the first steps in the GO-G1 transition, as this phos-
phorylation mediates its export to the cytoplasm and
stabilizes it [101]. Cytoplasmic p27KIP1 then binds to
Cyclin D and CDK4/6 and promotes the assembly of the
complex [4]. In cytoplasm, p27KIP1 is also phosphoryl-
ated on Y74 and Y88 by non-receptor tyrosine kinases
such as Src family kinases or Abl. This phosphorylation
leads to a conformational change and increased activity
of the trimeric p27KIP1/Cyclin D/CDK4/6 complex [19].
Phosphorylation of T157 and T198 has a similar func-
tion to S10 phosphorylation—nuclear export. These two
sites are phosphorylated by Akt and Pim kinases, which
leads to the binding of 14-3-3 protein and export to
cytoplasm [95, 105, 106]. The fate of threonine phospho-
rylated p27KIP1 then depends on the cellular context.
Phosphorylation of T198 increases its association with
Skp2, which might lead to its degradation. However, dou-
ble phosphorylated p27KIP1 (pT157pT198) promotes
cell motility and EMT through various mechanisms
described above [86]. On the other hand, phosphoryla-
tion of T187 unambiguously leads to its Skp2-mediated
degradation [107, 108]. This is in agreement with the
fact that T187 is a major phosphorylation site targeted
by Cyclin A(E)/CDK2 complexes [109] or ERK1/2 [110].
An additional modification that regulates p27KIP1 sta-
bility is the acetylation of lysin 100 by PCAF. P27KIP1 is
acetylated mainly at the beginning of the G1 phase, lead-
ing to its proteasomal degradation, which is independ-
ent of the SCF complex [111]. Acetylated p27KIP1 could
counteract stabilizing phosphorylation on T157/198 and
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increase its degradation at the GO-G1 transition. In sum-
mary, posttranslational modifications of p27KIP1 play
crucial role in regulating its function. Overactivated pro-
survival and pro-proliferative signaling pathways, seen in
majority of the cancers, leads to stimulation of specific
p27KIP1 phosphorylation which in turn results in cyto-
plasmic localization, emergence of tumor-promoting
functions of p27KIP1 such as enhancing of Cyclin D/
CDK4/6 complex assembly or EMT and invasiveness
boosting (Fig. 3A).

Role in cancer

The role of p27KIP1 in cancer development is context
dependent. Initial in vivo mice experiments showed that
knock out of p27KIP1 leads to increased number of pitui-
tary adenomas and are more susceptible to chemically
induced colon adenocarcinomas [77, 112]. However this
phenotype was not recapitulated in H-Ras stimulated
lung tumors where deletion of p27KIP had no effect on
number of lung tumors, in prostate mouse model of car-
cinogenesis (Nkx3.17~; Pten*'~; p2777) or in intestinal
adenocarcinoma mouse model driven by Smad3 dele-
tion [51, 113, 114]. Additionally, Besson and Roberts
prepared a mouse model of carcinogenesis where the
wild type p27KIP1 was replaced by mutant form unable
to bind canonical CDK complexes (p27°%~) and showed
that mice with this mutation develop tumors to a much
bigger extent than mice with complete p27KIP1 knock-
out, and these tumors are also significantly larger [53].
When looking at the human cancers, similarly to p21CIP,
p27KIP1 is not extensively mutated in human cancers,
indicating a context-dependent role. In agreement with
its tumor-suppressing canonical function, p27KIP1 is
downregulated in various cancer types, such as prostate
cancer [115], lung adenocarcinoma [99, 116], colorectal
carcinoma [117], bladder cancer [118], endometrial can-
cer [119], breast cancer [120], and glioblastoma [121], and
this downregulation is associated with a worse prognosis
and lower overall survival [121]. Inhibition of the tumor
suppressor function of p27KIP1 in these tumors is medi-
ated by its nuclear export and increased degradation. On
the other hand, several reports show that relocation of
p27KIP1 into the cytoplasm leads not just to disinhibi-
tion of nuclear CDKs, but also has pro-tumorigenic role
and cytoplasmic localization of p27KIP1 is associated
with poor prognosis and patient survival with osteosar-
coma [122], lung carcinoma [123], hepatocellular carci-
noma [124], urothelial carcinoma [86], renal carcinoma
[125] and melanoma [126]. In contrast to the pro-tum-
origenic role of p21CIP in promoting survival and apop-
tosis resistance, the pro-tumorigenic role of p27KIP1 is
predominantly linked to its EMT-promoting capabilities.
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As discussed in the “Function” section, C-terminally dou-
ble phosphorylated p27KIP1 (p27pTpT) promotes EMT
and invasion through stimulation of TGF-p2 and TWIST
expression [85, 86]. Indeed, high cytoplasmic expression
of p27KIP1 correlates with higher metastatic spread of
osteosarcoma, breast cancer, or melanoma [127-129].

Evidence to date shows that p27KIP1 has both tumor
promoting as well as tumor suppressing function which
depends mainly on the developmental stage of the cancer
as well as on the signaling context. In the initial phases of
tumor development acts as a barrier for transformation,
however in later stages, it is posttranslationally modi-
fied and functions mainly to promote tumor growth and
dissemination.

P57KIP2

The third member of the CIP/KIP family, p57KIP2, is
the least studied. Although it possesses non-canonical
functions similar to other family members, to date, it
has been described as a bona fide tumor suppressor.
P57KIP2 is encoded by the CDKNIC gene located at
chromosome 11 [130], and its key role is the inhibition of
Cyclin/CDK complexes, mainly at the G1-S phase tran-
sition [130]. P57KIP2 interacts with Cyclins and CDK
through its N-terminal domain but also contains addi-
tional domains shared with other family members and
unique domains that mediate p57KIP2-specific inter-
actions and functions that will be described later [131].
The key function of p57KIP2 is the cell cycle inhibition
through CDK complexes inhibition, which is supported
by the fact that forced overexpression of p57KIP2 leads
to cell cycle arrest in G1 [130]. Similarly to other family
members, p57KIP2 promotes the assembly of Cyclin D/
CDK4/6, and it contains conserved tyrosine that could
be phosphorylated and increase the activity of CDK4/6.
However, there is no evidence for it yet. Additionally,
p57KIP2 inhibits the cell cycle through interaction with
PCNA [132]. P57KIP2 contains PCNA-binding site on
its C-terminus and disruption of this binding site reduce
the ability of p57KIP2 to inhibit myc and Ras-mediated
transformation [132]. Regulation of the cell quiescence,
stemness, and differentiation is directly linked to inhibi-
tion of the cell cycle, and p57KIP2 is implicated in the
control of all of those aspects, which is further supported
by the “at birth” lethality of p57KIP2 KO mice [133, 134].
p57KIP2 is mostly involved in regulating the develop-
ment of central and peripheral nerve systems, musculo-
skeletal systems, and maintenance of the adult stem cell
population [131].

Besides its role in cell cycle regulation, p57KIP2 is
engaged in the regulation of other cellular processes,
such as cell motility, apoptosis, or transcription. P57KIP2
contains a unique central PAPA domain that binds
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LIMK1 kinase [135]. LIMKI1 kinase is one of the key
kinases regulating the actin cytoskeleton through cofilin
phosphorylation. Activation of LIMK1 leads to inactiva-
tion of cofilin and decreased actin turnover [136]. Two
contradictory scenarios where p57KIP2 interacted with
LIMK1 were described. Yokoo and colleagues showed
that overexpression of p57KIP2 sequestered LIMK1
kinase in the nucleus, which led to decreased stress fiber
formation [135]. On the contrary, Vlachos and Joseph
showed that overexpression of p57KIP2 led to stimula-
tion of LIMK1 activity in the cytoplasm without nuclear
localization, which ultimately led to increased stress fiber
formation and decreased cell motility [137]. These con-
tradictory results could be explained by the fact that the
first study looked at the non-transformed cells (COS-7)
and the second one on transformed HeLa cells, which
suggest additional regulation of p57KIP2 function in can-
cer cells. Supporting evidence for p57KIP2 as a motility-
restricting protein came from Sakai and colleagues, who
expressed p57KIP2 in glioblastoma cells and showed that
it greatly decreased invasion [138]. p57KIP2 has been
shown to be involved in apoptosis regulation both as pos-
itive and negative regulator. P57KIP2 is phosphorylated
by p38, which stimulates its affinity for CDK2, leading
to cell cycle arrest and activation of reparatory mecha-
nisms [139]. Moreover, p57KIP2 interacts with JNK and
inhibits its pro-apoptotic functions in response to UV
[140]. On the other hand, few reports show that p57KIP2
overexpression potentiates the effect of genotoxic stress,
however the mechanistic elucidation of the signaling is
not compelling [141, 142]. Like p27KIP1, p57KIP2 can
directly bind several transcription factors and regulate
their function, mostly associated with development and
differentiation. P57KIP2 binds MyoD, which results in
its stabilization and increased MyoD-mediated tran-
scription, which leads to myogenic differentiation [143].
p57KIP2 is crucial for neuronal differentiation as well — it
binds several basic helix-loop-helix factors (bHLH) such
as Mash1, NeuroD, Math2, or Nurrrl and thus regulates
the differentiation of neurons [144, 145]. Similar to other
members of CIP/KIP family, p57KIP2 possess additional
functionality beyond regulation of CDK complexes. The
most prominent role is interacting with transcription fac-
tors that are required for differentiation and therefore
regulating organismal development.

Expression and stability regulation

Expression of p57KIP2 is regulated by multiple signals
and transcription factors, which reflects its pleiotropic
role in differentiation. Transcription of p57KIP2 is posi-
tively regulated by E2F1 [146], SP1 [147], HIF-a [148],
TGE-B [149], and MyoD through a p73-dependent path-
way [150]. On the contrary, Jabl/Csn5 [151] and Hesl
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effector of the Notch signaling [152] act as p57KIP2
transcription inhibitors and promote the cell cycle pro-
gression. P57KIP1 expression is largely regulated by
epigenetic modification. CDKNIC promoter contains
numerous CpG islands that can be methylated, leading
to inhibition of CDKNIC transcription, which is one of
the main mechanisms of p57KIP2 inactivation in cancer
[153]. Additional histone modifications, such as dea-
cetylation and methylation, near the promotor region
of p57KIP2, also contribute to negative regulation of
its gene expression (153). Major epigenetic modifiers
responsible for p57KIP2 downregulation are HDAC1/2
[154], Lsh [155], EZH2 [156], and DNMT3a [157] and
inhibition of these enzymes leads to restoration of
p57KIP2 expression [147]. On the protein level, p57KIP2
is regulated by proteasomal degradation. Similarly to
other members of the CIP/KIP family, the major destruc-
tion complex for p57KIP2 is also SCF-Skp2-Cks1 [158],
which ubiquitinates p57KIP2 in response to its phospho-
rylation by Cyclin E/CDK2 complex [158]. Additionally,
two F-box proteins bind and target p57KIP2 for SCE-
mediated ubiquitination. TGFP1 stimulates the expres-
sion of F-box protein FBL12 in osteoblasts, which results
in binding to Threonine 310-phosphorylated p57KIP2
and targets it for degradation [159]. Another F-box pro-
tein, FBXO22, is increased in hepatocellular carcinoma
or cervical carcinoma, where it promotes cancer progres-
sion by binding to p57KIP2 and targeting it to degrada-
tion, similar to Fbxo22-mediated p21CIP degradation
[160, 161]. Finally, RNF26 was identified as the only
non-SCF complex ubiquitin ligase degrading p57KIP2
in response to FoxM1-stimulated RNF26 transcription
which is one of the tumor promoting factors in develop-
ment of bladder carcinoma [162].

Posttranslational modifications

Very little is known about the posttranslational modifi-
cations of p57KIP2. To date, three phosphorylation sites
on p57KIP2 have been described in more detail-Threo-
nine 143, Serine 282, and Threonine 310 (Fig. 4A, B).
Ser282 and Thr310 are phosphorylated by Akt, which
further strengthens the link between PI3K/Akt signaling
and the CIP/KIP family of CKIs [163]. Phosphorylation
of p57KIP2 by Akt induces its cytoplasmic localization
and subsequent degradation. Regulation of cytoplas-
mic localization of p57KIP2 by Akt-mediated phospho-
rylation follows the identical mechanism for other CIP/
KIP family members. However, the route to degradation
is not understood well, although increased Akt activ-
ity decreases the half-life of p57KIP2 [163]. Further-
more, CDKs also phosphorylate p57KIP2 on Threonine
310, which increases its affinity to the SCF complex and
stimulates its proteasomal degradation [158]. Finally,
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p57KIP2 is phosphorylated by major stress-sensing
kinase p38 on threonine 143 [139]. As opposed to Akt or
CDK phosphorylation, p38-mediated T143 phosphoryla-
tion leads to the stabilization of p57KIP2 and increased
association with CDK2, resulting in inhibition of the cell
cycle progression in response to environmental stress
[139]. Interestingly, high throughput experiments identi-
fied additional sites on the C-terminus of p57KIP2 (S297,
$299, T306) that are dephosphorylated in response to
Aurora kinases inhibition, which indicates that p57KIP2
is phosphorylated in mitosis and probably targeted to
degradation [164]. To date, the role of p57KIP2 phos-
phorylation has not been explored to a great depth and
only canonical phosphorylations were identified — pro-
proliferative signals promote phosphorylation leading
to p57KIP2 degradation (T143, S282), and stress signals
promote stabilizing phosphorylation (T310) (Fig. 4A).

P57KIP2 role in cancer

Scientific evidence on p57KIP2’s role in cancer gathered
to date points out that p57KIP2 is a bona fide tumor
suppressor, and no tumor-promoting function has been
assigned. Experiments utilizing p57KIP2 complete
knockout mouse model confirmed its major role in regu-
lation of development and cellular differentiation as com-
plete knockout leads to embryonal and perinatal lethality
and only 10% of animals reach adulthood [133, 134]. Mice
surviving to adulthood however do not exhibit higher
rate of spontaneous tumorigenesis [134]. In human can-
cers, decreased p57KIP2 expression is observed in vari-
ous types of malignancies, including hepatocellular [151],
prostate [165], colorectal [166], pancreatic [167], pulmo-
nary [168], and breast [169], as well as in bladder cancer
[170]. Additionally, p57KIP2 expression negatively corre-
lates with tumor aggressiveness and survival [171, 172].
The major mechanism of p57KIP2 downregulation in
cancer is epigenetic chromatin modification of CDKNIC
promoter. CDKNIC promoter DNA hypermethylation is
the most common mechanisms, and inhibition of DNA
methylation indeed increases p57KIP2 expression and
impairs tumor growth [173]. Similarly, deposition of
methyl marks on H3K27 within CDKNIC locus EZH1/2
is another key cancer-promoting epigenetic modification
that downregulates p57KIP2 expression. Indeed inhibi-
tion of EZH1/2 results in increased p27KIP1 expression
and tumor growth inhibition [174]. Finally, p57KIP2 deg-
radation in tumors is increased in response to oncogenic
signaling as well. PI3K/Akt pathway is commonly upreg-
ulated in tumors, which results in increased p57KIP2
phosphorylation (T143, $282), nuclear export, and deg-
radation [175]. Interestingly, Oka and colleagues iden-
tified p57KIP2-positive quiescent cancer stem cells in
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colorectal cancer responsible for tumor recurrence after
chemotherapy. Eradication of p57KIP2 + quiescence cells
leads to suppression of tumor regrowth, which indicates
possible therapeutic potential [176].

P57KIP2 is the least studied member of CIP/KIP family
and its role in cancer has not been elucidated to a satis-
factory degree. In general, its anti-proliferative function
is well established but other non-canonical functions
such as apoptosis regulation or cancer stem cell mainte-
nance deserves more attention.

INK4 family

The major role of the INK4 protein family, consist-
ing of four Cyclin-dependent kinase inhibitors (CDKI),
pl6INK4a, pl5INK4b, pl18INK4c, and pl9INK4d, is
inhibition of the progression of the cell cycle by directly
binding to Cyclin-dependent kinase 4 and 6 (CDK4,
CDKS6) and inhibiting their function [177]. The first dis-
covered members of the family [178, 179] p16INK4a and
p15INK4b are encoded by related homologous genes
(CDKN2A and CDKN2B) located on chromosome 9p21
[180, 181] within the same gene locus. Besides p16INK4a
and p15INK4b Cyclin-dependent inhibitors, INK4/ARF
locus encodes also tumor suppressor p14“ff (encoded
from CDKN2A gene using alternative reading frame),
which stabilizes p53 through inhibition of MDM2, thus
activating p53-induced apoptosis [182]. The remaining
members of the INK4 family, p18INK4c and p19INK4c
are encoded by genes CDKN2C and CDKN2D located on
chromosomes 1p32.3 and 19p13 [183]. While p16INK4a
and p15INK4b consist of four tandem ankyrin repeats,
p18INK4c and pl9INK4d contain five ankyrin repeats
[184]. Proteins of the INK4 family structurally share a
similar protein fold, but p18INK4c and p19INK4d share
less amino acid sequence homology with pl6INK4a,
p15INK4b, or each other [180, 185].

INK4 family of Cyclin-depend kinase inhibitors directly
binds to CDK4 and CDK®6 subunits, which leads to allos-
teric change, inactivation of their catalytic activity, and
inhibition of the formation of CDK-Cyclin complexes
[186]. This inhibits downstream phosphorylation of Ret-
inoblastoma protein 1 (Rb1) and subsequently leads to
the repression of transcription of S-phase genes and cell
cycle arrest [187]. INK4/ARF locus represents a master
growth regulator due to its capacity to modulate both
proliferation and apoptosis [188] (Figs. 5, 6,7, 8).

p16INK4a

Function

As stated above, the major role of p16INK4a is the inhi-
bition of CDK4/6 in response to environmental stresses
such as DNA damage, oxidative stress, or oncogene over-
activation [182, 189]. The primary sides of pl6INK4a
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interactions are helix-turn-helix structures present in
the tandem ankyrin repeats. The binding of CDK®6 to the
cavity of p16INK4a exposes its catalytic cleft inducing an
electrostatic interaction between D84 of p16INK4a and
R31 of CDK6 (R24 in CDK4), possibly causing a decrease
in the kinase activity [190, 191]. Interaction of p16INK4a
with CDK4/6 not only directly inhibits CDK4/6 activ-
ity but also releases non-INK4 family of CKIs such as
p27KIP1 from the complex, allowing them to bind to
other Cyclin/CDK complexes (e.g., Cyclin E(A)/CDK2)
and inhibit their function [186, 192]. An additional
mechanism of the pl16INK4a cell cycle inhibition relies
on its interaction with the general transcription fac-
tor TFIIH. This interaction inhibits the phosphorylation
of the carboxyl-terminal domain of the large subunit of
RNA polymerase II and downregulates global mRNA
transcription [190]. Finally, p16INK4a has been reported

to interfere with c-Jun N-terminal kinases 1 and 3 (JNK1
and JNK3) pathways. However, binding of p16INK4a to
JNK1/3 doesn’t affect its phosphorylation, rather inhib-
its downstream phosphorylation of c-Jun which impairs
Ras-JNK-Jun-AP-1 signaling [190, 193]. An unbiased
proteomic study aiming at the identification of p16INK4a
interactors revealed that it interacts with a wide variety
of cellular proteins. p16INK4a interacts with PCNA and
MCMS6, which are proteins that play a role in DNA rep-
lication. Furthermore, it interacts with several cytoskel-
etal proteins (two actin isoforms, four tubulin isoforms,
alpha-actin, and myosin regulatory light chain 2), two
components of the pre-mRNA splicing machinery of the
spliceosome (Ul snRNP A, snRNP-B proteins), chap-
erones and stress proteins assisting in protein folding.
Despite significant p16INK4a interactome, functional
characterization of these interactions is completely
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absent [194]. Since pl16INK4a is the major inhibitor of
cell cycle progression, it is not surprising that p16INK4a
is the key regulator of physiological and pathophysi-
ological senescence. P16INK4a is a biomarker of aging
both at the organismal as well as cellular level. p16INK4a
expression is increased as a result of various pro-senes-
cence signals (DNA damage, etc.) [195]. Ectopic expres-
sion of pl16INK4a stimulates cellular senescence, on the
other hand, p16INK4a expression inhibition leads to cell
cycle reentry and senescence bypass [196]. Importantly,
p16INK4a is a key regulator of oncogene-induced senes-
cence, especially in the context of oncogenic activation
of the RAF/RAS/ERK pathway [197, 198] and is often
deleted or inactivated through promoter hypermethyla-
tion in human cancers [199].

Regulation of expression and stability

The major mechanism regulating pl6INK4a expres-
sion is through transcriptional regulation. Since INK4/
ARF locus encodes 3 tumor suppressor proteins, it is
tightly regulated by numerous transcription factors and
epigenetic modifiers. The major transcription factor
positively regulating p16INK4a expression is Sp1, which
recruits p300 with histone acetyltransferase domain,
catalyzing the acetylation of histone H4 [200]. Similarly,
Ets1/2 transcription factors activate pl6INK4a expres-
sion to promote replicative and premature senescence
[189]. On the contrary, several transcriptional repressors
inhibit p16INK4a transcription. The key factor oppos-
ing the role of Ets1 TF is Id1 (inhibitor of DNA bind-
ing 1) which indirectly inhibits expression of p16INK4a
[189]. Similarly, YY1 transcriptional repressor binds to
the pl6INK4a promoter and inhibits its transcription
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and senescence program execution [201]. Moreover,
p16INK4a expression is also regulated by the Rb protein
through a feedback loop between these two proteins.
Phosphorylation of Rb increases pl6INK4a expression
through the activation of the E2F family of transcrip-
tional factors. Eventually, inhibition of CDK4/6 results
in hypo-phosphorylation of Rb and decreased p16INK4a
expression [202]. In addition to transcription factors, the
regulation of p16INK4a transcription through epigenetic
modification has much broader significance. Polycomb
repressive complexes (PRC1 and PRC2) are critical for
the repression of the locus via catalyzing histone H3 Lys
27 trimethylation. Ectopic expression of PcG (Polycomb
group proteins) subunits such as Bmil, Ezh2, CBX7,
and CBX8 leads to the inhibition of p16INK4a expres-
sion allowing cells to bypass senescence [196, 203, 204].
On the other hand, ablation of the PcG subunits dere-
press transcription from the pl16INK4a promoter which

leads to cell growth inhibition and senescence [196, 204].
Another histone modifier mediating p16INK4a repres-
sion is KDM2B histone demethylase. KDM2B demeth-
ylates trimethylated H3K4 and di-methylated H3K36,
resulting in a decrease in Pol II binding and an increase
in trimethylation of H3K27, ultimately leading to the
repression of pl6INK4a transcription [205, 206]. Finally,
p16INK4a expression is inhibited through DNA methyla-
tion by the action of DNA methyltransferases (DNMTs).
CDKN2A was one of the first identified genes that were
repressed through methylation of the CpG islands and
methylation of its promoter is considered to be one of the
earliest events in carcinogenesis [207]. Moreover, genetic
ablation of DNMT expression leads to the upregulation
of p16INK4a and cell cycle arrest [208, 209]. On the con-
trary, Jumonji domain-containing D3 protein (JMJD3) is
a lysine-specific histone demethylase that demethylates
trimethylated H3K27 and acts as a positive regulator of
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the pl6INK4a expression. JMJD3 is activated by Ras-
mediated oncogenic signaling which leads to the expres-
sion of pl6INK4a and entry into oncogene-induced
senescence [210, 211].

Posttranslational modification

Since p16INK4a is primarily regulated at the transcrip-
tional level, posttranslational modifications have not
been well described yet. Similarly, to other CKIs, the
major PTM regulating p16INK4a function is phospho-
rylation. Only 4 phosphorylation sites on pl16INK4a
have been described to date—Ser7, Ser8, Ser140, and
Ser152 (Fig. 5A, B). Phosphorylation of Ser140 by ATR in
response to UV stabilizes p16INK4a through impairing
Skp2-mediated degradation, and Ser152 phosphorylation
greatly increases binding to the Cyclin D/CDK4/6 com-
plexes leading to cell cycle arrest [212, 213]. In contrast,

phosphorylation of Ser8 in human fibroblast by IKKp
impairs the interaction of pl16INK4a with CDK4 which
leads to stimulation of cell cycle and proliferation [214].
Interestingly, another regulatory layer of pl6INK4a/
CDK interaction was identified—methylation of Argl38
in the close vicinity of Ser140. Methylation of this argi-
nine is mediated by protein arginine methyltransferase
6 (PRMT6) and it has been shown that this methylation
interferes with phosphorylation of the Ser140, leading to
reduced association with CDK4 [215].

Role in cancer

Mutations of INK4 genes have been associated with a
variety of human cancers. Functional studies of gene
loss on mouse models can provide valuable informa-
tion about the role of the INK4 family of genes in cancer
development. Mice lacking one of the tumor suppressors
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of the INK4 family, generally do not exhibit any major
developmental abnormalities. However, these mice are
more prone to tumor formation [182, 216, 217]. Mice
lacking two Ink4 genes, such as Cdkn2a/Cdkn2b or
Cdkn2a/Cdkn2d, display increased tumor susceptibility
compared to pl6INK4a-null mice [182, 218]. Germline
mutations that target Cdkn2a alone lead to spontane-
ous tumorigenesis in mice and were linked to familial
melanoma [219]. Mutational frequency observed in can-
cer alters between specific genes of the INK4 family. The
gene with the highest frequency of mutations and dele-
tions in human cancers among this family is CDKN2A.
CDKN?2B is often deleted simultaneously with CDKN2A
[220]. CDKN2A is affected in about 10% of all cancers
with the highest prevalence of alterations observed in
lung adenocarcinoma, pancreatic adenocarcinoma, con-
ventional glioblastoma multiforme, cutaneous mela-
noma, and bladder urothelial carcinoma [220-224].
Key function attributed to p16INK4a in cancer is strong
inhibition of cell cycle leading to senescence that occurs
in response to various stress stimuli such as DNA dam-
age or oncogene activation [225]. pl6INK4a-mediated
senescence leads to repression of genes regulated by
the E2F1 transcriptional factor and results in chroma-
tin reorganization [226]. p16INK4a serves as one of the
first roadblocks against transformation as it is activated
in response to oncogenes and stimulates so called onco-
gene-induced senescence, especially in the context of
overactivation of Ras/MAPK pathway [197, 227]. Expres-
sion of p16INK4a and p16INK4a-induced senescence in
cancer is also promoted by TP53 inactivation, accumu-
lation of DNA damage from excessive cell division, and
reactive oxygen species accumulation and signaling. It
is therefore suggested that p16INK4a serves as a backup
for the tumor protein p53 [228]. Since p16INK4a has a
strong tumor suppressive functions, its expression is
often altered in human cancer. Beyond mutational inac-
tivation, a common mechanism of pl6INK4a down-
regulation is aberrant promoter methylation. Significant
hypermethylation was observed in hematological malig-
nancies, cervical cancer, squamous cell carcinoma, ovar-
ian cancer, and multiple myeloma and inhibition of DNA
methylation leads to de-repression of p16INK4a expres-
sion and growth inhibition [229-233]. As described
above, CDKN2A inactivation is considered to be one of
the earliest events in carcinogenesis [207].

The importance of the INK4 protein family in cancer
prognosis and treatment has received limited attention.
The level of p16INK4a expression could be used as a bio-
marker to differentiate early from advanced tumor stages
[234]. Methylation of CDKN2A promoter was associated
with lymph node metastases and large tumor size in pri-
mary colorectal cancer tissues [235]. On the other hand,
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overexpression of pl6INK4a in colon adenocarcinomas
and breast cancer was linked to poorer prognosis and
distant metastasis formation [236, 237]. In head and neck
squamous carcinomas pl6INK4a-positive and negative
circulating tumor cells (CTC) correlate with the sur-
vival of patients. Whereas CTCs with the expression of
pl6INK4a were associated with prolonged progression-
free survival and overall survival, pl6INK4a-negative
CTCs correlated with rapid disease progression after pri-
mary chemoradiotherapy [238].

In conclusion, p16INK4a is a key bona fide tumor sup-
pressor whose inactivation is present in large amount of
human cancers. Since p16INK4a is activated in response
to oncogenic transformation, its inactivation is crucial
step in transformation cascade and further research into
its regulation might bring new approaches for treatment
of cancer.

p15INK4b

Function

p15INK4b is closely related to pl16INK4a, shares most
of its function, and is also transcribed from the same
gene locus [239]. pl5INK4b is responsible for tis-
sue homeostasis and responds to extracellular growth
inhibitory signals, specifically cytokine transforming
growth factor-beta (TGF-B) in a variety of cell types
[179, 240]. p15INK4b inhibits the cell cycle by binding
to CDKs through the N-terminal binding domain. Simi-
lar to p16INK4a, it also displaces the CIP/KIP family of
CDK inhibitors from the Cyclin D/CDK4/6 complexes,
enabling them to act as inhibitors of other CDK-Cyc-
lins [241]. Although it shares a lot of functionality with
pl6INK4a, a recent study showed that pl15INK4b is
much more potent in inhibition of carcinogenesis than
pl6INK4a at least in some context [242]. One study
shows that p15INK4b inhibits CDK4/6 activity to a big-
ger extent than p16INK4a which leads to more profound
cell cycle inhibition [242]. Additionally, the study shows
that p15INK4b binds to cytoplasmic enolase through
the same region as to CDK. Competition between eno-
lase and CDK binding results in the sequestration of
p15INK4b in cytoplasm of cells where enolase is over-
expressed and activation of CDKs. Moreover, binding of
p15INK4b to enolase decreases its activity thus increas-
ing the flux of glucose to the Krebs cycle and inhibiting
glycolysis. In conclusion, deletion of p15INK4b in cancer
cells leads to a double-trouble situation, where CDKs are
overactivated and glycolysis is enhanced which results in
high growth promotion [242].

Regulation of expression and stability
As previously mentioned, polycomb repressive com-
plexes are critical for the repression of the INK4/ARF
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locus and subsequent senescence delay via catalyzing
histone H3 Lys27 trimethylation [243, 244]. Kotake et
al. showed that long noncoding RNAs contribute to the
targeting of PRC2 to the CDKN2B locus [245]. ANRIL,
long non-coding RNA transcribed in antisense orienta-
tion of the INK4/ARF locus, downregulates p15INK4b
expression in a variety of cancers and induces cell prolif-
eration [246-249]. Another important negative regulator
of p15INK4b is Oct-1 (octamer-binding protein 1), which
recruits histone deacetylase complexes to CDKN2B pro-
moter and thus inhibits its transcription [250]. In line
with this evidence, Octl has been shown to promote
growth and metastatic dissemination of several types of
cancer such as breast, colon or hepatocellular carcinoma
[251-253]. Major signaling pathway positively regulat-
ing expression of pl15INK4b is TGF- which activates
Spl and SMAD transcription factors and mediates G1
cell cycle arrest [254, 255]. Finally, similarly to p16INK4a,
FOXOs (forkhead box O transcriptional factors) stimu-
late expression of p15INK4a in the absence of prolifera-
tive signals mediated by Akt pathway [256].

Posttranslational modifications

In the case of p15INK4b, the range of data about post-
transcriptional modifications and their impact on protein
binding and activity is limited. The only PTM identified
is the phosphorylation of Ser20 which was detected in
developing mouse brains using large-scale phosphopro-
teomic analysis (Fig. 6A, B) [257].

Role in cancer

CDKN2B mutations independent of INK4/ARF locus
mutations are infrequent and have not been well studied
[258]. Mice harboring deletion of CDKN2B are not prone
to tumorogenesis independently of other driver muta-
tions indicating that functionality of other proteins from
INK4/Arf locus is sufficient to compensate for p15INK4b
deficiency [217, 220]. However, p15INK4b deletion is
strongly cooperating with oncogenic Ras (KRAS, HRAS)
which leads to emergence of more aggressive lung, pan-
creatic or bladder tumors then in case of pl6INK4a
deletion [242, 259, 260]. On the other hand, co-deletion
of CDKN2A and CDKN2B leads to broad spectrum of
malignancies [220]. Strong effect of the co-deletion of
Cdkn2a and Cdkn2b on predisposition to the develop-
ment of a range of highly malignant tumors observed in
mice models could be explained by complementing func-
tions of these two proteins. The fact that p15INK4b backs
up pl6INK4a reinforced the tumor-suppressing capac-
ity of the INK4/ARF locus [218]. Although p16INK4a
expression can be used as a biomarker for tumor stage
grading, because of the distinct role of pl16INK4a in
tumor suppression and the high frequency of mutations
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in cancer, Park et al. proposed using p15INK4b as an
alternative marker for the detection of senescent tumor
cells [261, 262]. An interesting observation was made
in HRas-promoted urothelial cancer, where the loss
of p15INK4b leads not only to the de-repression of cell
cycle progression but also to the upregulation of glyco-
lysis through the liberation of enolase from binding to
p15INK4b. This observation indicates cytoplasmic func-
tion of p15INK4b, similar to the members of the CIP/
KIP family, however, it is yet to be determined if this is
a general p15INK4b function or specific to the HRas-
promoted urothelial cancer. Finally, both p15INK4b and
p16INK4a regulate therapy-induced senescence (TIS) of
cancer cells. These senescent cells are terminally arrested,
however, their tumor-promoting role has been suggested
mainly through the secretion of various cytokines that
affect the tumor microenvironment—a phenomenon
called senescence-associated secretory phenotype—SASP
[263, 264]. The plethora of secreted factors includes but
is not limited to IL-6, IL-7, IL-8, IL-1a/b, IFN-gamma,
EGEF, bFGE, uPA, MMP-1/3/10, and many others. These
factors play a crucial role in modulating the tumor
microenvironment and promoting immune evasion and
invasiveness [265, 266]. P16INK4a and pl5INK4b are
well-established markers of these TIS cells and genetic
ablation of pl6INK4a indeed impairs SASP and the
secretion of IL-6 and IL-8 [267].

Due to the fact that CDKN2B is almost always deleted
together with CDKN2A in human cancer, it has not
received sufficient scientific interest. Current evidence
shows that although these two members of INK4 family
have significantly overlapping roles, there are p15INK4b-
unique tumor suppressing function that are illustrated
by more aggressive tumors with CDKN2B deletion espe-
cially in certain signaling context (e.g. oncogenic RAS).

p18INK4c

To date, p18INK4c received very limited scientific
attention in the context of tumorigenesis. p18INK4c is
transcribed from the CDKN2C gene located on chro-
mosome 1 and is associated with cell cycle arrest in the
process of terminal differentiation [268, 269]. Ablation
of p18INK4c in mice leads to increased proliferation
rate in various organs and tissues, however are prone
only to spontaneous development of pituitary tumors
later in life [269, 270]. Complete deletion or haploinsuf-
ficiency of p18INK4c lead to increased rate and spec-
trum of tumors induced by chemical carcinogens [271].
Moreover, deletion of pl8INK4c has a differential
effect in the context of other mutations. For example
co-deletion of p18INK4c and p53 lead to development
of medulloblastomas, hemangiosarcomas, and other
tumors not present in either of the parental strains
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or deletion of pl8INK4c in PTEN-/— background
resulted in emergence of various tumors such as pitui-
tary or prostate cancers [272, 273]. In human cancers,
CDKN2C gene deletion or significantly lower mRNA
expression is present only in less than 1% of cancers,
almost uniquely in low- and high-grade gliomas [58,
59]. At the transcriptional level, p18INK4c is posi-
tively regulated by E2F1 and Sp1 transcription factors,
forming a negative feedback loop with Rb/E2F1 path-
way [274]. On the other hand, p18INK4c expression is
negatively regulated through epigenetic modification
of its promoter, however there is very limited informa-
tion. It has been shown that the p18INK4c promoter
is hypermethylated in some cases of Hodgkin lym-
phoma and gastric cancer which leads to the absence
of p18INK4c protein expression [275, 276]. More is
known about histone modification-mediated regulation
of p18INK4c expression. Similar to INK4/ARF locus,
the p18INK4c promoter is subject to H3K27 trimethyl-
ation which recruits PRC1 and represses transcription
of p18INK4c [277, 278]. Oncogenic PRMT6 promotes
H3R2 di-methylation which antagonizes H3K4 tri-
methylation leading to repression of p18INK4c expres-
sion [279] (Fig. 7A, B). Much less is known about the
protein stability of p18INK4c. It has been shown that
p18INK4c is preferentially ubiquitinylated at Lys46 and
Lys112 residues and the process of p18INK4c ubiquit-
ination is inhibited by CDK4/6, which leads to protein
stabilization. Cyclin D1 accelerates p18INK4c turnover
by competing for binding to CDKs [280]. Additionally,
CYLD deubiquitinase is removing K48 polyubiquitin
chains therefore stabilizing p18INK4c [281]. As men-
tioned earlier, the CDKN2C gene is not regularly inacti-
vated by deletion or point mutations in human cancer,
however, loss of p18INK4c expression has been linked
to the development of medulloblastomas, hepatocel-
lular cancer, testicular cancer, and medullary thyroid
carcinoma [282-286] and promotor hypermethyla-
tion of CDKN2C has been reported in gastric can-
cer and Hodgkin lymphomas [275, 287]. Although no
non-canonical tumor-promoting role of p18INK4c was
identified, p18INK4c is implicated in contributing to
resistance to CDK4/6 inhibitors. In abemaciclib-resist-
ant breast cancer, p18INK4c is associated with CDK6
but not with CDK4 and impairs binding of abemaciclib
to CDK6 thus rendering it active. Moreover, knock-
out of p18INK4c partially restored sensitivity of these
cells to abemaciclib, and double knockout of p18INK4c
and p15INK4b restored sensitivity almost completely
[288]. Similarly, in acute myeloid leukemia (AML) the
efficacy of CDK6-targeted degrader is also impaired by
p18INK4c and p16INK4a [289].
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P18INK4c is the least studied member of INK4 fam-
ily with infrequent mutations in human cancers, but
downregulation of its expression through methylation
is linked to development of various malignancies. More
recent evidence shows that it plays a role in resist-
ance to CDK6-targeted therapies which warrant closer
investigation of its functionality.

p19INK4d

Function

p19INK4d is one of the more studied INK4 family
members and several functions have been assigned to
it. Beyond regulating the cell cycle, it plays a role in the
regulation of apoptosis, DNA damage repair, and senes-
cence. Similarly, to other family members, p19INK4d
directly binds to Cyclin-dependent kinases 4 and 6
and induces cell cycle arrest [177]. However, knockout
experiments in mice showed that deletion of p19INK4d
is not associated with a higher prevalence of tumors,
rather it impairs terminal development of certain tis-
sues such as male reproductive tissue or central nervous
system neurons [290, 291]. Similarly, it has been shown
that p19INK4d also modulates GATA1 protein levels in
human terminal erythropoiesis through a novel pathway,
involving phosphatidylethanolamine-binding protein 1
(PEBP1), phosphorylated extracellular signal-regulated
kinase (pERK), and heat shock 70 kDa protein (HSP70)
[292]. Another cell cycle-related function is the regula-
tion of senescence. P19INK4d is upregulated in response
to senescence-inducing signaling resulting in increased
deposition of p19INK4d on chromatin and increased
global chromatin heterochromatization characteristic for
senescent cells [293]. Similar to other CKIs, it has been
shown that pl19INK4d is also regulating DNA damage
repair. PI9INK4d is upregulated upon genotoxic stress
and promotes cell survival and DNA damage repair
through binding to chromatin and increasing the acces-
sibility of damaged DNA to repair machinery [294—296].

Regulation of expression and stability

Expression of p19INK4d is mainly regulated on the
transcriptional level. One of the key regulatory interac-
tions is E2F1-mediated p19INK4d periodic expression
throughout the cell cycle. E2F1 promotes the expres-
sion of pl19INK4d at the end of the G1 phase which
leads to the inhibition of CDK4/6 and the transition to
the S-phase of the cell cycle [297]. Similarly, E2F1 also
stimulates the expression of p19INK4d in response to
DNA damaging agents which results in cell cycle arrest
[298]. Expression of p19INK4d is also induced by fork-
head box O transcriptional factors (FOXOs), which are
involved in the induction of G1 arrest caused by Akt
signaling inactivation [256]. ER8 element in the promotor
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region of p19INK4d is recognized as a response element
of the retinoic acid (RA) receptor/ retinoid X recep-
tor heterodimer and the vitamin D3 receptor/ retinoid
X receptor heterodimer. Induction of p19INK4d by RA
signaling leads to decreased autophagic cell death [299].
In acute promyelocytic leukemia, chimeric PML-RARa
protein blocks the binding sides of RA receptors, which
leads to the inhibition of p19INK4d expression, inhibi-
tion of normal RA receptor signaling, and senescence
[300]. Similar to other INK4 family members, p19INK4d
expression is regulated through epigenetic modifications.
P19INK4d promoter is a target of HDAC1/2 which inhib-
its its expression and pharmacological and transcrip-
tional inhibition of HDAC1/2 leads to upregulation of
p19INK4d and cell cycle arrest [301]. On the other hand,
there is only limited information on p19INK4d degrada-
tion. P19INK4d is a highly unstable protein especially
in the GO/G1 phase of the cell cycle with a half-life of
20-30 min [302, 303]. It is well established that the inter-
action of p19INK4d with CDK4/6 leads to its increased
degradation and it depends on the integrity of lysine
62 which is the main site for p19INK4d ubiquitination
[302, 304]. Although the ubiquitin ligase responsible for
p19INK4d has not been determined yet, the APC/C-
Cdh1 complex would be a prime candidate because of its
high activity throughout the G1 phase [305].

Regulation of p19INK4d expression and stability fol-
lows the canonical route where its increased through
environmental stress-mediated signaling (DNA dam-
age) or at the G1/S transition stage when it’s necessary
to inhibit CDK4/activity, and is decreased in response to
pro-proliferative signals (Akt activation).

Posttranslational modification

There are 3 reported phosphorylation sites on the
p19INK4d molecule-Serine 66, 76, and Threonine 141
(Fig. 8A, B). Reports investigating the interplay between
the phosphorylation of these sites, protein stability, and
binding partners show contradictory results. p19INK4d
is sequentially phosphorylated by p38 and CDK1 on ser-
ine residues 66 and 76 leading to the local unfolding of
the protein structure and dissociation of the p19INK4d-
CDK complex. The locally unfolded protein then under-
goes ubiquitination and eventual degradation [304]. The
evidence supporting the role of these phosphorylations
is quite compelling but it’s in contrast with increased
p19INK4d protein levels in S and G2 phases where
CDK1 would be the most active. Site-directed mutagen-
esis and chemical synthesis experiments confirm that
p38-directed S66 phosphorylation alone doesn’t increase
p19INK4d degradation, but primes it for phosphoryla-
tion by CDK1 and double phosphorylated p19INK4d
is targeted to proteasome-mediated degradation [304,
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306]. Another signal triggering Ser76 phosphorylation is
genotoxic stress. Phosphorylation of Ser76 is mediated
by CDK2, which subsequently stimulates phosphoryla-
tion of Thr141 by PKA. Both of these phosphorylations
are indispensable for p19INK4d s role in the stimulation
of DNA damage repair and apoptosis protection [307].
These contradictory results could be reconciled by pos-
tulating the existence of different fractions of p19INK4d
that are differentially phosphorylated, depending on the
cellular context and possibly the subcellular localization
of p19INK4d.

Role in cancer

In vivo mouse experiments established p19INK4d as a
canonical tumor suppressor as mice having a complete
deletion of CDKN2D gene showed increased frequency
of development of wide range of tumors such as pituitary
and lung adenomas, lymphomas, hemangiosarcoma, thy-
roid cancer, and insulinoma [308].

However, CDKN2D alterations are very rare in human
cancers, and according to the TCGA database, the rate is
below 1%. Moreover, there is no directionality towards
deletion, inactivating mutations, or promoter hyper-
methylation, as one would expect for canonical tumor
suppressors [58, 59]. Overall, there is very limited infor-
mation gathered on the role of p19INK4d in human can-
cers, and in general, there is no clear association with
the outcome, with a few exceptions. For example, in
ovarian cancer, pl19INK4d protein expression is nega-
tively correlated with prognosis and survival especially in
p53-deficient tumors [309]. On the other hand, the role
of p19INK4d in hepatocellular carcinoma is opposite and
it has been shown that the loss of p19INK4d expression
correlates with tumor aggressiveness [310]. Based on the
low prevalence of p19INK4d alterations in cancer and on
the functional evidence we could conclude that the role
of p19INK4d might be context-dependent and could
play a role in resistance to genotoxic treatment and to
CDK4/6-inhibitors.

Conclusions and future perspectives

Initially, the function of CIP/KIP and INK4 protein
families was considered to be the inhibition of cell cycle
progression, but growing evidence shows that these
proteins possess multiple other cell cycle-dependent as
well as cell cycle-independent roles. It has been shown
that beyond binding and altering the function of Cyclin/
CDK complexes, they affect gene expression, apoptosis
and invasiveness. In non-transformed cells they work as
bona fide tumor suppressors, however oncogenic sign-
aling alters their function to promote hallmarks of can-
cer such as apoptosis resistance, DNA damage repair or
metastasis formation. Therefore, a deeper understanding
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of how oncogenic signaling pathways hijack these pro-
teins and how to revert it could support novel therapeu-
tic approaches especially in conjunction with the existing
ones. Key areas of investigation could include but not be
limited to:

o How to inhibit p21CIP T145/S146 phosphorylation
and/or ensure retention of T145/S146 phosphoryl-
ated p21CIP in nucleus.

o How to disrupt p21CIP and p27KIP1 scaffolding
functions to impair formation of Cyclin D/CDK4/6
complexes.

o How to prevent cytoplasmic localization of p27KIP1
and conversely promote stability and binding of
p27KIP1 co Cyclin A(E/B)/CDK1[2] complexes.

o How to stably increase expression of the INK4 family
through epigenetic activation of the promoters.

o How to block S8 phosphorylation and R138 meth-
ylation on p16INK4a to increase its association with
CDKs.

o Is there a possibility for synthetic lethality in cancer
types with deletion of p16INK4a and p15INK4b?

o How to counteract INK4-mediated resistance to
CDK4/6 inhibitors?

Additionally, above mentioned lines of research could
be investigated in the context of current state-of-art
pharmacological inhibitors. At the moment, there are 3
highly specific CDK4/6 inhibitors approved for treat-
ment of hormone receptor positive (HR*), HER2 nega-
tive (HER27) advanced and metastatic breast cancer
(Palbociclib, Abemaciclib, Ribociclib) [311-313] and one
approved as a supportive, myeloprotective therapy for
non-small cell lung cancer (Trilaciclib) [314]. Although
these inhibitors are only approved for a subset of can-
cer types, they have been investigated in clinical trials
for treatment of multiple malignancies such as ovarian
cancer, pancreatic ductal adenocarcinoma, colorectal
cancer, non-small cell lung cancer, endometrial can-
cer, head and neck squamous cell carcinoma and others
[315]. Although these inhibitors are highly specific and
have favorable toxicity profile, intrinsic and acquired
resistance is a major challenge. In clinic, only a smaller
portion of patient respond to these inhibitors and even
responders eventually develop resistance [316]. Multi-
ple mechanisms of resistance have been described such
as Rb1 mutations, CCND1 and CCNE1 amplification, or
activation of parallel pathways such as FGFR or PI3K/Akt
pathways or paradoxically amplification of INK4-coding
genes [317, 318]. Therefore there is a great need to iden-
tify additional biomarkers or synthetically lethal combi-
nations with CDK4/6 inhibitors.
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Impairing function of CIP/KIP and INK4 families
in specific compartments (cytoplasm) could represent
one of the research avenues that could advance the use
of current pharmacological CDK4/6 inhibitors. As the
function of cellular CKIs is regulated by their posttrans-
lational modifications, understanding how these could be
targeted might aid in development therapies that would
complement the use of CDK4/6 inhibitor and expand
their efficacies to other tumor types beyond HR* HER2™
breast cancer.
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