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ABSTRACT

p27"PT was first discovered as a key regulator of cell proliferation. The canonical function of p27" P is
inhibition of cyclin-dependent kinase (CDK) activity. In addition to its initial identification as a CDK
inhibitor, p27X%! has also emerged as an intrinsically unstructured, multifunctional protein with numerous
non-canonical, CDK-independent functions that exert influence on key processes such as cell cycle
regulation, cytoskeletal dynamics and cellular plasticity, cell migration, and stem-cell proliferation and
differentiation. Many of these non-canonical functions, depending on the cell-specific contexts such as
oncogenic activation of signaling pathways, have the ability to turn pro-oncogenic in nature and even
contribute to tumor-aggressiveness and metastasis. This review discusses the various non-canonical, CDK-
independent mechanisms by which p27XP" functions either as a tumor-suppressor or tumor-promoter.

Introduction

p275"P" (hereafter p27) is an intrinsically unstructured, multi-
functional protein that influences diverse biological processes
ranging from cell cycle regulation to cellular migration and
transcriptional regulation. The canonical function of p27 is
inhibition of cyclin-dependent kinase (CDK) activity. p27 was
first discovered and characterized in 1993-94 as an inhibitor of
cyclin E/CDK2 complex in transforming growth factor B
(TGF-pB)-arrested, contact-inhibited, or lovastatin-blocked
cells."”® The other targets of p27 are cyclin D-CDK4/6, cyclin
A-CDK2/1, and cyclin B-CDK1.°® p27 belongs to the Cip/Kip
family of CDK inhibitors, and inhibits cyclin/CDK complex
activities by binding both cyclin and CDK subunits via the
highly conserved cyclin- and CDK-binding domains within the
N-terminal region of p27 (Fig. 1).”

Consistent with its CDK inhibitory role, p27 is a cell cycle-
regulated protein. In response to growth inhibitory signals p27
translation and protein stability are maximal, resulting in its
accumulation in GO/G1.">"" When conditions become favor-
able for proliferation, p27 protein levels rapidly decrease per-
mitting activation of cyclin E-CDK2 and cyclin A-CDK2
complexes, and Gl1/S transition.'> This decrease is largely
accomplished at the posttranslational level by ubiquitin-depen-
dent proteolysis. Two ubiquitin E3 ligase systems predomi-
nantly target p27 for degradation in the proteasome: KPC
(Kipl ubiquitination-promoting complex) in the cytoplasm
during GO-G1 transition and SCF***? (SCF: Skp1-Cull-F box)
in the nucleus in S and G2.">'°

The importance of p27 in the regulation of exit from and
entry into the cell cycle was revealed by the generation of
p27-deficient mice, which display features of gigantism with
approximately 30% increase in body size, multiple organ
hyperplasia, and retinal dysplasia, all of which are attributed
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to an overall increase in cellular proliferation.'”'* The p27
knockout (KO) females are infertile with impaired luteal
cell differentiation and a defective uterine environment. p27
nullizygous mice spontaneously develop adenomas of the
intermediate lobe of the pituitary, and p27 heterozygous
mice are predisposed to increased tumorigenesis in multiple
tissues when challenged with y-irradiation or chemical
mutagens.”® In addition, p27 deficiency also exacerbates the
tumor-prone phenotypes caused by oncogenic activation of
Ras?"?? or loss of tumor suppressors, such as p18™<4C
p161NK4A, RB, or Pten.?>2° In humans, like in rats, germline
nonsense mutation of the p27 gene (CDKNI1B) can predis-
pose individuals to the syndrome of multiple endocrine
neoplasia.”’*® Cell cycle inhibition is a function of nuclear
p27. Accordingly, nuclear p27 is frequently reduced or
undetectable in multiple human cancers, including breast,
lung, colon, prostate, lymphomas, and gliomas.’"*
Recently, CDKN1B was reported to be one among the most
significantly mutated genes in luminal breast cancer and
aggressive primary prostate cancer.”””> In hairy cell leuke-
mia, it happens to be the second most common mutated
gene.”® Collectively, these findings underscore the tumor-
suppressive properties of p27.

Nevertheless, p27 is an atypical tumor suppressor. Inactivat-
ing mutations and loss of heterozygosity of CDKNIB are
observed at very low frequencies in most human cancers.>>*"*°
Thus, unlike TP53 and RB, p27 does not appear to fulfill Knud-
son’s two-mutation criterion for a tumor suppressor gene.”’
Even in hairy cell leukemia and luminal breast cancers, only a
handful of all the CDKNI1B mutations reported reside in the
N-terminal region with deleterious effects on, or potential to
hamper, its CDK-inhibitory function.>****® Furthermore, in
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Figure 1. Linear representation of the key functional domains of p27 along with sites of post-translational modifications and protein-protein interactions. The p27 protein,
encoded by CDKN1B, is 198-amino acids (aa) long in humans. The N-terminal portion of p27 harbors the cell-cycle inhibitory region that contains the cyclin- and CDK-
binding domains comprising of aa 25-93 (shown in gray). The critical residues within this region required for binding to cyclins and CDKs are indicated. This region also
harbors a nuclear export signal (NES), shown in red. The location of the nuclear localization signal (NLS) in the C-terminal portion is shown in green. The major sites of

phosphorylation are denoted by black circles. The recently discovered sites of SUMOylation

193 and acetylation are denoted by a star and open circle, respectively. The

approximate sites of protein-protein interactions and other functional domains are denoted by brackets, below which each arrow points to the protein/microRNA partners
of p27 interacting with that specific region (highlighted in blue); the interactions with CRM1'®* and mNPAP60'%>"%, and post-translational modification by SUMOylation,

included here for completeness, have not been discussed in the text.

many human tumors in addition to the loss of nuclear p27, gain
of cytoplasmic p27 has been reported that commonly correlates
with tumor aggressiveness and adverse patient outcome.*'*°
Notably, multiple oncogene-activated pathways target p27 to
promote its cytoplasmic translocation, either through active
nuclear export or cytoplasmic retention.” This cytoplasmic
translocation constitutes more than just inactivation of its
nuclear cell cycle inhibitory functions. Numerous studies in the
last 2 decades have revealed unexpected CDK-independent,
non-canonical functions for p27; most of these are pro-onco-
genic in nature, while others, along with its canonical functions
appear to be critical for inhibition of G1-S transition. In this
review, we present an overview of the current knowledge of the
non-canonical functions of p27 both in normal and tumor

biology.

p27 in cellular migration

Cell migration is a highly integrated, multi-step process that
orchestrates morphogenesis throughout embryonic develop-
ment; is vital to the process of tissue repair and regeneration,
and contributes to progression of several important pathologi-
cal processes, including cancer.*® Central to migration is the
ability of the cell to quickly integrate external migration-pro-
moting signals with the help of intracellular signaling

“integrator” molecules and translate it into rapid changes in the
dynamics of the actin and microtubule cytoskeleton. Key
among these integrator molecules are members of the Rho-
family GTPases.*” That CDK inhibitors could function to regu-
late cytoskeletal rearrangements, independent of their cell-cycle
inhibitory effects, by modulating Rho-GTPases was first dem-
onstrated by studies in yeast. In Saccharomyces cerevisiae, acti-
vation of Cdc42 (a Rho-GTPase) by its guanine-nucleotide
exchange factor Cdc24 is required to orientate the actin cyto-
skeleton toward the pheromone-secreting partner during mat-
ing or the incipient bud site during division. In G1 phase, the
CDK inhibitor Farl binds to and sequesters Cdc24 in the
nucleus. In response to mating pheromones, Farl-Cdc24 com-
plex is exported out of the nucleus, and Farl aids in targeting
Cdc24 to the site of receptor-associated heterotrimeric G-pro-
tein activation at the plasma membrane by directly binding to
Gp subunit.”® On the other hand, bud emergence and polarized
growth in G1 involves activation of Cln/Cdc28 which in turn
induces phosphorylation and degradation of Farl, thereby
releasing Cdc24 to be exported from the nucleus to the bud
site.”" Thus, by regulating the subcellular localization of Cdc24,
Farl plays an important role in the local activation of Cdc42
required for actin cytoskeletal reorganization in response to
extracellular signals and during vegetative growth. Farl is func-
tionally analogous to p27; although the 2 proteins are distantly



related with limited sequence identity, the Cdc24-binding motif
present within the C-terminal region of Farl bears a loose
sequence similarity to the “scatter-domain” (discussed below)
in the C-terminal region of p27.

p27 regulates actomyosin reorganization

That cytoplasmic p27 modulates cellular motility by regulat-
ing actomyosin remodeling was first reported by Dowdy
and colleagues. They demonstrated that introduction of
transducible p27 protein (TAT-p27) is sufficient for actin
cytoskeletal rearrangement, filopodium formation and
migration in human hepatocellular carcinoma cells.”*"’
Importantly, this role of p27 is independent of its CDK-
inhibitory activity and requires cytoplasmic localization of
P27 bearing an intact “scatter-domain” in the C-terminal
region comprising of residues between 118 and 158 (Fig. 1).
In these cells, while p27 translocates to the cytoplasm and
colocalizes with actin in response to HGF signaling, and
cell migration depends on Rac-activation and, in part, on
PI-3K activation, the precise mechanism of p27-induced
migration is still not completely understood. Another mech-
anism by which p27 regulates cell migration is through pre-
vention of RhoA activation.”* Notably, p27-null fibroblasts
have elevated levels of RhoA-GTP (active form) with
increased number of actin stress fibers and focal adhesions,
and exhibit a dramatic decrease in motility compared to
wild-type cells. This migration defect can be rescued by re-
expression of either wild-type p27 or mutant p27 (p27CK)
that cannot bind cyclins and CDKs. Overexpression experi-
ments revealed that the C-terminal half of p27 directly
binds RhoA (Figs. 1 and 2), which prevents RhoA interac-
tion with and activation by Rho-GEFs. Similarly, ectopic
overexpression of a mutant p27, lacking the nuclear locali-
zation signal, that localizes predominantly in the cytoplasm
in MCF-7 human breast cancer cell line results in downre-
gulation of RhoA activity together with enhanced cell motil-
ity and survival.”> The p27-mediated RhoA regulation was
also found to be critical in the cyclin D1-stimulated migra-
tion of mammary epithelial cells.’® Cyclin D1 stabilizes p27
by repressing the Skp2 component of the SCFS*?? ubiquitin
ligase complex, and physically colocalizes with p27 in the
activated Rho-complex. Thus, inhibition of RhoA activation
requires cytoplasmic localization of p27. Multiple mitogenic
signaling pathways target p27 for phosphorylation resulting
in its cytoplasmic mislocalization.*” For example, RSK1, a
downstream effector of PI-3K and MAPK pathways, phos-
phorylates p27 at T198 (Fig. 1) which in turn mislocalizes
p27 to the cytoplasm and promotes p27-RhoA interaction.””
The resulting inhibition of RhoA-ROCK pathway leads to
loss of actomyosin stability. Of note, both T198 phosphory-
lation of p27 and p27-bound RhoA increase in early Gl;
the resulting reduction in actin cytoskeletal stability in Gl
might further contribute to the G1-S transition and prepare
cells for the shape changes that must occur during the sub-
sequent phases of the cell cycle, although the mechanism
involved is less understood. It is also plausible that in
human cancers, constitutive RSK1 activation induced by
oncogenic activation of MAPK and PI-3K pathways might
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target p27 for cytoplasmic mislocalization and contribute to
enhanced cellular motility and migration.*”>’

The modulation of RhoA-ROCK pathway by p27 also plays
a critical role in neuronal migration during corticogenesis.”®*
Ablation of p27 in post-mitotic neurons results in relatively
rounded cells with thin processes, indicating abnormal regula-
tion of actin cytoskeleton.”® In these cells, cytoplasmic p27 was
found to directly interact with CDK5, predominantly in the
perinuclear region and the process tips, where the latter targets
p27 for phosphorylation (at S10; Fig. 1) and stabilization. The
stabilized cytoplasmic p27 then inhibits the RhoA-ROCK path-
way to activate an F-actin severing protein, cofilin (by repres-
sing its phosphorylation at S3), to promote actin reorganization
and neuronal migration. p27-tuned actomyosin contractions
are also vital during interneuron migration. p27-null cortical
interneurons exhibit defective nucleokinesis and neurite
branching resulting in delayed tangential migration.®” By inhib-
iting of RhoA-ROCK pathway, p27 represses myosin-II light
chain phosphorylation to control actomyosin contractions dur-
ing interneuron migration to drive both forward translocation
of the nucleus and growth cone splitting.

Intriguingly, the promigratory effect of p27 is not seen in all
cell types. In certain cell types, including vascular smooth mus-
cle, mesangial, umbilical vein endothelial, fibrosarcoma, and
glioblastoma cells, p27 inhibits migration.’’ ** It has been pos-
tulated that these differences might arise from cell type-specific
variations in the relative balance between Rac and Rho activity.
For example, in a cell type that might have this balance tilted
toward Rho activation, cytoplasmic p27 could decrease Rho
activity to promote migration. Conversely, in cell types where
the balance is tilted toward Rac activation, inhibition of Rho
activity by p27 might block migration. Furthermore, in yet
other cell types, as already described for hepatocellular carci-
noma cells, p27 might function upstream of Rac, to directly
impinge on Rac activation to promote migration (Fig. 2). In
addition to RhoA and Rac, p27 could also regulate other critical
pathways that affect cell migration depending on the cell type-
specific context, as discussed below.

p27 regulates microtubule dynamics

Expression of p27 in HT-1080 human fibrosarcoma cells inhib-
its cell migration.”> Baldassarre et al. reported that this effect
depends on cell to extracellular matrix (ECM) contact that
induces cytoplasmic localization of p27 where the latter seques-
ters stathmin, a major microtubule-destabilizing protein, by
direct binding via the C-terminal 28 amino acids of p27
(Fig. 1).°” Stathmin sequestration blocks its tubulin-sequestra-
tion activity, leading to increased microtubule polymerization
and inhibition of migration (Fig. 2). Thus, p27 affects microtu-
bule stability independent of its cyclin-CDK inhibitory func-
tion. Notably, in human sarcoma cell lines the p27-modulated
migration appears to depend on the cellular p27 to stathmin
expression ratio. A high p27/stathmin ratio correlates with
reduced motility in vitro and primary sarcoma tumors in vivo,
while a low p27/stathmin ratio correlates with increased motil-
ity in vitro and metastatic tumors in vivo.%>

The p27-stathmin axis also appears to modulate cellular
plasticity in cells migrating through 3-dimensional matrices.
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Figure 2. p27 regulates cell migration. Depending on the cell-specific context, p27 can either promote or inhibit cell migration in a CDK-independent manner. (a) RhoA
functions as a molecular switch that cycles between inactive GDP-bound and active GTP-bound states that are promoted by GTPase-activating proteins (GAPs) and gua-
nine-nucleotide exchange factors (GEFs), respectively. Upon stimulation, GEFs activate RhoA which in turn activates ROCKs to phosphorylate LIMKs. Thus activated, LIMK
then phosphorylates cofilin to inhibit its actin-depolymerizing function to stabilize actin stress fibers and focal adhesions. Cytoplasmic p27 inhibits this pathway by directly
interacting with RhoA and preventing its activation by the Rho-GEFs, resulting in increased cell motility. Mitogenic signaling pathways and oncogenic kinases target p27
for cytoplasmic relocalization through phosphorylation of specific residues (indicated by yellow circles)—phosphorylation of S10 promotes nuclear export while phos-
phorylation of T157 and/or T198 impairs nuclear import. (b) In certain cell types, cytoplasmic p27 can promote Rac activation to stimulate filopodium formation and cell
migration () In migrating cortical interneurons, sustained activation of RhoA in the absence of p27 results in elevated actomyosin contractions due to increased phos-
phorylation of myosin-II light chain (pMLC-Il) by activated MLC kinase (MLCK). This deregulation contributes to defective nucleokinesis, neurite branching, and tangential
migration. Cytoplasmic p27 fine-tunes the actomyosin contractions by inhibiting RhoA activation to correct this defect. (d) p27 is a microtubule (MT)-associated protein
and it promotes MT-polymerization, thereby contributing to neurite extension during interneuron migration. (e) p27 controls MT dynamics in a stathmin-dependent man-
ner. Sequestration of stathmin, a MT-destabilizing protein, by p27 blocks the tubulin-sequestration activity of the former resulting in increased MT polymerization and
inhibition of migration.
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SRR2 enhancer together with the repressive complex p130-E2F4-SIN3A. (b) In differentiating pluripotent cells p27 associates with Brachyury and Twist1 promoters to
repress the transcription of these genes; the identity of the repressor complex that p27 associates with on these promoters remains to be defined. (c) Neurogenin2
(Ngn2) is a proneural basic helix-loop-helix transcription factor that plays a central role in the neuronal differentiation of cortical progenitors. p27 plays a key role in this
process by stabilizing the neurogenin2 protein in a CDK-independent manner. (d) Cytoplasmic p27 contributes to tumorigenesis and metastasis by exerting influence on
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Mouse embryonic fibroblasts (MEFs) lacking p27 that have
been immortalized or subjected to v-Src-induced transfor-
mation when challenged with 3D-ECM undergo mesenchy-
mal to amoeboid transition (MAT) compared to cells
harboring wild-type p27.°>°® The amoeboid-like morphol-
ogy in these cells is due to reduced microtubule stability
and increased RhoA activation resulting from loss of p27
and presumably higher stathmin activity, and is associated
with not just higher motility in vitro and but also higher
invasive ability in vivo.°® Incidentally, activation of c-Src, or
other oncogenic kinases such as Lyn and BCR-ABL, is
known to accelerate p27 degradation through phosphoryla-
tion of p27 at Y88 and Y74.°7°® Thus these kinases might
tilt the balance toward low p27/stathmin ratio and favor
amoeboid-like morphology in tumor-cells in which they are
oncogenically activated. Furthermore, p27-modulated mech-
anisms such as this might come into play as an adaptive
response to varying tissue microenvironments, allowing dis-
seminating tumor-cells to utilize mesenchymal or amoeboid
modes of movement that are most favorable to the condi-
tions that they encounter in their journey away from the
primary tumor.

p27 also controls microtubule dynamics in a stathmin-
independent manner. In cortical interneurons, p27 is a micro-
tubule associated protein; multiple microtubule-binding sites
in both the N- and C-terminal regions of p27 appear to medi-
ate this interaction.* Microtubule-associated p27 promotes
microtubule polymerization both in vitro and in vivo in inter-
neurons during corticogenesis. This function requires the
integrity of the proline-rich domain (residues 90-96; Figs. 1
and 2) of p27 and is important for neurite extension during
interneuron migration.*’

P27 in metastasis and stem cell biology

The cytoplasmic mislocalization of p27 and its ability to modu-
late cellular motility is likely to turn pro-oncogenic and even
contribute to metastasis depending on the cell-specific contexts.
Indeed, an oncogenic, CDK-independent role for cytoplasmic
p27 was shown in melanoma cells. Targeted cytoplasmic
expression of wild-type p27 or p27CK at subphysiologic levels
in a low-metastatic BI6F10 melanoma cell induces a dramatic
increase in cell motility in vitro and numerous metastases to
lymph nodes, lung, and peritoneum in vivo.*” This finding is
further corroborated by the observation that ~70% of invasive
and metastatic human melanomas exhibit cytoplasmic p27,
whereas the non-invasive, melanoma in situ shows no cyto-
plasmic p27.** In a separate study, analyses of melanoma tissue
microarrays in a large series of melanoma patients have identi-
fied gain of cytoplasmic p27 is associated with poor 5-year sur-
vival of metastatic melanoma patients and that it is an
independent prognostic factor to predict patient outcome.*'
Interestingly, in mouse and human melanoma-cell models,
P27 expression is required for the tumor-initiating properties
of Mift-depletion induced melanoma cancer stem cells (CSCs),
suggesting a role for p27 in regulating CSC biology.”” A grow-
ing body of evidence indicates that the biological traits of CSCs
are central to the multi-step invasion-colonization cascade of
the metastatic process. CSCs, even though cannot be directly
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equated to the normal stem cells, have the property of “stem-
ness” that is associated with self-renewal and ability to spawn
differentiated progeny.”® An oncogenic, CDK-independent role
for p27 in regulating stem cell biology became apparent in
p27CK knock-in mice.”' In these mice, p27CK functions as a
dominant oncogene (as compared to p27 KO and wild-type
controls) and causes hyperplastic lesions and tumors in multi-
ple organs, including the lung, retina, pituitary, ovary, adrenals,
spleen, and thymus/lymph nodes. Furthermore, the neoplastic
lesions in both lung and retina are associated with amplification
of the stem/progenitor cell populations in these tissues, likely
arising from their deregulated proliferation and/or differentia-
tion. Subsequent studies show that p27CK needs to be localized
in the cytoplasm in order to function as an oncogene, in the
absence of which it just behaves similar to a null allele.”” Thus,
p27 could function as a cooperating oncogene with those that
have the ability to target it for cytoplasmic localization. Indeed,
p27CK cooperates with K-Ras which targets the former for
cytoplasmic localization, but not with c-Myc which does not
alter the nuclear localization of p27CK.”* The importance of
cytoplasmic localization of p27 in its oncogenic functions has
also been corroborated in p27S10A knock-in mice: these mice
are tumor-resistant in response to urethane-treatment com-
pared to p27 wild-type, heterozygous, and nullizygous mice.*”
Alanine substitution at S10 renders p27 resistant to activated
K-Ras-induced phosphorylation at S10 and subsequent
nuclear-export of p27.

In addition to the less understood contribution of cyto-
plasmic p27 to stem cell expansion, nuclear p27 is also known
to regulate stem cell differentiation in various cell types. A sub-
set of these mechanisms, involves transcriptional repression of
specific stem-cell genes by p27, either through direct promoter
occupancy of the target gene or by indirectly influencing tran-
scriptional activity through regulation of transcription factor
stability (Fig. 3). For example, in human embryonic stem cells
(hESCs) p27 protein levels are low in undifferentiated cells and
increases markedly as the cells are induced to undergo differen-
tiation to form embryoid bodies.”>”* Similar observations have
been reported with murine embryonic stem cells (mESCs).”
Using overexpression of p27 protein and ShRNA-directed
silencing of p27 in hESCs, Belmonte and colleagues reported
that p27 associates with the Twistl and Brachyury promoters,
and might facilitate the differentiation process through direct
transcriptional repression of these genes.”> Although, at present
it is unclear whether this p27-mediated transcriptional repres-
sion is independent of or dependent on its CDK-inhibitory
activity. Recently, however, Serrano and colleagues provided
compelling evidence for p27 in the transcriptional repression of
SOX2, a pluripotency gene, during the differentiation of plurip-
otent cells, including murine induced pluripotent stem cells
(iPSCs), mESCs, and P19 embryonal carcinoma cells.”®
Absence of p27 results in delayed and incomplete silencing of
SOX2 in these cells; likewise, p27-null mice exhibit defective
repression of SOX2 in fibroblast, lung, retina, and pituitary.
Most remarkably, SOX2 heterozygosity in p27-null mice res-
cues the main phenotypes associated with p27-deficiency,
namely, gigantism, pituitary hyperplasia, pituitary adenomas,
and retinal abnormalities. The authors demonstrate that p27
functions as a transcriptional repressor by associating with the
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SOX2-SRR enhancer together with repressive complex, p130-
E2F4-SIN3A.”° This function of p27 is likely to be independent
of its cyclin-CDK inhibitory role as described in a study by
Bachs and colleagues, discussed later.”” Furthermore, the ability
of decreased gene dosage of SOX2 to rescue some of the pheno-
types of p27 KO mice suggests that not all phenotypes observed
in the latter are attributable to enhanced CDK activity. Another
mechanism by which p27 regulates differentiation is seen dur-
ing neuronal differentiation of cortical progenitors.> Here, p27
is required for the stabilization of neurogenin2 protein and
thereby promoting the transcription of its target genes; this
activity is carried by the N-terminal of p27, independent of its
cell-cycle regulatory function.

Very recently, cytoplasmic p27 was shown to contribute to
the epithelial-mesenchymal transition (EMT) process.”® EMT
is a highly conserved and fundamental process that is critical
for the normal embryonic development in metazoans. There is
good evidence that this transdifferentiation program, driven by
EMT-inducing transcription factors, is involved in the dissemi-
nation of single carcinoma cells from the sites of primary
tumors.”” Recent evidence also suggests that in certain cancer
types EMT might contribute to the dedifferentiation of non-
CSCs resulting in the acquisition of CSC-like traits.*® Slinger-
land and colleagues demonstrated that ectopic overexpression
of a phosphomimetic p27CK (p27CK-DD, aspartic acid resi-
dues substituted at T157 and T198) significantly enhances the
mesenchymal features of a pair of human epithelial cell lines
(MCF7 breast and UMUC3 bladder cancer cell lines).”®
p27CK-DD binds to JAK2 and perhaps by facilitating the
recruitment of STAT3 to JAK2 increases the formation of
JAK2-STAT3 complexes, leading to activation of STAT3. Acti-
vated STAT3 further binds to and transcriptionally activates
TWIST1 promoter resulting in increased TWIST1 expression.
TWIST1 is one of the key EMT-inducing transcription factors,
which markedly represses E-cadherin expression and contrib-
utes to enhanced cell migration and invasion. Importantly,
overexpression of p27CK-DD causes non-transformed mam-
mary epithelial cells to acquire invasive ability in vitro and also
increases metastasis by the otherwise weakly-metastatic MDA-
MB-231 and UMUGCS3 cell lines in vivo.” Collectively, these
results suggest a new mechanism by which cytoplasmic, C-ter-
minally phosphorylated p27 contributes to tumor-cell invasion
and metastasis.

p27 in cell-cycle regulation

By virtue of its ability to inhibit cyclin D- and cyclin E-associ-
ated activities, p27 functions as an important gatekeeper of the
G1-S transition. As mentioned earlier, this is reflected in p27
KO mice that are larger than normal mice due to enhanced cel-
lular proliferation and organ enlargement in tissues that nor-
mally express p27 at the highest levels.'””"® Conversely,
overexpression of p27 in cells, including multiple cancer cell
lines, holds them in G1-arrest.***"** p27 might also function to
serve as a gatekeeper at the G2-M transition by virtue of its
ability to inhibit CDKI activity. This latter function is evident
in cells from specific tissues of the Skp2 KO mice: due to the
accumulation of p27, particularly, in the S and G2 phases, these
cells exhibit reduced CDK1 activity resulting in impaired ability

to enter M phase, leading to endoreplication, centrosome over-
duplication, polyploidy and increased apoptosis.®> Of note, the
Skp2 KO mice are smaller in size compared to their littermate
controls. Remarkably, the centrosome over-amplification and
polyploidy phenotypes of Skp2 KO mice are rescued with con-
comitant ablation of p27.%* p27-deficiency is also implicated in
increased genetic instability which arises from impaired G2/M
arrest in response to DNA damage.* Given these important
roles in regulating the cell cycle via CDK inhibition, is it likely
that p27 has also evolved to exert additional breaks on the cell
cycle through non-canonical, CDK-independent mechanisms?
Recent findings, discussed below, seem to answer this in the
affirmative (Fig. 4).

That p27’s tumor-suppressing ability might reside in a
function in addition to CDK inhibition was first reported by
Sheaff and colleagues.*® They demonstrated that the proline-
rich domain (amino acids 91-96) of p27 interacts with the
SH3-domain of GRB2, a key molecule in the Ras activation
pathway. Upon mitogen stimulation, the resulting phosphory-
lation of receptor tyrosine kinases generates a binding site for
the SH2-domain of GRB2. The latter via its SH3 domain then
binds SOS, a guanine nucleotide exchange factor; the GRB2-
SOS complex thus formed activates Ras by catalyzing
exchange of GDP for GTP. In mitogen-stimulated quiescent
fibroblasts, p27 is rapidly exported to the cytoplasm where it
sequesters unbound GRB2 resulting in a concomitant decrease
in GRB2-SOS complexes. Consistently, the p27-null MEFs
maintain their SOS-GRB2 complexes significantly longer that
p27*'* cells. Despite these molecular changes, Sheaff and col-
leagues could not detect a prolonged activation of the Ras-
MAPK pathway in p27-null cells; thus the physiological signif-
icance of the p27-GRB2 interaction still remains unclear. Con-
trary to this putative role in the control of MAPK pathway, an
earlier study indicated GRB2-p27 interaction leads to acceler-
ated, Jabl/CSN5-mediated p27 degradation.””

Very recently, however, Baldassarre and colleagues reported
an enhanced activation of the Ras-MAPK pathway in p27-null
MEFs compared to wild-type MEFs, as determined by
increased phosphorylation of ERK1/2 and higher levels of
MAPK target genes, such as Ergl, JunB, cFos, and cyclin D1.**
The hyperactivation of the MAPK pathway is responsible for
the observed faster cell-cycle entry of p27 KO MEFs compared
to control cells. Interestingly, the increased proliferation rate of
the p27 KO cells is rescued by the co-ablation of stathmin.*
This is also reflected in the body-size of the p27 and stathmin
double KO mice: the phenotypes of the p27-null mice such as
increased body and organ weight, development of the pituitary
adenomas and the outgrowth of the retinal basal layer, are all
reverted in these double-KO mice.” Together, these observed
effects uncover a p27-stathmin regulatory axis in the control of
Ras-MAPK pathway activation and G1-S phase transition. As
discussed earlier, this aspect of p27 function impinges on the
increased microtubule-stabilization resulting from direct
sequestration of stathmin in a CDK-independent manner.®®
Microtubule stabilization can have a profound influence on
endocytosis and the endocytic vesicle trafficking processes,
which in turn are strongly implicated in propagating signals
originating from outside of the cell, and vice versa. Indeed, in
p27-null cells, stathmin-induced microtubule destabilization
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Figure 4. p27 in cell-cycle regulation. In addition to inhibition of cyclin-CDK activities, p27 also contributes to regulation of the cell-cycle by non-canonical means. (a) p27
is a RNA-binding protein. In contact-inhibited cells, cytoplasmic p27 directly binds and stabilizes miR-223. High levels of miR-223 then target E2F1 mRNA and thereby pro-
mote cell cycle arrest. (b) p27 also contributes to GO-G1 arrest by functioning as a transcriptional co-repressor in a CDK-independent fashion. On the promotors of specific
target-genes it associates with p130/E2F4 complex and facilitates gene repression by recruiting co-repressors such as HDAC1 and mSIN3A. (c and d) p27 controls activa-
tion of MAPK pathway in a CDK-independent manner to regulate cell cycle entry. (c) In mitogen-stimulated quiescent cells, p27 is rapidly exported to the cytoplasm
where it binds free GRB2 to limit GRB2-SOS complex formation and thus has the potential to attenuate MAPK activation. (d) In mitogen-stimulated cells, p27 sequesters
stathmin to counteract its microtubule-destabilizing activity. The resulting enhanced microtubule-stability facilitates increased endocytic-trafficking of H-Ras and its ubig-
uitination, leading to attenuation of H-Ras ~MAPK signaling and inhibition of cell cycle entry. (e) p27 interacts in a CDK-independent fashion with MCM?7, a key compo-
nent of the pre-replication complex that is assembled at the origins of replication. This interaction might prevent premature firing of the origins in late G1. (f) p27
sequesters cyclin F in a CDK-independent manner and antagonizes the cyclin F-mediated degradation of CP110 resulting in centrosome amplification and mitotic catas-
trophe. (g) Citron kinase (Citron-K) is essential for cytokinesis; p27 interferes with normal cytokinesis by interacting with citron-K and preventing its activation by RhoA.

hyperactivates H-Ras-MAPK signaling by reducing the endo-
cytic trafficking of H-Ras-containing vesicles and thus dimin-
ishing mono- or bi-ubiquitylation of H-Ras.*® Re-expression of
p27 or ablation of stathmin in p27-null MEFs increases H-Ras
ubiquitylation resulting in decreased H-Ras activity and resto-
ration of normal cell cycle entry kinetics.

p27 also contributes to GO-GI1 arrest by functioning as a
transcriptional co-repressor in a CDK-independent fashion.””
In quiescent cells p27 associates with the promoters of a num-
ber of specific target genes that are mainly involved in RNA
processing and splicing, translation, cell-cycle, and mitochon-
drial organization. Among these, the genes that are repressed
by p27 can be divided into 2 categories: repression that is
dependent on inhibition of cyclin-CDK activity and those that
are repressed in a CDK-independent manner. In the latter
case, p27 co-localizes with p130, E2F4, and co-repressors such
as histone deacetylases (HDACs) and mSIN3A on these pro-
moters. Immunoprecipitation and ChIP-on-CHIP experiments
together support a model whereby p130 first drives E2F4 to
the promoters, where p27 is subsequently recruited by binding
directly via its C-terminal half to p130 and E2F4. Finally, p27
recruits co-repressors such as HDACI and mSIN3A on these
promoters culminating in transcriptional repression.”” Inter-
estingly, the CDK-independent repression of these target
genes is only achieved efficiently with either wild-type p27 or
p27CK, but is inefficient with a mutant p27 lacking the first
51 residues in the N-terminal portion; importantly, loss of

p27 results in the upregulation of these target genes. These
results suggest that the N-terminal residues (1-51) are also
needed for CDK-independent repression by p27.”” The iden-
tity of the co-repressor(s) that interact with this region to
enhance the efficiency of p27-induced repression is not known
at present. Of note, a significant number of these p27-target
genes are overexpressed in various human tumors and corre-
lates with reduced p27 expression therein.””*® In light of the
above findings, it is noteworthy that PCAF, a well-recognized
histone acetylase and transcriptional co-activator, was identi-
fied in subsequent studies by Bachs and colleagues as a
nuclear interactor of p27.”" The catalytic domain of PCAF
interacts with the residues 91-120 of p27 and acetylates K100
(Fig. 1); this results in decreased stability of p27 in a Skp2-
independent, but proteasome-dependent manner. It is plausi-
ble that this acetylation-induced degradation of p27 might
contribute to the de-repression of the p27-target genes as cells
exit GO/GI to reenter the cell cycle.

Another unanticipated non-canonical role for p27 has
emerged in the regulation of the cell cycle exit following contact
inhibition where it functions as a microRNA-binding protein.”
MicroRNAs are abundant ~21-25 nucleotide non-coding
RNAs that mediate sequence-specific, post-transcriptional
repression of mRNA targets. Emerging evidence suggests that
microRNAs could allow fine-tune control of cell cycle progres-
sion by modulating the expression of target transcripts that
encode proteins directly or indirectly involved in cell cycle
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progression and cellular proliferation. Baldassarre and col-
leagues report that p27 regulates the expression of a subset of
microRNAs, including miR-223, during cell cycle exit following
contact inhibition.”® It does so in 2 ways: first, it stimulates
miR-223 promoter activity via the inhibition of E2F1 activity
through a CDK-RB pathway; second, cytoplasmic p27 binds to
mature miR-223 and prevents it from degradation in a manner
independent of cyclin-CDK inhibition. Human p27 has 2 puta-
tive RNA-binding sites, one of which is highly conserved
among mammals comprising of residues 90-103 and another
between residues 134-142; both are required for the high affin-
ity binding of miR-223 (Fig. 1). Thus stabilized, high levels of
miR-223 then contributes to cell cycle arrest by downregulating
its targets, one of which is the E2F1 mRNA. Overexpression
studies in K-Ras""*-transformed p27KO 3T3-fibroblasts show
that miR-223 expression could strongly reduce the S-phase
population of exponentially growing cells to mimic contact-
inhibition. Notably, the occurrence of p27 frameshift muta-
tions, namely, p27K134fs or p27P137fs which destroy the sec-
ond RNA-binding site correlates with reduced levels of miR-
223 in breast tumors.*>***? Likewise, the low (or absent)
expression levels of p27 observed in many cancers could dereg-
ulate the p27-mediated control of miR-223 and contribute to
loss of contact-inhibition. Collectively, these observations sug-
gest a novel, CDK-independent mechanism in the regulation of
GO0/G1-S transition by p27 as a RNA-binding protein.
Nallamshetty et al. suggested a CDK-independent function
for p27 in the inhibition of the initiation of DNA replication at
the G1-S boundary.”® To meet the challenging goal of replicat-
ing the entire eukaryotic genome once, and only once, in each
cell division, the origins of replication are strictly prepared and
licensed only in the G1 phase when the CDK activity is low.
Here the origins are referred to be in the pre-replicative state:
at the molecular level it involves the sequential assembly of the
origin replication complex (ORC), CDC6, CDT1, followed by
the loading of the replicative helicase MCM2-7 (minichromo-
some maintenance proteins 2-7). The pre-replication com-
plexes are then fired and activated, triggered by the activity of
the CDKs at the G1-S boundary. Nallamshetty et al. reported
that p27 co-immunoprecipitates with MCM?7 in synchronized
cycling NIH-3T3 cells, but not in serum-starved quiescent
cells.”” This interaction was mapped to the C-terminal, 144-
198 residues of p27 (Fig. 1). In cell-free, Xenopus based in vitro
DNA replication assays, this region of p27 inhibits the initia-
tion of DNA replication, suggesting a possible CDK-indepen-
dent regulatory role for p27 in restraining inappropriate
initiation of DNA replication prior to S phase in vivo. Curi-
ously, however, in our recent study this CDK-independent cell
cycle-inhibitory effect of p27 is not observed when p27CK is
inducibly overexpressed in a U20S-derived Tet-On cell line.*'
Like parental U20S-derived Tet-On cells, these p27CK cells
traverse uninhibited through the cell cycle, under both asyn-
chronous and synchronous cycling conditions. Intriguingly, in
this model system, inducible overexpression of a mutant p27
(p27K) that can neither directly bind nor inhibit CDKs, results
in a block of the G1-S phase transition; however, this effect is
observed only in synchronized cycling cells following release
from a nocodazole-block but not in asynchronously cycling
cells.®** p27K differs from p27CK in that it harbors an intact

cyclin-binding site (this site is mutated in p27CK by alanine
substitutions at R30 and L32, along with mutation of the CDK-
binding site by alanine substitutions at F62 and F64; Fig. 1).
Thus, these findings point to an inhibitory role for p27 in the
GI1-S transition that is independent of CDK inhibition, but
dependent on the presence of an intact cyclin-binding site. The
identity of the molecule that interacts with this site to bring
about a CDK-independent inhibition of G1-S traverse is not
known at this time.

Strikingly, the block in the G1-S phase transition of synchro-
nized cycling p27K cells is reminiscent of cyclin F KO MEFs:
while fully functional cyclin F is dispensable for cell division
under serum-rich conditions, cyclin F—/— MEFs when sub-
jected to serum-starvation-induced quiescence, re-enter cell
cycle with significantly delayed kinetics upon stimulation with
serum.”*” Our previous study identified cyclin F as a protein
that interacts with the intact cyclin-binding site of p27K as well
as that of wild-type p27.*" Whereas inducible overexpression of
wild-type p27 in asynchronously growing cells results in inhibi-
tion of CDKs and consequent Gl-arrest, induction of p27K
leads to centrosomal over-duplication, multiple micronuclei,
and mitotic catastrophe, without affecting the CDK activity. In
our model system, even though the asynchronously growing
p27K cells progress normally through the cell cycle, they exhibit
significantly reduced proliferation rates compared to parental
and p27CK cells, perhaps as a result of increased cell death due
to mitotic catastrophe. Notably, centrosome over-duplication,
micronuclei formation, and mitotic aberrations are also seen
upon siRNA-mediated cyclin F silencing and in cyclin F-null
MEFs.”® Cyclin F is an atypical cyclin that does not bind or acti-
vate any CDKs.”*” Tt is the founding member of the F-box
family of proteins that form substrate recognition subunits of
the SCF ubiquitin ligase complexes and target specific protein
substrates for ubiquitylation and consequent degradation.””*®
In the G2 phase, cyclin F physically associates with the centro-
some and targets CP110 for destruction; the latter is a centroso-
mal protein essential for centrosome duplication.”® We
demonstrated that p27K sequesters cyclin F and antagonizes
the cyclin F-mediated degradation of the CP110 resulting in
centrosome over-duplication.®*’ The physiological and/or path-
ological relevance of the interplay between p27 and cyclin F is
not clear at this time. Interestingly, Besson and colleagues
observed a phenotype of centrosome over-amplification, multi-
nucleation, and polyploidy in fibroblasts, hepatocytes (liver),
and renal proximal tubule (kidney) cells in p27CK knock-in
mice compared to p27 KO mice. This study identified a CDK-
independent function for p27 in disrupting the normal process
of cytokinesis and abscission by interfering with the function
citron kinase, a RhoA effector that is essential for cytokinesis.
Citron kinase localizes at the contractile ring and mid-body
during telophase and cytokinesis, where its exact role at the
molecular level is less understood but is known to contribute to
assembly, stability, and contraction of the contractile ring. The
C-terminal 8 amino acids of p27 (Fig. 1) interact with citron
kinase and prevent its activation by RhoA by interfering with
citron kinase-RhoA complex formation. Of note, the centro-
some amplification observed in these p27CK-expressing cells is
merely a consequence of cells undergoing multiple rounds of
cell cycles without undergoing complete cytokinesis, as



opposed to that seen with p27K cells in our study®' where it is
an outcome of misregulated centrosome replication process.
Contrary to these observations, the centrosome amplification
seen in Skp2 KO cells (discussed above) appears to be a conse-
quence of endoreduplication. In all these cases, however,
increased induction of cell death by mitotic catastrophe and/or
apoptosis is observed. Taken together, these findings suggest a
gatekeeper function for p27 at the G2-M boundary that is inde-
pendent of CDK inhibition via induction of mitotic catastrophe
and/or apoptosis, culminating in abrogation of cell prolifera-
tion. Alternatively, observations such as that seen with p27K
might point toward a potentially pro-oncogenic function for
p27 in disrupting the tight regulation of the centrosome dupli-
cation process. In this context it is important to note that over-
amplification of centrosomes is known to be one of the contrib-
uting causes of aneuploidy which in turn can fuel
tumorigenesis.”

Conclusions and perspectives

Almost two decades have elapsed since the first discovery of a
non-canonical role for p27 in the regulation of cell motility. In
the intervening years many other CDK independent functions
for the nuclear and cytoplasmic p27 in the control of key physi-
ological and pathological processes have come to fore. This
multifunctional character of p27 is attributed to its intrinsically
unstructured nature that allows p27 to bind and influence a
variety of different proteins. Thus, depending on the cell type
and cell-specific context, p27 essays the dual roles of a tumor-
suppressor or tumor-promoter. The tumor-suppressor, non-
canonical functions involve its ability to inhibit the cell cycle by
regulating the G1-S and G2-M transitions, through influence
on processes such as microtubule stability, MAPK pathway,
centrosome replication, transcriptional co-repression, micro-
RNA expression, and initiation of DNA replication. It is possi-
ble that these non-canonical functions have evolved to either
complement the CDK-inhibitory, canonical “gatekeeper” func-
tions and/or to function as additional breaks when CDK inhibi-
tion by p27 is not needed, such as in the case of RB deletion.
Thus, to remove these multiple breaks, cancer cells might have
to not just inactivate the cyclin-CDK-binding domain, but also
disrupt these additional functions of p27, many of which are
dependent on its C-terminal region. Strikingly, a large number
of the reported p27 somatic mutations in prostate and luminal
breast cancers, and hairy cell leukemia, reside within its C-ter-
minal portion.”*® Further investigations are required to clarify
whether, and if so, how each of these identified mutations dis-
rupt various aspects of p27 function.

On the other hand, the effects on tumorigenesis and metas-
tasis appear to be largely dependent on the cytoplasmic misloc-
alization of p27 and modulation of the pathways involved in
cell motility and invasion, cellular plasticity such as EMT and
MAT, and stem cell proliferation and/or differentiation. It
appears cancer cells have learnt to co-opt the ability of intrinsi-
cally unstructured p27 to interact with diverse proteins while
uncoupling p27 from its nuclear inhibitory functions through
predominant mislocalization to the cytoplasm. Clearly, how-
ever, there is a lot more to be learnt about the mechanisms by
which p27 regulates all these processes. For example, how does
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cytoplasmic p27 contribute to dysregulated stem cell expansion
and/or differentiation? Do other novel mechanisms exist by
which cytoplasmic p27 contributes to cellular plasticity and
metastasis? In addition to cellular migration and invasion, sur-
vival of and colonization by the disseminated tumor-cells are
other critical aspects of the metastatic process. It is conceivable
that p27 might contribute to these processes as well, both in a
CDK-dependent and -independent fashion. An attractive
hypothesis is that p27 might serve as a molecular switch that
coordinates tumor-cell migration, dormancy, and eventual col-
onization of distant sites during metastasis. For instance, in car-
cinoma cells that have succeeded in hyperphosphorylating p27
and shuttling it to and/or retaining it in the cytoplasm, p27
might contribute to enhance EMT, motility and invasion,
allowing these cells to disseminate to distant sites; however,
upon arrival at distant hostile microenvironments, these cells
might undergo a mesenchymal-epithelial transition, losing the
hyperphosphorylated status of p27 and inducing its nuclear
expression, thus facilitating an entry into dormancy. In due
course, however, development of tumor-cell microenvironment
and/or genetic/epigenetic conditions favorable to removing p27
from the nucleus might eventually contribute to the reawaken-
ing of these cells from dormancy to allow macrometastasis for-
mation and further dissemination. Furthermore, these various
emerging non-canonical roles could have therapeutic implica-
tions for the development of targeted anti-cancer drugs (such
as GGTI-2418'"°, Compound-A'’!, and Compound #25'%%)
that seek to indirectly or directly inhibit the degradation of p27
and thereby suppress tumor-growth, at least in part, by increas-
ing the cellular levels of p27. It is plausible that the increased
p27 in these drug-treated tumors might eventually end up turn-
ing pro-oncogenic in the event a tumor cell acquires a new
oncogenic mutation that is capable of cooperating with p27.
Therefore, a greater mechanistic understanding of how cyto-
plasmic p27 promotes tumorigenesis and/or metastasis through
modulation of multiple pathways, including those involved in
cell migration, EMT, MAT, and CSC biology, may ultimately
permit the design of more effective combinatorial therapies in
cancer-types characterized by high levels of cytoplasmic p27.
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