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Abstract: p27XiP! is a key cell cycle gatekeeper governing the timing of Cyclin-dependent
kinase (CDK) activation/inactivation and, consequently, cell proliferation. Structurally, the
protein is largely unfolded, a feature that strongly increases its plasticity and interactors
and enhances the number of regulated cellular processes. p27XiP!, like other intrinsically
unstructured proteins, is post-translationally modified on several residues. These modifica-
tions affect its cellular localization and address p27XiP! for specific interactions/functions.
Several germline or somatic CDKN1B (the p27XiP! encoding gene) mutations have been
demonstrated to be associated with multiple endocrine neoplasia type 4 (MEN4), hairy cell
leukemia, small-intestine neuroendocrine tumors, and breast and prostate cancers. Here,
we analyzed the effect of four CDKN1B missense and nonsense mutations found in patients
affected by MEN4 or cancers, namely, ¢.349C>T, p.P117S; ¢.397C>A, p.P133T; c.487C>T,
p-Q163*; and ¢.511G>T, p.E171*. By transfecting breast cancer cell lines, we observed
increased growth and cell motility for all the investigated mutants compared to wild-type
p27XiP1 transfected cells. Furthermore, we discovered that the mutant forms exhibited
altered phosphorylation on key residues and different localization or degradation mecha-
nisms in comparison to the wild-type protein and suggested a possible region as crucial for
the lysosome-dependent degradation of the protein. Finally, the loss of p27XiP! ability in
blocking cell proliferation was in part explained through the different binding efficiency
that mutant p27XiP! forms exhibited with Cyclin/Cyclin-dependent Kinase complexes (or
proteins involved indirectly in that binding) with respect to the WT.

Keywords: p27XiP1; CDKN1B; cell cycle; cell motility; tumor suppressor gene; cancer

1. Introduction

p27I<ip1 (hereafter p27) is an intrinsically disordered protein belonging to the CIP/Kip
family of Cyclin-dependent kinase modulators [1-3]. The protein represents a critical regula-
tor of the cellular responses to various stimuli and environmental factors, including signals
that inhibit proliferation or promote growth, differentiation, and DNA damage [4-10].
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Through a Kinase Inhibitory Domain (KID) located in its N-terminal region, p27
regulates the activity of nearly all CDK/Cyclin complexes, thereby playing a crucial role in
controlling the progression of the cell cycle [1-3]. When p27 is localized in the nucleus, it
binds to Cyclin E/CDK2, blocking the kinase activity and preventing transition from the
G1 to the S phase. In turn, this can lead to G1 arrest and, in some cases, cause cells to enter
a resting state (GO).

On the other hand, stimuli inducing proliferation can relieve p27 inhibition on
CDK2/cyclin complexes by leading to the intramolecular phosphorylation of p27 on
threonine 187 [11-14]. The phosphorylation targets p27 for degradation, thus playing a
critical role in cell cycle progression and maintaining a low level of nuclear p27 during
both the S and G2 phases [14,15]. p27 is also capable of binding CDK4(6)/cyclin D, but the
details of this interaction are not precisely defined. It appears necessary for the assembly
of CDK4 and Cyclin D in a ternary complex inside the cytosol, and for the transfer of
the kinase complex into the nucleus [16]. p27 is also phosphorylated on Tyr74, and this
phosphorylation enables the allosteric activation of the ternary complex CDK4/Cyclin
D/p27 [16,17]. Intriguingly, the active CDK4/Cyclin D/phospho(Tyr74)p27 complex is
insensitive to palbociclib, a chemotherapeutic drug that selectively inhibits CDK4/6 and
that has been recently introduced in the therapy of hormone receptor-positive (HR+) /HER-
breast cancer [17].

The intrinsic disorder of p27 enables the protein to bind several different partners and,
in turn, allows for multiple biological roles in addition to the function of modulating CDK
activity. Specifically, cytosolic p27 is able to control cytoskeletal dynamics, motility and
invasiveness, vesicle trafficking, and cytokinesis [18-24]. Finally, p27 controls autophagy
and transcription [25-27]. The content and functions of p27 are modulated through different
mechanisms that include the control of CDKN1B (the gene encoding p27) expression and
the rate of protein degradation. In addition, post-translational modifications (PTM) regulate
the activity of p27 by modulating its stability, localization, and flexibility [2,3], as partially
anticipated above.

In turn, the deregulation of p27 PTMs can significantly impact tumor cell behavior
by altering the protein’s partners and functions. In addition to the PTMs at Thr187 and
Tyr74 (and, with similar meaning, Tyr88/89), other phosphorylation events have been
identified, including those on serine 10 and threonine 198 [28-36]. These modifications
have been linked to protein stability [28-33], nuclear export [34,35], and cytoplasmic seques-
tration [36]. However, their precise roles remain partially unclear, and the identification of
the responsible kinases is still under investigation. Given the critical functions of p27 in
both the nucleus and the cytoplasm, cells tightly control its levels and localization. Any
disruption in these regulatory mechanisms can lead to uncontrolled proliferation and
increased risk of tumor formation and progression.

A noticeable p27 reduction has been observed in various human malignancies cor-
relating with increased aggressiveness and poor outcomes. In particular, low p27 levels
have been found in primary tumors, including breast, colon, lung, and prostate carcinomas;
esophageal cancer; head and neck cancers; melanomas; and astrocytomas [37-40]. It has
been initially hypothesized that increased proteolysis is the primary mechanism of p27 loss
in human cancers [39,40]. Supporting this hypothesis, several investigations have shown
that Skp2 and Cks1, two proteins involved in the ubiquitin-dependent degradation of p27,
are overexpressed in human cancers [41]. In addition, the relocalization of p27 from the
nucleus to the cytosol has also been linked to human cancers. Reduced p27 nuclear levels
and enhanced cytosol accumulation are associated with poor prognoses in numerous tu-
mors, including breast cancer, acute myelogenous leukemia, pancreatic cancer, and ovarian
carcinoma [39,40].



Cells 2025, 14, 188

30f28

Studies performed on the CIP/Kip and INK4 families (all inhibitors of CDK activity)
focused on the alterations of the respective coding genes in human cancers [42]. Early
investigations have indicated that INK4 members are frequently deleted /mutated in malig-
nancies [42—44]. Only recently, with the advent of Next-Generation Sequencing, changes
in CDKN1B were identified in tumors. CDKN1B alterations have been reported in breast
cancers and prostate carcinomas [45-47] as well as in small intestine neuroendocrine tu-
mors (SI-NETs), where mutations of CDKN1B represent one of the most frequent gene alter-
ations [48,49]. In particular, Francis et al. found somatic CDKN1B small insertions/deletions
in 10% of the analyzed si-NET, while over a cohort of 180 cases, an 8% frequency of het-
erozygous frameshift COKN1B mutations was established [48]. To note, CDKN1B is now
considered a driver gene for SI-NET, along with a specific subset of breast cancer defined
as hormone receptor-positive (HR+) or luminal breast cancer (LBC) [50]. For the latter,
investigations reported a mutation rate of approximately 3%, which becomes slightly higher
(4.1%) in younger premenopausal women with LBC [50].

CDKN1B deleterious mutations have been found in hairy cell lymphoma (16% fre-
quency), where it represents the second most frequent mutation, second only to BRAF [51].
Germline mutations of CDKN1B have also been identified as the cause of a type of mul-
tiple endocrine neoplasia, a rare autosomal dominant disease characterized by multiple
endocrine cancers [52]. Since the initial study of Molatore and Pellegata [53], which linked
a CDKN1B mutation to a specific form of MEN in rats, cases of human MENT1-like pheno-
type not bearing mutations in MEN1 and RET genes have emerged, gradually confirming
the association of CDKN1B with a distinct human MEN syndrome named MEN type 4
(MENS4) [54]. Overall, the reported data confirm that CDKN1B can be considered a bona
fide tumor suppressor gene in humans, as also confirmed by studies in Cdkn1b ablated
mice [55,56]. The observation of monoallelic inactivation of the CDKN1B gene alteration
in several tumors, including si-NET, breast cancers, and parathyroid adenomas, suggests
that CDKN1B might be considered a haploinsufficient tumor suppressor. The view is also
consistent with findings from mouse models [56]. Finally, some CDKN1B variants classified
as polymorphisms (i.e., ¢.326T>G, p.V109G) have also been proposed as prognostic factors
in sporadic medullary thyroid carcinoma [57].

In conclusion, the germinal and somatic CDKN1B mutations reported with increas-
ing frequency in the literature and variant databases suggest that p27 alterations may
play a direct role in hormone-related diseases and cancers that are hormone-dependent
or hormone-responsive. Only a few detailed functional studies, however, have been per-
formed to unravel their pathogenetic mechanisms and mechanistically confirm CDKN1B as
a susceptibility gene [50,58-60]. In this study, we focused our attention on four CDKN1B
mutations that might affect p27 subcellular localization, PTMs, and/or protein removal.
Precisely, we selected two missense and two nonsense variants. The results obtained sug-
gest that the mutations can affect p27 interaction, resulting in phenotypic changes favoring
cancer development.

2. Materials and Methods
2.1. Reagents and Antibodies

pcDNAS3.1 plasmid carrying the human wild-type p27 coding sequence was kindly
given by Prof. Pagano (Dpt. Biochemistry and Molecular Pharmacology, New York Univer-
sity Grossman School of Medicine, New York, NY, USA). The QuikChange II Site-Directed
Mutagenesis Kit was obtained from Agilent Technologies (Santa Clara, CA, USA). A protein
phosphatase was obtained from Santa Cruz Biotechnologies (Dallas, TX, USA). Cyclohex-
imide (CHX), Z-L-Leu-D-Leu-L-Leu-al (MG132, R stereoisomer), and trans-Epoxysuccinyl-
L-leucylamido(4-guanidino)butane (E-64) were obtained from Merck KGaA (Darmstadt,
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Germany). Mouse monoclonal anti-p27XiP! antibody was obtained from BD Transduction
Laboratories (Franklin Lakes, NJ, USA) (RRID:AB_397637). The antibodies against Actin
(RRID: AB_476693), CDK4 (RRID: AB_259094), and CDK2 (RRID: AB_1840625) were ob-
tained from Merck KGaA. The antibodies against Cyclin D1 (RRID: AB_627344), CDK1
(RRID: AB_627224), Pinl (RRID: AB_628132), LDHa (RRID: AB_2137192), and Lamin
A/C (RRID: AB_10991536) were produced by Santa Cruz Biotechnology, Inc. (Dallas, TX,
USA). Anti-Phospho(Ser10)p27 (RRID: AB_2552949) and anti-Phospho(Thr198)p27 (RRID:
AB_2553787) were obtained from Thermo Fisher Scientific Inc. (Waltham, MA, USA). The
HRP-conjugated secondary goat anti-rabbit and anti-mouse antibodies were obtained from
Jackson ImmunoResearch Europe Ltd. (Cambridge, UK). The Lipofectamine 3000 was
purchased from Thermo Fisher Scientific Inc.

2.2. Mutagenesis

The selected point mutations of CDKN1B were inserted into the cDNA of the WT-
p27-pcDNA3.1 vector through mutagenesis by using the QuikChange II Site-Directed
Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA). The suggestions of the man-
ufacturer were followed, and the nucleotide substitutions were verified through sequencing,
as reported in Natalicchio et al. [61]. The oligo sequences used for the mutagenesis will be
made available upon request.

2.3. Mammalian Cell Culture Growth Conditions and Treatments, Cell Transfection, and Lysis

The triple-negative MDA-MB-231 (HTL99004—RRID: CVCL_0062) and the ER+ MCEF-
7 (#HTL95021—RRID: CVCL_0031) human breast cancer cell lines were cultured in DMEM
medium supplemented with 10% FBS, 100 U/mL of penicillin, and 100 mg/mL of strep-
tomycin at 37 °C with 5% CO,. Cells were routinely tested for mycoplasma. All the
experiments were performed on cells at early passages. Transfections were performed
using Lipofectamine 3000, as reported in [62]. The efficiency of transfections was evaluated
as reported in the Supplementary Materials (Figure S1). For the analysis of the p27 half-life,
MCE-7 cells were seeded at 50% confluence and then, upon adhesion, transfected for 24 h
with all the constructs. After that, cells were incubated with fresh medium containing 36 pM
cycloheximide (CHX) for the indicated time intervals. p27 levels at each time point were
determined through densitometry, and the reported values were calculated as fractions of
p27 at time 0 h (w/o CHX). For the lysosome- or proteasome-dependent degradation of the
truncated p27 HRVs compared to that of p27-WT, cells were incubated with fresh medium
containing 36 pM cycloheximide (CHX). After three hours from CHX exposure, 1 uM
MG132 (proteasome inhibitor) or 10 uM E64 (lysosomal calpain and cathepsin inhibitor)
were added for the indicated time. Finally, the cells were harvested through trypsinization,
washed twice with PBS, and total or compartmentalized (cytosol or nuclear) cell extracts
were obtained, as reported in [63].

2.4. Mono- and Bi-Dimensional SDS-PAGE and Immunoblotting

The mono-dimensional SDS-PAGE was carried out as reported in [64]. For the bi-
dimensional SDS-PAGE, the procedures described in [31] were followed. For Western
blotting (WB), PVDF (0.2 um pores) was used. Membranes were blocked for 1 h with
5% non-fat dry milk/TBS/0.05% Tween 20, and the incubation with primary antibodies
was carried out under mild agitation for 2 h at room temperature (R.T.) for all the used
antibodies. After four washes with TBS/0.05% Tween 20 (5 min/wash), incubation with
HRP-conjugated secondary antibodies (added in accordance with the primary ones) was
carried out for 1 h at R.T.
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2.5. Cell Count and Flow Cytometry

For proliferation and cell cycle analyses, MCF-7 and MDA-MB-231 cells were seeded
in 6-well multiwell plates (3 wells per condition) at 40% confluence. At cell adhesion, they
were transfected by using 1 pg plasmid per well. After 48 h, the cells were harvested
through digestion with Accutase and counted by using a hemocytometer. The count means
(£SD) were reported as histograms, and the significances were calculated by the t-test.
p-values < 0.05 were considered significantly different. The levels of overexpressed p27
were checked by lysing the cell pellets to obtain total extracts and loading 20 ug of each
sample in SDS-PAGE. Finally, immunoblotting with anti-p27 and anti-Actin antibodies
was performed.

The same transfections were performed for the analysis of cell cycle distribution. After
collecting cells as above, cells were resuspended in ice-cold 70% ethanol, vortexed, and
fixed by leaving them for 2 h at 4 °C. Then, the pellets were centrifuged at 300 x g for 5 min,
the supernatants were discarded, and 1 mL of propidium iodide staining solution was
added to each cell pellet and left for 30" at R.T. in the dark, as in [65]. Finally, the samples
were quickly analyzed through FACS CANTO II (BD Biosciences, San Jose, CA, USA)
flow cytometer and Flow]o V10 software (Flow]Jo LLC, Ashland, OR, USA). The cell cycle
distribution was reported as percent of count events, from 3 independent experiments.

2.6. Scratch Wound Assay

For the wound healing tests, the assay was performed in a medium without FBS to
avoid the contribution of cell growth on the scratch closure. Briefly, the cells were seeded in
12-well plates in a complete medium at high confluence. At adhesion, the culture medium
was replaced with fresh medium without serum. Then, 1 h later, the transfections were
performed for 48 h. After that, equally thin wounds were created on the cell layers, and the
cells were photographed at 20 x magnification using an inverted phase contrast microscope
at time 0 (Tp) and 5 h after wounding (T5s}). Uncovered areas were measured by using
Image J 1.53e (Java 1.8.0_172) software at both Ty and Ts},. Equal amounts of the prepared
extracts were subjected to SDS-PAGE/IB with anti-p27 and anti-Actin antibodies to verify
p27-WT and HRVs levels and the loading, respectively.

2.7. Phosphatase Treatment

In total, 400 pug of total protein extracts (obtained by lysing transfected and non-
transfected MCF-7 cells with RIPA buffer without phosphatase inhibitors) was divided into
two samples, diluted in a phosphatase assay buffer (50 mM Tris-HCI, pH 7.5,0.1 mM EDTA,
1 mM DTT, 2 mM MnCl,, and protease inhibitors) at a 1 ug/uL protein concentration,
and incubated at 30 °C for 1 h with or without the recombinant A phosphatase protein
(500 U/assay). Finally, the samples were subjected to protein precipitation by incubation
with 10% trichloroacetic acid (TCA) for 45 min on ice. The pellets were obtained through
centrifugation for 30 min at 16,000x g, 4 °C. To eliminate the TCA, the protein pellets
were washed twice with absolute ice-cold acetone, left to dry, and then resuspended in the
rehydration buffer, pH range 3-10, for the isoelectrofocusing.

2.8. Immunoprecipitation and Pull-Down Assay

The immunoprecipitations of the phospho(Ser10)p27 isoform (alone or in combination
with phospho(Thr198)p27) were performed as by Borriello et al. [29]. The immunocom-
plexes were eluted from the protein A/G beads by incubation with 100 mM Glycine HCI,
pH 2.2. The inputs, eluates, and supernatants (S/Ns) of the experiments (as reported
in the Results Section) were precipitated by TCA /Acetone as described above and re-
suspended in the rehydration buffer, pH 3-10, for the 2D SDS-PAGE/IB analysis. The
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densitometries of spots 0 and 2 in both inputs and S/Ns were carried out by scanning the
obtained X Films and using the TotalLab CLIQS 4.0 gel image analysis software (TotalLab
Ltd. 2019, Newcastle-Upon-Tyne, UK). The abundance of spot 2 corresponding to the
monophosphorylated p27 isoforms was calculated as a percentage of total p27 (spot 0 +
spot 2 densities, AU) in both inputs and S/Ns of phospho(Ser10) + phospho(Thr198)p27
immunoprecipitations.

MCEF-7 cells transfected (or not) with p27-WT and p27 variants were lysed with RIPA
buffer to obtain the total extracts, the protein concentrations were determined, and the
same concentrations (1 ng/pL) were achieved by dilution with the lysis buffer. Then,
40 pL (= 40 ug) of each sample was treated at 90 °C for 5 min to purify exogenous and
endogenous p27 (taking advantage of the p27 thermal stability). After that, the heat-
treated extracts were clarified from precipitated proteins by centrifugation at 16,000 g
for 10 min and the supernatants containing thermostable and partially purified p27 were
collected and used as BAIT. As a PREY protein-containing extract (PP-c E), the total extract
from asynchronous MCF-7 was used (400 pug each assay). Then, antibodies against p27
(3 png/sample) were incubated overnight at 4 °C with each BAIT extract. The day after,
the immunocomplexes were bound to protein A/G magnetic beads, and the beads were
washed three times with lysis buffer. The beads were then incubated with 400 pg of PP-c E
for 1 h at room temperature and centrifuged, and the supernatants (containing non-bound
proteins) were removed. After three washes with RIPA buffer 0.5 containing protease and
phosphatase inhibitors, the beads were dried and resuspended in the loading sample buffer
1x for the following SDS-PAGE/IB analyses. As controls, the pull-down without bait
extracts (including only PP-c E, 1 h on the wheel at room temperature) and the non-related
pull-down with control IgGs (carried out including p27-WT bait and PP-c E, not related
pull-down, NR PD) were prepared and loaded on the same gel.

2.9. Statistics

All the experiments were performed in triplicate. When reported, the densit-
ometries of the immunoreactive bands after both mono- and bi-dimensional SDS-
PAGE/immunoblotting were obtained using TotalLab CLIQS 4.0 software. The exper-
imental data were expressed as the mean & SD. GraphPad Prism 6 software (La Jolla, CA,
USA) or Microsoft Excel was used for statistical analyses and calculations. Comparisons
among samples were performed using the t-test. p-values < 0.05 were indicative of a
significant difference between samples.

3. Results
3.1. Selection of CDKN1B Variants and Their In Silico Analysis

Two missense and two nonsense CDKN1B variants were analyzed for mechanistic
characterization. These CDKN1B alterations have been previously reported in the Cata-
logue of Somatic Mutations in Cancer (COSMIC, https://cancer.sanger.ac.uk/cosmic, last
accessed on 30 September 2024) and International Cancer Genome Consortium (ICGC,
https://dcc.icgc.org, last accessed on 30 September 2024) data portals, published by
the National Center for Biotechnology Information (https://www.ncbi.nlm.nih.gov/,
last accessed on 30 September 2024), or submitted to the public archive ClinVar (https:
/ /www.ncbi.nlm.nih.gov/clinvar, last accessed on 30 September 2024). The criteria for
selecting these CDKN1B genetic changes were (i) their definite or possible clinical signifi-
cance in human cancers and (ii) their potential effect on p27 subcellular localization and/or
p27 phosphorylation. The schematic structure of human p27, with its major domains and
motifs, is reported in Figure 1a, where the sites of the genetic changes analyzed in this
study are also highlighted.
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Figure 1. In silico prediction of serine (S), threonine (T), and tyrosine (Y) phosphorylation potential
in the WT and mutated p27 sequences. (a) Schematic representation of p27 sequence showing the
principal domains and the sites of the mutations that are the object of this study. Pro-rich, Proline-rich
domain; BD, binding domain; NLS, Nuclear Localization Sequence; STMNT1, Stathmin 1. (b) Netphos
3.1 results for the phosphorylation prediction of the p27-WT and HRVs. The arrows indicate the
phosphorylation potential of the amino acids of interest.

The first of the two CDKN1B missense mutations involves the substitution of proline
133 into a threonine (p27-P133T, chrl12:g.12718236C>Ac.397C>A). The mutation was identi-
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fied in patients affected by different diseases, including (1) head and neck squamous cell
carcinoma (HNSCC) [50]; (2) primary hyperparathyroidism (PHPT), autoimmune hypothy-
roidism, and fibrocystic breast disease [66]; (3) meningioma, papillary thyroid carcinoma,
parathyroid adenoma, and, additionally, Hiirthle cell adenoma, cholesteatoma, and uterine
leiomyomas, thus overall describing a MEN 4 phenotype [67]; and (4) thyroid carcinoma
(somatic, COSV99963856, COSM9177399; ClinVar accession: VCV000217127) [60,68]. In
some of these cases, germline alterations were identified, namely, in one patient reported
in [60] and others in [66,67]. The 133 codon was also altered by a somatic nucleotide
substitution (c.399A>C, p.P133=; COSV99963967) in a patient with ovarian carcinoma [69].
The second CDKN1B missense mutation originated from a p27 variant in which proline
117 was replaced by a serine (p27-P117S, chr12:g.12718188C>T, ¢.349C>T). This variant is
present in population databases (rs754936421, gnomAD 0.007%) and is currently classified
as a variant of uncertain significance. CDKN1B ¢.349C>T has been found in patients with
MEN4 and hereditary cancer predisposition syndrome (ClinVar variation ID: 493111). In
addition, Singeisen et al. (2023) reported a case of a germline c.349C>T mutation in a
54-year-old woman also diagnosed with primary hyperparathyroidism and macroprolacti-
noma who underwent a total thyroidectomy for multifocal papillary thyroid carcinoma.
In the absence of mutations in the MEN1 gene, a diagnosis of MEN4 was given [70]. The
same variant was reported in a subject showing skin carcinoma (histology subtype: Merkel
cell carcinoma), but the zygosity, somatic status, and loss of heterozygosity (LOH) details
were unknown [71]. Both selected missense variants replace two highly conserved pro-
lines within the p27 Jabl/CSN5 binding domain (positions 117 and 133). Jab1/CSN5 is a
component of the COP9 signalosome complex and promotes cell proliferation by inducing
p27 translocation from the nucleus to the cytoplasm [72]. Thus, the two substitutions may
result in modified p27 phosphorylation and/or a change in its subcellular distribution.

The other two CDKN1B mutations are nonsense single nucleotide changes that lead to
truncated protein variants. The first variant, p27-Q163* (chr12:g.12871770C>T, c.487C>T),
has been identified in two patients with estrogen receptor-positive (ER+) breast cancer [73]
and in a further patient diagnosed with invasive urothelial carcinoma (bladder cancer)
(COSMIC ID: COSM1299114; ICGC ID: MU4716948) [74]. The second truncating mutant,
namely, p27-E171%* (chr12:g.12871794G>T, c.511G>T), was found in two patients with ER+
luminal breast cancer [73,74], in a subject with large intestine adenocarcinoma [75], and
in patients diagnosed with sporadic SI-NET [76] or bladder (invasive urothelial) cancers
(COSMIC ID: COSM3688044; ICGC ID: MU138318). Both gene mutations originate from
a premature stop codon (at residue 163 or 171, respectively), determining the synthesis
of truncated p27 proteins lacking different C-terminal sequences. The p27 C-term, which
does not acquire a definite tertiary structure, is involved in numerous interactions and
activities, the majority of which are independent of CDK modulation. In particular, it
contains a Nuclear Localization Signal (NLS, residues 153-169). Moreover, threonine
187 phosphorylation is essential for nuclear p27 ubiquitin-dependent degradation. The
C-term also includes threonine 198, the last residue of the p27 sequence, which plays
a key role in maintaining protein stability and regulating the cytoskeleton [23,33] and
other sites of phosphorylation by different identified kinases (such as AKT, RSK1, Citron
kinase, AMPK, and Pim). It has also been directly implicated in interaction with the MT
acetylating enzyme «TAT1 (aa 89-198) [20,21] and PRC1 protein, involved in MT bundling
(regions 190-198) [22]. The characteristics of the four CDKN1B mutations and the relevant
literature references are summarized in Supplemental Table S1 (ST1). Finally, the selected
variants appear specifically relevant in endocrine and/or hormone-responsive tumors and,
thus, hereinafter, they might be defined, on this basis, as p27 hormone-related variants
(p27 HRVs).



Cells 2025, 14, 188

9 of 28

Supplemental Table S2 (ST2) reports some biochemical features of the variants includ-
ing the pI and molecular weight. In addition, the pls for the monophosphorylated isoforms
were reported to show the effect of changes in phosphorylation on the pl. These data were
obtained using Expasy tools (https://web.expasy.org/compute_pi/) last version released
by the Swiss Bioinformatics Resource Portal on 1 July 2020, starting from the human p27
sequence (UniProt accession number P46527).

Preliminarily, an in silico analysis was performed on these p27 HRVs using Netphos
3.1 (http:/ /www.cbs.dtu.dk/services /NetPhos/ (accessed on 10 January 2017) to identify
new phosphorylation sites or verify other potential alterations in protein PTMs. Figure 1b
reports the results of a predictive analysis of p27-HRV phosphorylation in comparison to
p27-WT. The prediction scores (on a scale from 0 to 1) revealed that both substitutions,
P117—S and P133—T, may introduce a putative site of phosphorylation (namely, serine
117 and threonine 133, respectively). P133—T change may also affect the sumoylation of
K134, which has been reported as a mechanism of response to TGF-f3 treatment [77]. The
sumoylation might inhibit p27 interaction with CDK2, reducing the inhibitory effect of p27
on CDK2. K134 is also a site of p27 ubiquitinylation, and, thus, P133->T might interfere
with p27 ubiquitin/proteasome-dependent degradation [78].

Regarding the p27 truncated variants, in addition to the obvious absence of the two
major phosphorylation sites (Thr187 and 198), the in silico prediction suggested reduced
phosphorylation on Ser160 and Ser161, two residues reported to be phosphorylated by
GSK-3 [79]. Both mutants totally or partially lack NLS (153-169) and regions of interac-
tion with proteins that regulate cytoskeleton dynamics, including small GTPases (Rac
and RhoA), citron kinase, and stathmin [80-85]. Thus, these truncated variants might
cause alterations in cell motility and cancer cell invasiveness. The p27 C-terminal domain
also interacts with the MT acetylating enzyme «TAT1 and the PRC1 protein involved in
microtubule bundling. Importantly, the p27-E171* truncated variant has been previously
investigated [19,23,86-89] as a p27 deletion mutant useful for understanding the functions
associated with the last 28 amino acids of the protein. A longer half-life, inducing re-
duced microtubule stability and the partial inhibition of kinase activities compared to p27
null cells, was reported [16,20,78,79]. In the present study, p27-E171* was investigated in
comparison with p27-Q163* to explore aspects not covered in earlier research.

3.2. Phenotypes Correlated to CDKN1B Variants: Studies on Cell Growth and Motility

Initially, our interest focused on the effects of the exogenously expressed p27 variants
on cell phenotype. Therefore, expression plasmids encoding p27 mutants were prepared
by inserting the specific mutation in the human p27 coding sequence cloned in pcDNA3.1
(p27-pcDNAZ3.1). The plasmids were transfected into two breast cancer cell models, namely,
the human ER-a+ breast adenocarcinoma MCF-7 cell line and the triple-negative (ER-a~,
HER2~, PR™) breast adenocarcinoma MDA-MB-231 cell line. MDA-MB-231 cells were
characterized by a highly aggressive phenotype. Cells were plated at 40% confluence in
a complete medium. After adhesion, they were transfected for 48 h with the different
constructs. Transfection efficiency ranged from 50 to 60% (in different experiments) as
estimated by confocal analysis (see Supplementary Materials and Methods and Figure S1
for further details). After transfection, cells were collected and counted. The means (£SD)
of three independent experiments are reported as histograms in Figure 2a. Cells were
also lysed, and total protein extracts were analyzed through immunoblotting to evaluate
the levels of protein expression (Figure 2b). As shown in Figure 2a, p27-WT expression
determined a significant reduction of the proliferation degree in comparison to control cells
(i.e., cells transfected with the empty vector). The antiproliferative activity was particularly
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evident in MDA-MB-231 cells (p < 0.001). All mutations abolished (in MCF-7) or reduced
(in MDA-MB-231) p27 cell growth inhibitory capacity.
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Figure 2. Analysis of proliferation and cell cycle distribution after the transfections of MCF-7 (left)
and MDA-MB-231 (right) cell lines. (a) The counts of cells transfected with p27 HRV constructs were
compared with those of cells transfected with p27-WT and cells exposed only to vehicles. ns, not
significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001. (b) The counted cells (in triplicates) were collected and
lysed with RIPA buffer containing protease and phosphatase inhibitors. The extracts were analyzed
by Western blotting using anti-actin antibody (as a loading control) and anti-p27 mouse monoclonal
antibody to verify levels of p27 in all conditions, and the performed triplicates of transfection with
each vector. Molecular weight markers are reported to the left of the blots. The arrows indicate p27
signals for (i) full-length WT and missense variants, (ii) E171*, and (iii) Q163* truncated variants.
(c) Histograms related to cell cycle distribution (mean % =+ SD) obtained through Flow]Jo V10 software
analysis of flow cytometry experiments carried out on at least 20,000 cells per condition from three
independent transfections (48 h each).

The effects of the p27 HRVs on the cell cycle were also investigated by flow cytometry.
As shown in Figure 2¢c, in MCFE-7 cells, p27 variants did not appear to significantly modify
cell cycle distribution (compared to p27-WT). In MDA-MB-231, p27-WT transfection caused
a reduction of cells (expressed as a percentage of the total number) in the S phase compared
to vehicle-treated cells, with a slight delay of both G1 and G2 phases, for which, however,
no significance was obtained. The transfection of p27 HRVs significantly abrogated this S-
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phase reduction due to p27-WT. When compared to vehicles, the mutants did not determine
significant variations in the cell cycle distribution.

Subsequently, the effect of p27 variants on cell motility was evaluated by a wound
healing assay performed on MCF-7 and MDA-MB-231 transfected cells. Wounds were
introduced in confluent monolayers of cells transfected with an empty vector (vehicle) or
p27-WT, -P133T, -P1175, -Q163*, or -E171*. To minimize the effect of proliferation over
cell motility, cells were cultured in a serum-free medium, and the area of the healing was
determined at time zero (Tp) and 5 h after the scratch (Ts). Figure 3 reports images of
the two different cell populations (Figure 3a) and the histograms obtained from wound
closure areas determined in three independent experiments (Figure 3b). At the end of the
experiment, the cells were harvested through trypsinization, lysed, and analyzed for p27
levels through SDS-PAGE/IB (Figure 3c). As shown in Figure 3, MDA-MB-231 showed a
higher capacity to heal the wounds compared to the MCF-7 cells. Both MCF-7 and MDA-
MB-231 cells expressing p27-WT exhibited reduced wound closure compared to those
transfected with the empty vector. In contrast, p27 mutants, including both missense and
truncated variants, promoted substantial wound closure, showing that all the mutations
counteracted the p27-WT negative effect on cell motility. Of interest, in the experiments
performed in MCF-7 cells, the p27 HRVs’ expression determined cells” ability to close the
wounds better than that of the control cells, indirectly suggesting the activation of pathways
favoring cell motility. This behavior, although less marked, was observed in MDA-MB-231
cells only when transfected with p27-P117S or p27-Q163*.

3.3. Subcellular Localization of the p27 Mutants

The nuclear localization of p27 correlates with cell growth inhibition. Conversely, p27
cytosolic relocalization has been frequently detected in a wide variety of tumors with a poor
prognosis [90,91]. This has been explained by various mechanisms, including loss of nuclear
CDK inhibition and an altered control of cytoskeletal dynamics. Furthermore, cytosolic p27
is an important factor for CDK4/Cyclin D1 complex assembly and nuclear import; thus, it
might be considered a positive regulator of CDK4 kinase activity and a factor promoting
cell cycle entry [92]. It was also recently demonstrated that the p27/CDK4/Cyclin D ternary
complex is insensitive to the CDK4-targeting drug palbociclib, suggesting that the protein
can participate in determining breast cancer palbociclib resistance [17]. Therefore, we
characterized the subcellular distribution of p27 variants. These studies were carried out
in MCF-7 because p27 mutations were usually correlated with luminal breast cancer and
estrogen receptor-positive/HER2-negative tumors.

MCEF-7 cells were transfected with the expression vectors for 24 h and nuclear and
cytosolic extracts were obtained as reported in the Materials and Methods Section. Protein
extracts were then subjected to Western blotting using anti-p27 antibodies, while Lamin
A/C and LDHA (LDH) antibodies were used to exclude cross-contaminations and confirm
equal protein loading. As shown in the immunoblotting in Figure 4a,b, the subcellular
distribution of the mutated proteins was similar to the p27-WT (~60% in the cytoplasm
and ~40% in the nucleoplasm), except for p27-Q163*, which showed primarily cytoplasmic
localization (80% vs. 20%), probably due to the presence of a truncated NLS.
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Figure 3. Scratch wound assays in MCF-7 and MDA-MB-231 cell lines transfected with p27-expressing
vectors. Starved cells were transfected with the indicated constructs or exposed only to the vehicle.
After 48 h of plasmid transfections, thin wounds were generated with p10 pipette tips; 5 h was the
time empirically determined to appreciate the difference in the closure speed and, then, cell motility.
(a) Representative images of scratch wound assays on MCF-7 and MDA-MB-231 photographed
with an inverted light microscope (Leica, 10 x magnification) at time 0 (Toy) and 5 h after inflicting
the wound (Ts). (b) Histogram plots of the scratch wound assays reporting the wound closure
measured using Image J 1.53e (Java 1.8.0_172) software and shown as a percentage of the initial area.
(c) Analysis of p27-WT and p27 HRVs levels in total protein extracts obtained from cells collected
at the end of scratch wound assays. Anti-actin Abs were used to control the loading. Molecular
weight markers are reported to the left of the blots. The arrows indicate p27 signals for (i) full-length
WT and missense variants, (ii) E171%, and (iii) Q163* truncated variants. For p values: *, p < 0.05;
**,p <0.01;ns,p>0.05.
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Figure 4. Evaluation of subcellular distribution of p27 HRVs in MCF-7 cell line. The cells were
transfected for 24 h, collected by trypsinization, and washed twice with PBS. The cell pellets were
then used for the compartmentalized lysis as detailed in “Section 2" and subjected to SDS-PAGE/IB
analysis using antibodies against p27. LDHa and Lamin A/C were analyzed as cytoplasmic and
nuclear housekeeping, respectively, and to exclude cross-contamination. The densitometry of the
signals was performed. The cytoplasmic and nuclear quantities were calculated as a percentage of
the total and are reported in the tables at the bottom. (a) Analysis performed on the missense p27
mutations compared to the WT protein. (b) Analysis performed on the nonsense p27 mutations in
comparison to p27-WT.

3.4. Analysis of p27 Variants’ Phosphorylation

We asked whether the reduction of the antiproliferative activity and the increased
capability of wound healing shown by p27 variants compared to the WT protein might be
explained by or correlated with altered phosphorylation. Thus, extracts of cells transfected
with p27 mutants were analyzed by 2D SDS-PAGE coupled to Western blotting with the
anti-p27 antibody. We have frequently employed 2D SDS-PAGE in the characterization
of p27 phosphorylation patterns since it allows for the identification of the majority of
p27 phosphoisoforms and the evaluation of the ratio of phosphoisoforms/unmodified
forms [29,31]. Generally, the 2D pattern of p27 shows numerous specific spots. The most
basic form corresponds to the non-modified protein. This finding has been previously
demonstrated by us through different approaches and confirmed by the precise correspon-
dence between the calculated pI (by Expasy tool) and the experimentally observed value.
In p27 phosphoisoform patterns reported here and in previous studies [27,29,31,58], the un-
modified form is defined as spot 0 and quantitatively represents, in several asynchronous
growing cell models, more than 50-60% of total p27 [29,31,93]. The monophosphory-
lated p27 corresponds to spot 2, as also previously demonstrated by isotopically labeled
proteins [29]. A p27 isoform (spot 1) occurs between spot 0 and spot 2. It is still unchar-
acterized (see figure legend for additional details) and has been demonstrated to be a
non-phosphorylated isoform [29]. The p27 2D pattern also displays additional acidic spots
(spots from 3 to 5) that correspond to increasingly phosphorylated isoforms. A major
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percentage of monophosphorylated p27 corresponds to the protein phosphorylated on
serine 10, while other important modifications are represented by phosphorylation on
threonine 198 and, to a lesser extent, threonine 187, threonine 157, and tyrosine (74, 88, and
89), as we previously reported [31].

Total extracts were obtained from MCEF-7 cells transfected for 24 h with p27-WT as
well as with each of the p27 HRVs and analyzed by 2D SDS-PAGE/IB. Figure 5a reports
the bidimensional pattern of the missense variants, namely, p27-P117S and p27-P133T,
compared to p27-WT. Taking into consideration particularly spot 2 (monophosphorylated
p27) and spot 0 (the unmodified protein), no remarkable differences could be evidenced
in their ratio. Since the in silico analysis predicted that the mutations could insert new
phosphorylatable residues in the place of P117 and P133, we re-analyzed the extracts after
the removal of p27 isoforms containing phospho(Ser10) and phospho(Thr198) (the two
main phosphorylated residues) by immunoprecipitation. Then, the inputs and the depleted
extracts (i.e., the supernatants of the immunoprecipitations) were analyzed by 2D SDS
PAGE/WB. The images were subjected to densitometry, and the abundance of spot 2 was
calculated as a percentage of total p27 (spot 0 + spot 2 intensity) for each analysis. As
shown in Figure 5a,b, while for p27-WT and p27-P117S, spot 2 decreased almost equally,
for p27-P133T, the reduction of spot 2 was more evident, with a percentage of remnant
spot 2 corresponding to 3.8% of total p27. The findings suggest that the P117S mutation
did not alter the 2D phosphorylation pattern of the protein and indirectly argue against
the possibility of Ser117 phosphorylation. In p27-P133T, while the intensity of spot 2
compared to spot 1 was similar to that of the WT, the remnant mono-phosphorylated
isoform after phospho(Ser10+Thr198) depletion was very scarce. This finding suggests
that the mutated residue was not phosphorylated and that the substitution might have
enhanced the phosphorylation on both residues (Ser10 and Thr198). Further studies, mainly
based on mass spectrometry, appear necessary to identify the phosphorylation sites of the
p27 variants examined.

Then, the 2D analyses of cells transfected with the truncated variants were carried out.
Since truncations caused changes in the pI as well as in the molecular weight of the variants
(as reported in Table S2), MCF-7 cells were transfected with a lower amount of expression
vectors (1/10) than that used in the experiment reported in Figure 5 (see Section 2 for the
details). This strategy allowed us to detect endogenous p27 in 2D/WB and use it as an
internal control. Accordingly, we evidenced in the same blot the phosphorylation pattern
of endogenous p27 and that of the transfected truncated p27 variant. The transfected
extracts were also treated with recombinant A phosphatase (PPase) for the identification
of the phosphoisophorms or, alternatively, subjected to the immunoprecipitation with
anti-phospho(Ser10)p27 antibodies to confirm the positioning of mono-phosphoisoforms.
The anti-phospho(Thr198)p27 IP was not performed due to the absence of Thr198 in both
variants. In detail, the extracts were divided into three aliquots. One aliquot was employed
as a control (—PPase), one was dephosphorylated by PPase (+PPase), and the third was
employed for IP with anti-phospho(Ser10)p27 antibodies (IP pS10-p27). Then, the samples
(including the IP materials) were analyzed by 2D/WB with anti-p27 antibodies. As reported
in Figure 6a,b, both variants showed isoforms focalizing at lower pH, according to their
calculated pI (Table S2). Regarding p27-E171* (Figure 6a), the 2D pattern showed spot 2
to be of lower intensity in comparison to spot 0, different from p27-WT. We confirmed
that spot 2 of the truncated variant was a phosphoisoform since we observed a spot with
the same migration in phospho(Ser10)p27 IP (Figure 6a, bottom blot). Interestingly, the
IP blot (Figure 6a, bottom) suggested an overall stronger phosphorylation on Ser10, with
two spots having comparable intensities in the truncated p27 mutant compared to the
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endogenous protein. This result may have been due to the lack of many different sites of
phosphorylation due to the truncation.
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Figure 5. Analysis of the missense p27 HRV phosphopatterns in comparison to that of the WT protein
in the MCF-7 cells. The total extracts from MCF-7 transfected with p27-WT and the two missense
p27 HRVs were subjected to bi-dimensional SDS-PAGE/IB with antibodies against p27. The same
extracts were used for combined immunoprecipitation of phospho(Ser10)- and phospho(Thr198)p27
isoforms by using highly specific antibodies. After the depletion of the isoforms carrying the two
phosphorylated residues, the supernatants (S/Ns) of the IP were analyzed through 2D SDS-PAGE/IB
with anti-p27 mouse monoclonal antibodies. (a) Immunoblotting of inputs (total extracts before the
immunoprecipitation) and S/Ns of the performed IP with antibodies against phospho(Ser10) and
phospho(Thr198) p27 (pS10p27 and pT198p27, respectively). The spot at a lower molecular weight
corresponds to a putative truncated p27 (16-198 p27, expressed from another starting codon, namely,
Met16). (b) Densitometry analysis of spot 2 (expressed as a percentage of total p27 signals) before
(inputs, upper table) and after phospho(Ser10) and phospho(Thr198) isoform depletion (depleted
extracts, lower table). The reported percent values were calculated with respect to the spot 0 and spot
2 intensity sum (assuming that they were the prevalent signals).

The same analysis was performed on the extracts from cells transfected with p27-
Q163* (Figure 6b). Again, the phosphatase assay and the immunoprecipitation of the
phospho(Ser10) isoform favored the identification of spot 2 (Figure 6b). Figure 6¢ shows
a brief exposure for Q163* (—PPase and input of the IP) and the magnification of the
region of interest, which clearly highlights spot 2, showing that it focalized very close to
the intermediate spot, presumably spot 1, corresponding to the p27 isoform carrying an
uncharacterized modification.
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Figure 6. Identification of nonsense p27 HRV phosphopatterns in comparison to the endogenous
protein in MCF-7. The total extracts from MCE-7 transfected with 0.1 pg of nonsense p27 HRV
vectors/wells were subjected to bi-dimensional SDS-PAGE/IB with antibodies against p27. The
extracts were subjected to PPase treatment and focalized. Alternatively, the same extracts were used
for immunoprecipitating phospho(Ser10)p27 and the IPs were analyzed through 2D SDS-PAGE.
(a) Analysis of p27-E171*. (b) Analysis of p27-Q163*. (c) Lower exposure of the X film related to p27-
Q163*. The squares show the magnified region. The signals of endogenous p27 and overexpressed
p27 are evidenced. Input, extract used as starting material for IP and as non-treated (—PPase) sample;
+PPase, sample treated with A Phosphatase.
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To confirm the data obtained by the 2D/WB analysis, the content of phospho(Ser10)
and phospho(Thr198) in the missense variants was investigated by 1D/WB by employing
specific antibodies. The content of phospho(Thr198) in the truncated variants was not
analyzed for the absence of the relative residue. The analysis was performed in MCF-7
transfected cells. In addition, specific mutants were employed to confirm the specificity
of anti-phospho-p27 antisera. As shown in Figure 7a, the obtained results confirmed a
relative phosphoSer10 increase in all the missense variants, particularly in p27-P133T. This
could suggest that the two changed prolines could affect serine 10 phosphorylation due,
for instance, to changes in the substrate affinity by the putative kinases. Alternatively,
the stability of these isoforms could be increased. The higher levels of serine 10 phos-
phorylation agreed with the increased ability of transfected cells to migrate faster than
the WT-overexpressing cells (Figure 3) and were in accordance with data provided by Li
et al. [94]. The degree of the phosphoSer10 observed in Q163* was 30% higher than in the
WT, probably due to the cytoplasmic sequestration of this variant (Figure 7a).

We also analyzed separately the levels of Thr198 phosphorylation. The analyses in-
cluded only the missense p27 HRVs in comparison to the WT. The truncated p27 HRVs were
excluded due to the loss of the C-term fragment. The dephosphomimetic mutant T198V-p27
was included as a control of the specificity of the anti-Thr198-p27 antibody. As shown in
Figure 7b, we were able to exclude a consistent variation in Thr198 phosphorylation in
p27-P133T. Conversely, an increase was detected for the P117S mutant in comparison to
the WT (Figure 7b), suggesting that the P117—S change might modulate the efficiency of
putative kinases involved in this modification or stabilize the phosphoform.
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Figure 7. Analysis of phospho(Ser10) and phospho(Thr198) levels. MCF-7 was transfected for
24 h with the indicated constructs (1 pg/well of 6-well multiwell). The total extracts (20 ug/lane)
were subjected to SDS-PAGE/IB with rabbit polyclonal antibodies against (a) phospho(Ser10)p27
or (b) phospho(Thr198)p27. After the IBs, the membranes were stripped and blotted with anti-p27
mouse monoclonal antibody. The densitometry of the immunoreactive bands was performed and the
ratios of phospho(Ser10 or Thr198)p27/total p27 (pp27/p27) were calculated and are reported on the
bottom of each panel.

3.5. Analysis of Nonsense p27 HRV Degradation Mechanisms

Subsequently, we focused our attention on the degradation mechanisms of the p27
variants. This investigation might be particularly informative since one of the truncated
variants (p27-E171%) lacked both the main site of nuclear phosphodegron (Thr187) and the
last residue (Thr198), while the other (Q163*) also lacked, in addition to the abovementioned
threonines, an integer nuclear localization signal. Several distinct mechanisms of p27
removal have been described that occur in the nucleus or cytosol and in distinct cell cycle
phases [1-3]. The well-known nuclear degradation involves an initial phosphorylation
on Thr187 followed by ubiquitin-dependent proteasome removal [14]. The process is
mostly observed in S/G2 phases. A different mechanism, not yet completely unraveled,
occurs in the cytosol (i.e., ubiquitination/degradation) and does not appear to require
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specific degradation-targeting p27 phosphorylation. Finally, lysosomal p27 degradation
was reported [95], but details on this mechanism are not available. The half-life of both
missense and nonsense p27 HRVs was first evaluated in comparison to that of the WT
protein: MCEF-7 cells were transfected for 24 h with the indicated constructs, and then CHX
was added. Cells were collected at the indicated times of CHX treatment, and the total
extracts were analyzed through SDS-PAGE/IB (Figure 8a). The image on the left related
to the missense variants was obtained from an IB that also analyzed other variants that
are not the object of this study. Therefore, the original blot is reported for transparency in
Figure S2 of the Supplementary Materials. The densitometry of the p27 immunoreactive
signals was performed on three independent experiments and the mean values (£S.D.),
normalized on the relative actin IB, were reported as curves with respect to the p27 signal
intensities at time tp (fixing 1 a.u. for the starting p27 levels) (Figure 8b). As shown, the
p27 HRVs (p27-P1176, in particular) exhibited significantly faster kinetics of degradation in
comparison to the WT counterpart. These results might explain the loss of cell proliferation
control of the mutants.
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Figure 8. Analysis of the half-life of p27-HRVs compared to p27-WT. (a) The MCF-7 cells were
transfected with WT or missense (left) and nonsense (right) p27 HRVs for 24 h; then, they were
exposed to 36 pM CHX for 2, 4, and 6 h. At the end of each selected time, cells were collected and
total extracts were prepared and analyzed through SDS-PAGE/IB with anti-p27 antibodies. Actin
was analyzed as a loading control. (b) The immunoreactive signals obtained from three independent
experiments were subjected to densitometry. The p27 level at each time point was reported as a
fraction of the p27 level at time t;. For p values: *, p < 0.05; **, p < 0.01; ***, p < 0.001.

In view of the relevance of the C-term moiety of p27 for protein degradation, we
analyzed the effect of nonsense mutations on the proteasome-dependent p27 degradation
in both the nucleus and the cytoplasm. The cells transfected with the truncated p27 HRVs
and p27-WT were treated for 6 h with cycloheximide (CHX, 36 uM), an inhibitor of protein
synthesis. In some samples, during the final 2 h of CHX treatment, a potent membrane-
permeable proteasome inhibitor (MG132, 1 pM) was added. The cells (CTRL and those
treated with CHX and CHX+MG132) were subsequently subjected to a compartmentalized
lysis. The nuclear and cytoplasmic fractions (20 pg/sample) were then analyzed for
the content of p27 (or its variants). Lamin A/C and LDHa were also investigated to
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confirm nuclear/cytoplasmic fractionation efficacy. The data reported in Figure 9a show a
different distribution of the truncated proteins, with a major quota in the cytoplasm (as
also reported in Figure 4b). When MG132 was added to the CHX-exposed cells, a strong
nuclear increase of p27-WT was observed, confirming that the phospho(Thr187)-dependent
nuclear degradation was the prevalent mechanism controlling the WT protein homeostasis.
On the other hand, no relevant accumulation of the mutant proteins was observed, except
for a faint cytoplasmic increase observed for Q163*. The results indicated that the two
variants, and particularly p27-E171%, were barely sensitive to proteasome degradation, and
the involvement of lysosome degradation was investigated. In this case, the transfected
cells treated with CHX (36 uM) were exposed to E-64 (10 uM), chosen as a lysosomal
calpain and cathepsin inhibitor. The treatment with MG132 (1 uM) was also included for
comparison (Figure 9b). Interestingly, while p27-WT was increased in both treatments, the
two truncated p27 HRVs showed divergent pathways for their removal. In fact, Q163*
levels were partially restored under MG132 exposure only. Conversely, E171* accumulated
only upon E-64 treatment (Figure 9b), suggesting lysosomal proteases as major effectors
in the mechanism of E171* degradation. Accordingly, the region between 163 and 170
amino acids might be required for targeting the proteins to the lysosomes. The effect of the
inhibition of lysosomal-dependent degradation was evaluated in the experiment reported
in Figure 9c. Cells were transfected and then treated with CHX. After 3 h, E-64 was added
and cells were collected at 1, 2.5, and 5 h. The total extracts were then analyzed. As shown,
while p27-WT was scarcely affected, the levels of p27-E171* and p27-Q163* (to a very
limited extent) were restored by cotreatment with E64. Overall, these results suggest that
the truncated variants, and in particular p27-E171%, were degraded at the lysosomal level.

3.6. Effects of Mutations on p27 Interactions

An important point to be addressed in evaluating the effects of p27 mutations was
the possible alteration of p27 interactions. To avoid eventual artifacts due to different
subcellular localization and not to modified interactions, we preferred to use in these
experiments the pull-down assay technique and not immunoprecipitation. So, transfected
and non-transfected MCF-7 cells were lysed with RIPA buffer to obtain the total extracts.
Then, 40 pL (=240 pg) of each sample was treated at 90 °C for 5 min to roughly purify
p27 (taking advantage of the thermal stability of the protein). After that, the heat-treated
extracts were centrifuged at 16,000 x g for 10 min, and the supernatants enriched by p27-WT
(or its variants) were collected and used as BAIT. In parallel, exponentially growing MCE-7
(without any manipulations) was lysed using RIPA buffer and used in the pull-down as
the source of p27-interacting proteins (in Figure 10, it is indicated as PP-c E, prey protein-
containing extract). The first step was the overnight incubation of bait extracts with p27
antibodies. Then, the immunocomplexes were bound to protein A/G magnetic beads.
Subsequently, 400 pg of PP-c E was added to the packed beads at room temperature. After
1 h of incubation, the beads were washed, and equal volumes of loading sample buffer were
added to the elutions (for further details, see Section 2). Finally, the eluted samples were
analyzed by Western blotting with antibodies against p27 and putative p27 interactors. The
focus of this study was primarily on CDK complexes. As controls of the experiments, the
pull-down without bait extract (including only PP-c E) and the non-related pull-down with
control IgGs were prepared and loaded. The former was used to exclude the signals in the
pull-down assays due to the endogenous p27 partners in the PP-c E and the latter was used
to exclude non-specific interactions between the protein A/G beads and bait and/or prey.
The levels of CDK2, CDK4, Cyclin D1, CDK1, and Pinl bound to p27-WT or its variants
were investigated. As shown in Figure 10, the major efficiency in binding CDK2 was
recorded for the WT bait; conversely, it decreased in the investigated variants, achieving
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the lowest level for the E171* bait. These results highlighted that the HRVs p27 mutants
were rarely CDK2 interactors. This was not observed for CDK1, for which a slight increase
in the binding of the analyzed variants compared to the WT protein could be detected. On
the other hand, p27 mutants were able to bind to CDK4 and Cyclin D1 at a higher level
compared to the WT. Considering the role of p27 in forming CDK4/Cyc D complexes and
favoring nuclear import (a well-known role in contrast to its oncosuppressive functions)
and activation, these observations can explain the hyperproliferative phenotypes of cells
expressing the variants.
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Figure 9. Analysis of nonsense p27 HRV degradation. (a) The MCE-7 cells were transfected for 24 h,
as indicated; then, they were exposed to CHX for 6 h. In the last two hours of exposure, 1 ytM MG132
was added. Then, nuclear and cytoplasmic fractions (30 ng/sample) were analyzed by Western
blotting for p27 (1’ and 5 exposure are reported). LDH and Lamin A/C were also analyzed as
controls for efficacious separation and loading. (b) Cells were treated as in (a) except that in the last
two hours of CHX incubation, MG132 (1 uM) or, alternatively, E-64 (10 uM) was added. Then, total
extracts (20 pg/sample) were analyzed by SDS-PAGE/WB for p27 and actin (as loading control).
CHX, cycloheximide; MG132, Z-L-Leu-D-Leu-L-Leu-al (R stereoisomer); E-64, trans-Epoxysuccinyl-L-
leucylamido(4-guanidino)butane. (c) Time course experiments of MCF?7 cells pretreated with CHX
(for 3 h) and then exposed to cotreatment with E64 for the reported times (1, 2.5, 5 h). Actin was
analyzed as loading control.

Finally, we focused our attention on p27 interaction with Pinl. Pinl is a peptidyl-
prolyl cis-trans isomerase able to bind p27 when phosphorylated on Ser10 or, mainly,
Thr187 [96]. The enzyme might change the pSer/pThr peptidyl-Prolyl cis-trans isomers,
relieving p27-dependent CDK2 inhibition. Thus, an increased interaction between p27 and
Pin1 might enhance CDK?2 activity, favoring cell proliferation. As reported in Figure 10, all
the investigated p27 mutants were able to bind Pinl to a major extent compared to p27-WT.
Of particular interest, the P133T variant showed the most binding with the isomerase,
probably as a consequence of the phospho(Ser10) content.
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Figure 10. Analysis of p27 HRV interactions. In total, 40 ug of heat-treated MCF-7 transfected cells
were used to prepare the BAITs (p27 WT and p27 HRVs) in the pull-down experiment. They were
blocked on protein A/G magnetic beads through anti-p27 antibodies. Three washes with RIPA
buffer were performed to exclude non-specific bound thermostable proteins remaining in the BAIT
extracts. Asynchronous MCF-7 cells in the exponential phase of growth were lysed to obtain the
total extract, and 400 pug was used for each pull-down as a source of p27 prey (PP-c E, prey protein-
containing Extract). The interaction was performed by 1 h of incubation at room temperature on a
wheel; after that, three washes were performed with RIPA buffer, and the beads (with immobilized
immunocomplex and stable interactors of the BAITs) were resuspended in loading sample buffer
for the SDS-PAGE/IB with the indicated antibodies. The pull-down was also performed by using as
a BAIT 40 ug from non-transfected cells to verify the contribution of the endogenous protein (first
lane). The last three lanes represent, respectively, (i) the pull-down without BAIT, (ii) the non-related
pull-down (without Abs anti-p27 and with p27 WT BAIT and PP-c E) (NR PD, non-related pull-down),
and (iii) PP-c E (INPUT, 30 pug).

4. Discussion

Key structural features of p27 are its remarkable flexibility and the absence of a
stable 3D structure. These characteristics allow the protein to have numerous interactors
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and, thus, modulate many important processes. Recently, it has also been proposed that
P27 can act as a scaffold where various complexes assemble [2]. The lack of a definite
structure is, on the other hand, partially balanced by the occurrence of several p27 PTMs
that reduce the flexibility and challenge the protein for specific interactors and, thus, the
control of particular processes. Similarly, changes in subcellular distribution can modify
p27 interactors, thus shifting p27 activities. In this study, we investigated the effects of
four CDKN1B mutations identified in human diseases that have the common characteristic
of being dependent on or sensitive to hormones. We analyzed whether CDKN1B genetic
changes might affect PTMs, cellular distribution, and interactors of p27.

Two of the selected mutations shared the possibility of changing the phosphorylation
pattern of the corresponding mutated proteins by introducing two novel phosphorylatable
residues (Ser117 and Thr133) in place of the two corresponding prolines present in the WT
protein. The other two investigated genetic changes caused a premature truncation of the
p27 sequence, forming a protein of 162 or 170 residues instead of the 198 aa sequence of
human p27. The truncation resulted in the loss of two phosphorylatable residues (Thr187
and Thr198) and the absence of additional functional domains, as detailed above in the
text. Considering that CDKN1B is mutated predominantly in luminal breast cancers [46],
we analyzed the phenotypic effects (i.e., alterations of cell proliferation, cell cycle, and
motility) associated with p27 HRV overexpression in two breast cancer cell models, the
(ER+PR+/-HER27) MCF-7, and the triple-negative MDA-MB-231 cell lines. We found
that the overexpression of p27 HRVs in the hormone-responsive model (MCF-7, luminal
subtype with low Ki67) resulted in the loss of p27 antiproliferative activity. In MDA-MB-
231 cells, p27 HRVs showed a reduced ability to block cell proliferation (in comparison
to the WT transfected counterpart), although they kept the ability to reduce proliferation
when compared to vehicle-treated cells. When we focused on cell motility, we surprisingly
found that MCE-7 cells overexpressing all p27 HRVs displayed a significant increase in
comparison to cells expressing WT-p27. Conversely, in MDA-MB-231, a limited positive
effect was determined, with a faint increase in wound healing observed only for P1175 and
Q163*. As detailed in paragraph 3.1, p27-E171* has been the object of previous studies,
mainly as a tool to study the roles of the C-term of the protein, particularly the Thr198
final residue and its phosphorylation [19,23,86-89]. Our results are in accordance with the
studies that reported the defects of the mutant in inhibiting the motility /invasivity capacity
of glioblastoma cells and tumor-induced neoangiogenesis in vivo.

The analysis of p27 variant PTMs suggests that both p27-P133T and p27-P117S present
increased phosphorylation on Serl0 compared to their normal counterparts. Particu-
larly, p27-P133T showed among the p27 HRVs the highest level of Ser10 phosphorylation.
p27-P117S also, besides a slight increase in phospho(Ser10), showed augmented T198
modification (Figure 7). When the p27 forms were analyzed upon subtraction (by immuno-
precipitation) of the phosphoisoforms modified in Ser10 and Thr198 (Figure 5), a signal for
the 1P form was still evident, particularly for the P117S variant. However, in both cases, the
ratio of 1P/ UM form was not clearly different from that observed in p27-WT, preventing us
from concluding that the sites of changes had become sites of phosphorylation. However,
studies by mass spectrometry might be necessary to demonstrate the PTMs present in these
variants. Both the truncated variants lacked the phosphorylatable sites threonine 187 and
198. Accordingly, they retained serine 10 as the major phosphorylation site. In particular,
p27-Q163* had higher phosphorylation in position 10 compared to p27-E171*. Precisely,
Ser10 phosphorylation is increased in three out of four p27 HRVs analyzed. It is important
to underline the role of Ser10 phosphorylation in the nucleus—cytoplasm shuttling and
cytoplasmic p27 functions, particularly the control of cell motility. Altogether, these results
confirm that the contribution of phosphoThr198 in influencing cell scattering is lower than
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that dictated by the phosphorylation of Ser10. The two truncated variants also show a
distinct subcellular localization, with p27-Q163*, which lacked the integer NLS domain,
showing definite cytosolic accumulation. The nucleus/cytosol distribution of the other
variant was, on the contrary, similar to that of the wild-type protein.

The investigation of p27 variant degradation suggests that in specific instances, mu-
tations can affect the mechanism of protein removal. As a matter of fact, a shift from
proteasomal degradation to lysosomal removal was observed for the p27-E171* variant.
Since p27-Q163* seems to still rely on proteasome as a major mechanism for removal, it
is possible to suggest that the sequence between 163 and 171 includes a consensus for
lysosomal p27 degradation. We can speculate that a lysine in position 165, lost by the stop
mutation at 163 and described as a site of polyubiquitination, might be involved in this
process, being conserved in p27-E171*.

A major achievement of this study is regarding the interactions of the p27 mutants
compared to the wild-type protein. Some p27 interactors were selected based on their
ability to regulate cell growth and motility. As shown in Figure 10, all four p27 variants
bound less CDK2, suggesting that they were unable (or less capable) to inhibit this CDK.
In this way, CDK2 was more active, accelerating the overcoming of the G1->S transition.
Intriguingly, the effect of low CDK2 binding was most evident in the truncated proteins,
suggesting that the absence of the C-terminus negatively affected the interaction with
CDK2. Conversely, the interaction of p27 variants with Cyclin D1 and CDK4 appeared to
increase compared to p27-WT. The finding is extremely interesting since it is well known
that p27 is required for Cyclin D1 binding and activation of CDK4 [16,17]. Thus, the result
suggests that the variants contemporaneously favor CDK4 activation and have minor
inhibitory activity on CDK2. These results might explain (at least in part) the loss of
antiproliferative activity of the analyzed p27 HRVs. The effect of increased Pinl interaction
is also of interest. The enzyme allows the cis/trans isomerization of peptide bonds between
phosphorylated Ser/Thr and prolyl residues. It has been reported that the peptidyl-prolyl
cis/trans isomerase interacts with p27, reducing its binding with CDK2 [96]. This finding
suggests that the enhanced association of p27 mutants with Pinl might also be a factor
explaining the reduction of p27 interaction with CDK2.

In conclusion, we observed that for all the investigated p27 variants associated with
hormone-related human cancers, there was a loss (complete or partial) of antiproliferative
activity and an increase in motility. The effects on protein metabolism and localization
seem to depend primarily on the specific mutations and the absence (or presence) of NLS.
Importantly, our results on the E171* variant may reveal the importance of a specific
region (p27 residues 163-170) to address the protein involved in lysosomal (other than
proteasomal) degradation, at least in conditions of altered protein structure. A major
achievement of this study is the finding that the mutations strongly affect p27 interactome.
In particular, their binding with CDKSs or proteins that modulate p27/CDK2 binding (i.e.,
Pin1) was clearly altered. Of note, the decrease in p27 binding to CDK2 was, at least in the
mutations investigated, associated with an increase in binding to CDK4.

Through our analysis of p27 interactions, we identified several common characteristics
that serve as a unifying thread across all p27 HRVs. These features persist even though the
amino acid alterations occur outside the KID and independently of the affected domains.
This underscores the necessity for further comprehensive studies of p27 mutations that
encompass a broad spectrum of analyses.



Cells 2025, 14, 188 24 of 28

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cells14030188/s1, Figure S1: Immunofluorescence images of cells
transfected with p27 WT, missense, and nonsense variants; Figure S2: Original blots for figure 8a (left
blots); Table S1: CDKN1B variants analyzed in the study; Table S2: Calculated PI and MW of the p27
variants analyzed in the study.

Author Contributions: Conceptualization, D.B., E.S., ED.R. and A.B.; methodology, D.B.,ES., J.A.,
ED.R. and A.B.; software, D.B., E.S. and J.A.; validation, D.B., E.S,, J.A., ED.R. and A.B.; formal
analysis, D.B., E.S,, J].A,, ED.R. and A.B.; investigation, D.B., E.S., J.A., D.P, WA. and V.D.V,; resources,
FD.R. and A.B,; data curation, D.B., E.S., J.A., ED.R. and A.B.; writing—original draft preparation,
D.B. ES., ED.R. and A.B.; writing—review and editing, D.B., E.S., ED.R. and A.B.; visualization, D.B.
and J.A.; supervision, D.B., E.S., ED.R. and A.B.; funding acquisition, E.S., ED.R. and A.B. All authors
have read and agreed to the published version of the manuscript.

Funding: The reported work was supported by grants from PON Ricerca e Innovazione 2014-2020
and AIM Attrazione e Mobilita Internazionale del MIUR (for E.S. salary), Associazione Italiana per la
Ricerca sul Cancro (AIRC) (grant number 11653 to ED.R.), and Bando di Ateneo per il finanziamento
di progetti di ricerca fondamentale ed applicata dedicato ai giovani Ricercatori, Kip2PTMCaTR
(CUP:B63C22001470005 to E.S.). A.B. thanks MUR, CN3 National Center for Gene Therapy and Drug
Based on RNA Technology, Spoke 2. for partial support.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data of the experiments reported in this paper have been
uploaded to the MDPI repository and/or will be made available by the corresponding author:
adriana.borriello@unicampania.it.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Galea, C.A,; Wang, Y.; Sivakolundu, S.G.; Kriwacki, R.W. Regulation of cell division by intrinsically unstructured proteins:
Intrinsic flexibility, modularity, and signaling conduits. Biochemistry 2008, 47, 7598-7609. [CrossRef] [PubMed]

2. Bencivenga, D.; Stampone, E.; Roberti, D.; Della Ragione, F; Borriello, A. p27(Kip1), an Intrinsically Unstructured Protein with
Scaffold Properties. Cells 2021, 10, 2254. [CrossRef]

3.  Hengst, L.; Reed, S.I. Inhibitors of the Cip/Kip family. Curr. Top. Microbiol. Immunol. 1998, 227, 25-41. [CrossRef]

4. Russo, G.L.; Stampone, E.; Cervellera, C.; Borriello, A. Regulation of p27(Kip1) and p57(Kip2) Functions by Natural Polyphenols.
Biomolecules 2020, 10, 1316. [CrossRef]

5. Messina, G.; Blasi, C.; La Rocca, S.A.; Pompili, M.; Calconi, A.; Grossi, M. p27Kip1 acts downstream of N-cadherin-mediated cell
adhesion to promote myogenesis beyond cell cycle regulation. Mol. Biol. Cell 2005, 16, 1469-1480. [CrossRef]

6.  Choi, HH,; Su, C.H,; Fang, L.; Zhang, ].; Yeung, S.C.; Lee, M.H. CSN6 deregulation impairs genome integrity in a COP1-dependent
pathway. Oncotarget 2015, 6, 11779-11793. [CrossRef]

7. Vernon, A.E.; Devine, C.; Philpott, A. The cdk inhibitor p27Xicl is required for differentiation of primary neurones in Xenopus.
Development 2003, 130, 85-92. [CrossRef]

8.  Nguyen, L.; Besson, A.; Heng, J.I.; Schuurmans, C.; Teboul, L.; Parras, C.; Philpott, A.; Roberts, ] M.; Guillemot, F. p27kip1
independently promotes neuronal differentiation and migration in the cerebral cortex. Genes Dev. 2006, 20, 1511-1524. [CrossRef]

9.  Yeh, N,; Miller, ].P; Gaur, T.; Capellini, T.D.; Nikolich-Zugich, J.; de la Hoz, C.; Selleri, L.; Bromage, T.G.; van Wijnen, A.J.; Stein,
G.S,; et al. Cooperation between p27 and p107 during endochondral ossification suggests a genetic pathway controlled by p27
and p130. Mol. Cell Biol. 2007, 27, 5161-5171. [CrossRef]

10. Movassagh, M.; Philpott, A. Cardiac differentiation in Xenopus requires the cyclin-dependent kinase inhibitor, p27Xicl. Cardiovasc.
Res. 2008, 79, 436-447. [CrossRef]

11.  Chu, L; Sun, J.; Arnaout, A.; Kahn, H.; Hanna, W.; Narod, S.; Sun, P; Tan, C.K.; Hengst, L.; Slingerland, J. p27 phosphorylation by
Src regulates inhibition of cyclin E-Cdk2. Cell 2007, 128, 281-294. [CrossRef] [PubMed]

12.  Grimmler, M.; Wang, Y.; Mund, T.; Cilensek, Z.; Keidel, E.M.; Waddell, M.B.; Jakel, H.; Kullmann, M.; Kriwacki, R W.; Hengst, L.

Cdk-inhibitory activity and stability of p27Kip1 are directly regulated by oncogenic tyrosine kinases. Cell 2007, 128, 269-280.
[CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/cells14030188/s1
https://www.mdpi.com/article/10.3390/cells14030188/s1
https://doi.org/10.1021/bi8006803
https://www.ncbi.nlm.nih.gov/pubmed/18627125
https://doi.org/10.3390/cells10092254
https://doi.org/10.1007/978-3-642-71941-7_2
https://doi.org/10.3390/biom10091316
https://doi.org/10.1091/mbc.e04-07-0612
https://doi.org/10.18632/oncotarget.3151
https://doi.org/10.1242/dev.00193
https://doi.org/10.1101/gad.377106
https://doi.org/10.1128/MCB.02431-06
https://doi.org/10.1093/cvr/cvn105
https://doi.org/10.1016/j.cell.2006.11.049
https://www.ncbi.nlm.nih.gov/pubmed/17254967
https://doi.org/10.1016/j.cell.2006.11.047
https://www.ncbi.nlm.nih.gov/pubmed/17254966

Cells 2025, 14, 188 25 of 28

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Tsytlonok, M.; Sanabria, H.; Wang, Y.; Felekyan, S.; Hemmen, K.; Phillips, A.H.; Yun, M.K.; Waddell, M.B.; Park, C.G,;
Vaithiyalingam, S.; et al. Dynamic anticipation by Cdk2/Cyclin A-bound p27 mediates signal integration in cell cycle reg-
ulation. Nat. Commun. 2019, 10, 1676. [CrossRef] [PubMed]

Montagnoli, A ; Fiore, F; Eytan, E.; Carrano, A.C.; Draetta, G.F,; Hershko, A.; Pagano, M. Ubiquitination of p27 is regulated by
Cdk-dependent phosphorylation and trimeric complex formation. Genes Dev. 1999, 13, 1181-1189. [CrossRef]

Borriello, A.; Naviglio, S.; Bencivenga, D.; Caldarelli, I.; Tramontano, A.; Speranza, M.C.; Stampone, E.; Sapio, L.; Negri, A.; Oliva,
A.; et al. Histone Deacetylase Inhibitors Increase p27(Kip1) by Affecting Its Ubiquitin-Dependent Degradation through Skp2
Downregulation. Oxid. Med. Cell Longev. 2016, 2016, 2481865. [CrossRef]

Cheng, M; Olivier, P; Diehl, J.A.; Fero, M.; Roussel, M.E; Roberts, ].M.; Sherr, C.J. The p21(Cip1) and p27(Kip1) CDK ‘inhibitors’
are essential activators of cyclin D-dependent kinases in murine fibroblasts. EMBO J. 1999, 18, 1571-1583. [CrossRef]

Guiley, K.Z,; Stevenson, ].W.; Lou, K.; Barkovich, K.J.; Kumarasamy, V.; Wijeratne, T.U.; Bunch, K.L.; Tripathi, S.; Knudsen, E.S.;
Witkiewicz, A K,; et al. p27 allosterically activates cyclin-dependent kinase 4 and antagonizes palbociclib inhibition. Science 2019,
366, eaaw2106. [CrossRef]

Besson, A.; Assoian, R.K.; Roberts, ].M. Regulation of the cytoskeleton: An oncogenic function for CDK inhibitors? Nat. Rev.
Cancer 2004, 4, 948-955. [CrossRef]

Baldassarre, G.; Belletti, B.; Nicoloso, M.S.; Schiappacassi, M.; Vecchione, A.; Spessotto, P.; Morrione, A.; Canzonieri, V.; Colombatti,
A. p27(Kip1)-stathmin interaction influences sarcoma cell migration and invasion. Cancer Cell 2005, 7, 51-63. [CrossRef]
Nowosad, A.; Creff, ].; Jeannot, P.; Culerrier, R.; Codogno, P.; Manenti, S.; Nguyen, L.; Besson, A. p27 controls autophagic vesicle
trafficking in glucose-deprived cells via the regulation of ATAT1-mediated microtubule acetylation. Cell Death Dis. 2021, 12, 481.
[CrossRef]

Morelli, G.; Even, A.; Gladwyn-Ng, I.; Le Bail, R.; Shilian, M.; Godin, ].D.; Peyre, E.; Hassan, B.A.; Besson, A.; Rigo, ].M.; et al.
p27(Kip1) Modulates Axonal Transport by Regulating «-Tubulin Acetyltransferase 1 Stability. Cell Rep. 2018, 23, 2429-2442.
[CrossRef] [PubMed]

Perchey, R.T.; Serres, M.P.; Nowosad, A.; Creff, J.; Callot, C.; Gay, A.; Manenti, S.; Margolis, R.L.; Hatzoglou, A.; Besson, A.
p27(Kip1) regulates the microtubule bundling activity of PRC1. Biochim. Biophys. Acta Mol. Cell Res. 2018, 1865, 1630-1639.
[CrossRef] [PubMed]

Schiappacassi, M.; Lovisa, S.; Lovat, F.; Fabris, L.; Colombatti, A.; Belletti, B.; Baldassarre, G. Role of T198 modification in the
regulation of p27(Kip1) protein stability and function. PLoS ONE 2011, 6, €17673. [CrossRef] [PubMed]

Sgubin, M.; Pegoraro, S.; Pellarin, I; Ros, G.; Sgarra, R.; Piazza, S.; Baldassarre, G.; Belletti, B.; Manfioletti, G. HMGA1 positively
regulates the microtubule-destabilizing protein stathmin promoting motility in TNBC cells and decreasing tumour sensitivity to
paclitaxel. Cell Death Dis. 2022, 13, 429. [CrossRef]

Nowosad, A.; Jeannot, P; Callot, C.; Creff, ].; Perchey, R.T.; Joffre, C.; Codogno, P.; Manenti, S.; Besson, A. p27 controls Ragulator
and mTOR activity in amino acid-deprived cells to regulate the autophagy-lysosomal pathway and coordinate cell cycle and cell
growth. Nat. Cell Biol. 2020, 22, 1076-1090. [CrossRef]

Razavipour, S.F,; Harikumar, K.B.; Slingerland, ].M. p27 as a Transcriptional Regulator: New Roles in Development and Cancer.
Cancer Res. 2020, 80, 3451-3458. [CrossRef]

Yoon, H.; Kim, M.; Jang, K.; Shin, M.; Besser, A.; Xiao, X.; Zhao, D.; Wander, S.A.; Briegel, K.; Morey, L.; et al. p27 transcriptionally
coregulates cJun to drive programs of tumor progression. Proc. Natl. Acad. Sci. USA 2019, 116, 7005-7014. [CrossRef]

Kotake, Y.; Nakayama, K ; Ishida, N.; Nakayama, K.I. Role of serine 10 phosphorylation in p27 stabilization revealed by analysis
of p27 knock-in mice harboring a serine 10 mutation. J. Biol. Chem. 2005, 280, 1095-1102. [CrossRef]

Borriello, A.; Cucciolla, V.; Criscuolo, M.; Indaco, S.; Oliva, A.; Giovane, A.; Bencivenga, D.; Iolascon, A.; Zappia, V.; Della Ragione,
F. Retinoic acid induces p27Kip1 nuclear accumulation by modulating its phosphorylation. Cancer Res. 2006, 66, 4240-4248.
[CrossRef]

Kossatz, U.; Vervoorts, J.; Nickeleit, I.; Sundberg, H.A.; Arthur, J.S.; Manns, M.P,; Malek, N.P. C-terminal phosphorylation controls
the stability and function of p27kipl. EMBO J. 2006, 25, 5159-5170. [CrossRef]

Bencivenga, D.; Tramontano, A.; Borgia, A.; Negri, A.; Caldarelli, I.; Oliva, A.; Perrotta, S.; Della Ragione, F.; Borriello, A.
P27Kip1 serine 10 phosphorylation determines its metabolism and interaction with cyclin-dependent kinases. Cell Cycle 2014, 13,
3768-3782. [CrossRef] [PubMed]

De Marco, C.; Rinaldo, N.; De Vita, F.; Forzati, F.; Caira, E.; Iovane, V.; Paciello, O.; Montanaro, D.; D’Andrea, S.; Baldassarre,
G.; et al. The T197A Knock-in Model of Cdkn1b Gene to Study the Effects of p27 Restoration In Vivo. Mol. Cancer Ther. 2019, 18,
482-493. [CrossRef]

Morishita, D.; Katayama, R.; Sekimizu, K.; Tsuruo, T.; Fujita, N. Pim kinases promote cell cycle progression by phosphorylating
and down-regulating p27Kip1 at the transcriptional and posttranscriptional levels. Cancer Res. 2008, 68, 5076-5085. [CrossRef]
Ishida, N.; Hara, T.; Kamura, T.; Yoshida, M.; Nakayama, K.; Nakayama, K.I. Phosphorylation of p27Kip1 on serine 10 is required
for its binding to CRM1 and nuclear export. J. Biol. Chem. 2002, 277, 14355-14358. [CrossRef]


https://doi.org/10.1038/s41467-019-09446-w
https://www.ncbi.nlm.nih.gov/pubmed/30976006
https://doi.org/10.1101/gad.13.9.1181
https://doi.org/10.1155/2016/2481865
https://doi.org/10.1093/emboj/18.6.1571
https://doi.org/10.1126/science.aaw2106
https://doi.org/10.1038/nrc1501
https://doi.org/10.1016/j.ccr.2004.11.025
https://doi.org/10.1038/s41419-021-03759-9
https://doi.org/10.1016/j.celrep.2018.04.083
https://www.ncbi.nlm.nih.gov/pubmed/29791853
https://doi.org/10.1016/j.bbamcr.2018.08.010
https://www.ncbi.nlm.nih.gov/pubmed/30327204
https://doi.org/10.1371/journal.pone.0017673
https://www.ncbi.nlm.nih.gov/pubmed/21423803
https://doi.org/10.1038/s41419-022-04843-4
https://doi.org/10.1038/s41556-020-0554-4
https://doi.org/10.1158/0008-5472.CAN-19-3663
https://doi.org/10.1073/pnas.1817415116
https://doi.org/10.1074/jbc.M406117200
https://doi.org/10.1158/0008-5472.CAN-05-2759
https://doi.org/10.1038/sj.emboj.7601388
https://doi.org/10.4161/15384101.2014.965999
https://www.ncbi.nlm.nih.gov/pubmed/25483085
https://doi.org/10.1158/1535-7163.MCT-18-0134
https://doi.org/10.1158/0008-5472.CAN-08-0634
https://doi.org/10.1074/jbc.C100762200

Cells 2025, 14, 188 26 of 28

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Connor, M.K,; Kotchetkov, R.; Cariou, S.; Resch, A.; Lupetti, R.; Beniston, R.G.; Melchior, F.; Hengst, L.; Slingerland, ].M.
CRM1/Ran-mediated nuclear export of p27(Kip1) involves a nuclear export signal and links p27 export and proteolysis. Mol.
Biol. Cell 2003, 14, 201-213. [CrossRef]

Fujita, N.; Sato, S.; Tsuruo, T. Phosphorylation of p27Kip1 at threonine 198 by p90 ribosomal protein S6 kinases promotes its
binding to 14-3-3 and cytoplasmic localization. . Biol. Chem. 2003, 278, 49254-49260. [CrossRef]

Su, S.C.; Tsai, L.H. Cyclin-dependent kinases in brain development and disease. Annu. Rev. Cell Dev. Biol. 2011, 27, 465-491.
[CrossRef]

Tsihlias, J. p27 (Kip1) in Prostate Cancer, Prognostic Value and Role in Mediating Effect of High-Dose Dihydrotestosterone in
LNCaP. Ph.D. Thesis, University of Toronto, Toronto, ON, USA, 1999.

Slingerland, J.; Pagano, M. Regulation of the cdk inhibitor p27 and its deregulation in cancer. J. Cell Physiol. 2000, 183, 10-17.
[CrossRef]

Chu, IM.; Hengst, L.; Slingerland, J.M. The Cdk inhibitor p27 in human cancer: Prognostic potential and relevance to anticancer
therapy. Nat. Rev. Cancer 2008, 8, 253-267. [CrossRef] [PubMed]

Hershko, D.D. Oncogenic properties and prognostic implications of the ubiquitin ligase Skp2 in cancer. Cancer 2008, 112,
1415-1424. [CrossRef] [PubMed]

Csergeovd, L.; Krbusek, D.; Janostiak, R. CIP/KIP and INK4 families as hostages of oncogenic signaling. Cell Div. 2024, 19, 11.
[CrossRef] [PubMed]

Iolascon, A.; Giordani, L.; Moretti, A.; Basso, G.; Borriello, A.; Della Ragione, F. Analysis of CDKN2A, CDKN2B, CDKN2C, and
cyclin Ds gene status in hepatoblastoma. Hepatology 1998, 27, 989-995. [CrossRef] [PubMed]

Iolascon, A.; Giordani, L.; Moretti, A.; Tonini, G.P.; Lo Cunsolo, C.; Mastropietro, S.; Borriello, A.; Della Ragione, F. Structural and
functional analysis of cyclin-dependent kinase inhibitor genes (CDKN2A, CDKN2B, and CDKN2C) in neuroblastoma. Pediatr. Res.
1998, 43, 139-144. [CrossRef]

Cancer Genome Atlas Network. Comprehensive molecular portraits of human breast tumours. Nature 2012, 490, 61-70. [CrossRef]
Stephens, PJ.; Tarpey, P.S.; Davies, H.; Van Loo, P.; Greenman, C.; Wedge, D.C.; Nik-Zainal, S.; Martin, S.; Varela, I; Bignell, G.R,;
et al. The landscape of cancer genes and mutational processes in breast cancer. Nature 2012, 486, 400-404. [CrossRef]

Barbieri, C.E.; Baca, S.C.; Lawrence, M.S.; Demichelis, F.; Blattner, M.; Theurillat, ].P.; White, T.A.; Stojanov, P.; Van Allen, E,;
Stransky, N.; et al. Exome sequencing identifies recurrent SPOP, FOXA1 and MED12 mutations in prostate cancer. Nat. Genet.
2012, 44, 685-689. [CrossRef]

Francis, ]. M.; Kiezun, A.; Ramos, A.H,; Serra, S.; Pedamallu, C.S.; Qian, Z.R.; Banck, M.S.; Kanwar, R.; Kulkarni, A.A.; Karpathakis,
A.; et al. Somatic mutation of CDKN1B in small intestine neuroendocrine tumors. Nat. Genet. 2013, 45, 1483-1486. [CrossRef]
Crona, J.; Gustavsson, T.; Norlén, O.; Edfeldt, K.; Akerstrém, T.; Westin, G.; Hellman, P.; Bjorklund, P.; Stalberg, P. Somatic
Mutations and Genetic Heterogeneity at the CDKN1B Locus in Small Intestinal Neuroendocrine Tumors. Ann. Surg. Oncol. 2015,
22 (Suppl. 3), S1428-51435. [CrossRef]

Viotto, D.; Russo, E; Anania, I.; Segatto, I.; Rampioni Vinciguerra, G.L.; Dall’Acqua, A.; Bomben, R.; Perin, T.; Cusan, M,;
Schiappacassi, M.; et al. CDKN1B mutation and copy number variation are associated with tumor aggressiveness in luminal
breast cancer. |. Pathol. 2021, 253, 234-245. [CrossRef]

Dietrich, S.; Hiillein, J.; Lee, S.C.; Hutter, B.; Gonzalez, D.; Jayne, S.; Dyer, M.].; Ole$, M.; Else, M.; Liu, X.; et al. Recurrent CDKN1B
(p27) mutations in hairy cell leukemia. Blood 2015, 126, 1005-1008. [CrossRef] [PubMed]

Lee, M.; Pellegata, N.S. Multiple endocrine neoplasia type 4. Front. Horm. Res. 2013, 41, 63-78. [CrossRef] [PubMed]

Molatore, S.; Pellegata, N.S. The MENX syndrome and p27: Relationships with multiple endocrine neoplasia. Prog. Brain Res.
2010, 182, 295-320. [CrossRef] [PubMed]

Frederiksen, A.; Rossing, M.; Hermann, P.; Ejersted, C.; Thakker, R.V,; Frost, M. Clinical Features of Multiple Endocrine Neoplasia
Type 4: Novel Pathogenic Variant and Review of Published Cases. . Clin. Endocrinol. Metab. 2019, 104, 3637-3646. [CrossRef]
[PubMed]

Fero, M.L.; Rivkin, M.; Tasch, M.; Porter, P.; Carow, C.E.; Firpo, E.; Polyak, K ; Tsai, L.H.; Broudy, V.; Perlmutter, RM.; et al. A
syndrome of multiorgan hyperplasia with features of gigantism, tumorigenesis, and female sterility in p27(Kip1)-deficient mice.
Cell 1996, 85, 733-744. [CrossRef]

Fero, M.L.; Randel, E.; Gurley, K.E.; Roberts, ].M.; Kemp, C.J. The murine gene p27Kip1 is haplo-insufficient for tumour
suppression. Nature 1998, 396, 177-180. [CrossRef]

Pasquali, D.; Circelli, L.; Faggiano, A.; Pancione, M.; Renzullo, A.; Elisei, R.; Romei, C.; Accardo, G.; Coppola, V.R.; De Palma, M.;
et al. CDKN1B V109G polymorphism a new prognostic factor in sporadic medullary thyroid carcinoma. Eur. J. Endocrinol. 2011,
164, 397-404. [CrossRef]

Bencivenga, D.; Stampone, E.; Aulitto, A.; Tramontano, A.; Barone, C.; Negri, A.; Roberti, D.; Perrotta, S.; Della Ragione, F.;
Borriello, A. A cancer-associated CDKN1B mutation induces p27 phosphorylation on a novel residue: A new mechanism for
tumor suppressor loss-of-function. Mol. Oncol. 2021, 15, 915-941. [CrossRef]


https://doi.org/10.1091/mbc.e02-06-0319
https://doi.org/10.1074/jbc.M306614200
https://doi.org/10.1146/annurev-cellbio-092910-154023
https://doi.org/10.1002/(SICI)1097-4652(200004)183:1%3C10::AID-JCP2%3E3.0.CO;2-I
https://doi.org/10.1038/nrc2347
https://www.ncbi.nlm.nih.gov/pubmed/18354415
https://doi.org/10.1002/cncr.23317
https://www.ncbi.nlm.nih.gov/pubmed/18260093
https://doi.org/10.1186/s13008-024-00115-z
https://www.ncbi.nlm.nih.gov/pubmed/38561743
https://doi.org/10.1002/hep.510270414
https://www.ncbi.nlm.nih.gov/pubmed/9537438
https://doi.org/10.1203/00006450-199801000-00021
https://doi.org/10.1038/nature11412
https://doi.org/10.1038/nature11017
https://doi.org/10.1038/ng.2279
https://doi.org/10.1038/ng.2821
https://doi.org/10.1245/s10434-014-4351-9
https://doi.org/10.1002/path.5584
https://doi.org/10.1182/blood-2015-04-643361
https://www.ncbi.nlm.nih.gov/pubmed/26065650
https://doi.org/10.1159/000345670
https://www.ncbi.nlm.nih.gov/pubmed/23652671
https://doi.org/10.1016/s0079-6123(10)82013-8
https://www.ncbi.nlm.nih.gov/pubmed/20541671
https://doi.org/10.1210/jc.2019-00082
https://www.ncbi.nlm.nih.gov/pubmed/30990521
https://doi.org/10.1016/S0092-8674(00)81239-8
https://doi.org/10.1038/24179
https://doi.org/10.1530/EJE-10-0929
https://doi.org/10.1002/1878-0261.12881

Cells 2025, 14, 188 27 of 28

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Tichomirowa, M.A.; Lee, M.; Barlier, A.; Daly, A.E; Marinoni, I; Jaffrain-Rea, M.L.; Naves, L.A.; Rodien, P.; Rohmer, V.; Faucz,
FR.; et al. Cyclin-dependent kinase inhibitor 1B (CDKN1B) gene variants in AIP mutation-negative familial isolated pituitary
adenoma kindreds. Endocr. Relat. Cancer 2012, 19, 233-241. [CrossRef]

Costa-Guda, J.; Marinoni, I.; Molatore, S.; Pellegata, N.S.; Arnold, A. Somatic mutation and germline sequence abnormalities in
CDKN1B, encoding p27Kip1, in sporadic parathyroid adenomas. J. Clin. Endocrinol. Metab. 2011, 96, E701-E706. [CrossRef]
Natalicchio, M.I; Improta, G.; Zupa, A.; Cursio, O.E.; Stampone, E.; Possidente, L.; Teresa Gerardi, A.M.; Vita, G.; Martini, M.;
Cassano, A.; et al. Pyrosequencing evaluation of low-frequency KRAS mutant alleles for EGF receptor therapy selection in
metastatic colorectal carcinoma. Fufure Oncol. 2014, 10, 713-723. [CrossRef]

Cucciolla, V.; Borriello, A.; Criscuolo, M.; Sinisi, A.A.; Bencivenga, D.; Tramontano, A.; Scudieri, A.C.; Oliva, A.; Zappia, V.; Della
Ragione, F. Histone deacetylase inhibitors upregulate p57Kip2 level by enhancing its expression through Sp1 transcription factor.
Carcinogenesis 2008, 29, 560-567. [CrossRef] [PubMed]

Stampone, E.; Bencivenga, D.; Barone, C.; Aulitto, A.; Verace, F.; Della Ragione, F.; Borriello, A. High Dosage Lithium Treatment
Induces DNA Damage and p57(Kip2) Decrease. Int. . Mol. Sci. 2020, 21, 1169. [CrossRef]

Stampone, E.; Bencivenga, D.; Barone, C.; Di Finizio, M.; Della Ragione, F.; Borriello, A. A Beckwith-Wiedemann-Associated
CDKNI1C Mutation Allows the Identification of a Novel Nuclear Localization Signal in Human p57(Kip2). Int. J. Mol. Sci. 2021, 22,
7428. [CrossRef] [PubMed]

Borriello, A.; Caldarelli, I.; Speranza, M.C.; Scianguetta, S.; Tramontano, A.; Bencivenga, D.; Stampone, E.; Negri, A.; Nobili, B.;
Locatelli, F; et al. Iron overload enhances human mesenchymal stromal cell growth and hampers matrix calcification. Biochim.
Biophys. Acta Gen. Subj. 2016, 1860, 1211-1223. [CrossRef] [PubMed]

Borsari, S.; Pardi, E.; Pellegata, N.S.; Lee, M.; Saponaro, F.; Torregrossa, L.; Basolo, F; Paltrinieri, E.; Zatelli, M.C.; Materazzi, G.;
et al. Loss of p27 expression is associated with MEN1 gene mutations in sporadic parathyroid adenomas. Endocrine 2017, 55,
386-397. [CrossRef]

Bugalho, M.].; Domingues, R. Uncommon association of cerebral meningioma, parathyroid adenoma and papillary thyroid
carcinoma in a patient harbouring a rare germline variant in the CDKN1B gene. BM] Case Rep. 2016, 2016, bcr2015213934.
[CrossRef]

Landa, I; Ibrahimpasic, T.; Boucai, L.; Sinha, R.; Knauf, J.A.; Shah, R.H.; Dogan, S.; Ricarte-Filho, J.C.; Krishnamoorthy, G.P.; Xu,
B.; et al. Genomic and transcriptomic hallmarks of poorly differentiated and anaplastic thyroid cancers. J. Clin. Investig. 2016, 126,
1052-1066. [CrossRef]

Cancer Genome Atlas Research Network. Integrated genomic analyses of ovarian carcinoma. Nature 2011, 474, 609-615. [CrossRef]
Singeisen, H.; Renzulli, M.M.; Pavlicek, V.; Probst, P.; Hauswirth, E.; Muller, M.K.; Adamczyk, M.; Weber, A.; Kaderli, RM.;
Renzulli, P. Multiple endocrine neoplasia type 4: A new member of the MEN family. Endocr. Connect. 2023, 12, €220411. [CrossRef]
Starrett, G.J.; Thakuria, M.; Chen, T.; Marcelus, C.; Cheng, J.; Nomburg, J.; Thorner, A.R,; Slevin, M.K.; Powers, W.; Burns, R.T.;
et al. Clinical and molecular characterization of virus-positive and virus-negative Merkel cell carcinoma. Genome Med. 2020, 12,
30. [CrossRef]

Pan, Y;; Zhang, Q.; Tian, L.; Wang, X; Fan, X.; Zhang, H.; Claret, EX.; Yang, H. Jabl/CSN5 negatively regulates p27 and plays a
role in the pathogenesis of nasopharyngeal carcinoma. Cancer Res. 2012, 72, 1890-1900. [CrossRef] [PubMed]

Miller, C.A.; Gindin, Y; Lu, C.; Griffith, O.L.; Griffith, M.; Shen, D.; Hoog, J.; Li, T.; Larson, D.E.; Watson, M.; et al. Aromatase
inhibition remodels the clonal architecture of estrogen-receptor-positive breast cancers. Nat. Commun. 2016, 7, 12498. [CrossRef]
[PubMed]

Ellis, M.].; Ding, L.; Shen, D.; Luo, J.; Suman, V.J.; Wallis, ] W.; Van Tine, B.A.; Hoog, J.; Goiffon, R.J.; Goldstein, T.C.; et al.
Whole-genome analysis informs breast cancer response to aromatase inhibition. Nature 2012, 486, 353-360. [CrossRef] [PubMed]
Cancer Genome Atlas Network. Comprehensive molecular characterization of human colon and rectal cancer. Nature 2012, 487,
330-337. [CrossRef]

Simbolo, M.; Vicentini, C.; Mafficini, A.; Fassan, M.; Pedron, S.; Corbo, V.; Mastracci, L.; Rusev, B.; Pedrazzani, C.; Landoni, L.;
et al. Mutational and copy number asset of primary sporadic neuroendocrine tumors of the small intestine. Virchows Arch. 2018,
473,709-717. [CrossRef]

Lovisa, S.; Citro, S.; Sonego, M.; Dall’Acqua, A.; Ranzuglia, V.; Berton, S.; Colombatti, A.; Belletti, B.; Chiocca, S.; Schiappacassi, M.;
et al. SUMOylation regulates p27Kip1 stability and localization in response to TGFf. J. Mol. Cell Biol. 2016, 8, 17-30. [CrossRef]
Shirane, M.; Harumiya, Y.; Ishida, N.; Hirai, A.; Miyamoto, C.; Hatakeyama, S.; Nakayama, K.; Kitagawa, M. Down-regulation of
p27(Kip1) by two mechanisms, ubiquitin-mediated degradation and proteolytic processing. J. Biol. Chern. 1999, 274, 13886-13893.
[CrossRef]

Surjit, M.; Lal, S.K. Glycogen synthase kinase-3 phosphorylates and regulates the stability of p27kip1 protein. Cell Cycle 2007, 6,
580-588. [CrossRef]

Machacek, M.; Hodgson, L.; Welch, C.; Elliott, H.; Pertz, O.; Nalbant, P.; Abell, A.; Johnson, G.L.; Hahn, K.M.; Danuser, G.
Coordination of Rho GTPase activities during cell protrusion. Nature 2009, 461, 99-103. [CrossRef]


https://doi.org/10.1530/ERC-11-0362
https://doi.org/10.1210/jc.2010-1338
https://doi.org/10.2217/fon.13.233
https://doi.org/10.1093/carcin/bgn010
https://www.ncbi.nlm.nih.gov/pubmed/18204075
https://doi.org/10.3390/ijms21031169
https://doi.org/10.3390/ijms22147428
https://www.ncbi.nlm.nih.gov/pubmed/34299047
https://doi.org/10.1016/j.bbagen.2016.01.025
https://www.ncbi.nlm.nih.gov/pubmed/26850692
https://doi.org/10.1007/s12020-016-0941-6
https://doi.org/10.1136/bcr-2015-213934
https://doi.org/10.1172/JCI85271
https://doi.org/10.1038/nature10166
https://doi.org/10.1530/EC-22-0411
https://doi.org/10.1186/s13073-020-00727-4
https://doi.org/10.1158/0008-5472.CAN-11-3472
https://www.ncbi.nlm.nih.gov/pubmed/22350412
https://doi.org/10.1038/ncomms12498
https://www.ncbi.nlm.nih.gov/pubmed/27502118
https://doi.org/10.1038/nature11143
https://www.ncbi.nlm.nih.gov/pubmed/22722193
https://doi.org/10.1038/nature11252
https://doi.org/10.1007/s00428-018-2450-x
https://doi.org/10.1093/jmcb/mjv056
https://doi.org/10.1074/jbc.274.20.13886
https://doi.org/10.4161/cc.6.5.3899
https://doi.org/10.1038/nature08242

Cells 2025, 14, 188 28 of 28

81.

82.

83.

84.

85.

86.

87.

88.
89.

90.

91.

92.

93.

94.

95.

96.

Phillips, A.H.; Ou, L.; Gay, A.; Besson, A.; Kriwacki, R.W. Mapping Interactions between p27 and RhoA that Stimulate Cell
Migration. J. Mol. Biol. 2018, 430, 751-758. [CrossRef]

McAllister, S.S.; Becker-Hapak, M.; Pintucci, G.; Pagano, M.; Dowdy, S.F. Novel p27(kip1) C-terminal scatter domain mediates
Rac-dependent cell migration independent of cell cycle arrest functions. Mol. Cell Biol. 2003, 23, 216-228. [CrossRef] [PubMed]
Besson, A.; Gurian-West, M.; Schmidt, A.; Hall, A.; Roberts, ].M. p27Kip1 modulates cell migration through the regulation of
RhoA activation. Genes Dev. 2004, 18, 862-876. [CrossRef] [PubMed]

Serres, M.P; Kossatz, U.; Chi, Y.; Roberts, ] M.; Malek, N.P.; Besson, A. p27(Kip1) controls cytokinesis via the regulation of citron
kinase activation. J. Clin. Investig. 2012, 122, 844-858. [CrossRef]

Iancu-Rubin, C.; Atweh, G.E. p27(Kip1) and stathmin share the stage for the first time. Trends Cell Biol. 2005, 15, 346-348.
[CrossRef]

Schiappacassi, M.; Lovat, F.,; Canzonieri, V.; Belletti, B.; Berton, S.; Di Stefano, D.; Vecchione, A.; Colombatti, A.; Baldassarre,
G. p27Kip1 expression inhibits glioblastoma growth, invasion, and tumor-induced neoangiogenesis. Mol. Cancer Ther. 2008, 7,
1164-1175. [CrossRef]

Berton, S.; Belletti, B.; Wolf, K.; Canzonieri, V.; Lovat, F.; Vecchione, A.; Colombatti, A.; Friedl, P.; Baldassarre, G. The tumor
suppressor functions of p27(kip1) include control of the mesenchymal/amoeboid transition. Mol. Cell Biol. 2009, 29, 5031-5045.
[CrossRef]

Belletti, B.; Baldassarre, G. New light on p27(kip1) in breast cancer. Cell Cycle 2012, 11, 3701-3702. [CrossRef]

Pellizzari, I; Fabris, L.; Berton, S.; Segatto, I.; Citron, F; D’Andrea, S.; Cusan, M.; Benevol, S.; Perin, T.; Massarut, S.; et al. p27kip1
expression limits H-Ras-driven transformation and tumorigenesis by both canonical and non-canonical mechanisms. Oncotarget
2016, 7, 64560-64574. [CrossRef]

Liang, J.; Zubovitz, ].; Petrocelli, T.; Kotchetkov, R.; Connor, M.K,; Han, K,; Lee, ]. H.; Ciarallo, S.; Catzavelos, C.; Beniston, R.; et al.
PKB/ Akt phosphorylates p27, impairs nuclear import of p27 and opposes p27-mediated G1 arrest. Nat. Med. 2002, 8, 1153-1160.
[CrossRef]

Min, Y.H.; Cheong, ] W,; Kim, ].Y,; Eom, J.I; Lee, S.T.; Hahn, J.S.; Ko, Y.W.; Lee, M.H. Cytoplasmic mislocalization of p27Kip1
protein is associated with constitutive phosphorylation of Akt or protein kinase B and poor prognosis in acute myelogenous
leukemia. Cancer Res. 2004, 64, 5225-5231. [CrossRef]

Larrea, M.D,; Liang, ].; Da Silva, T.; Hong, F.; Shao, S.H.; Han, K.; Dumont, D.; Slingerland, ].M. Phosphorylation of p27Kip1
regulates assembly and activation of cyclin D1-Cdk4. Mol. Cell Biol. 2008, 28, 6462—6472. [CrossRef] [PubMed]

Ishida, N.; Kitagawa, M.; Hatakeyama, S.; Nakayama, K. Phosphorylation at serine 10, a major phosphorylation site of p27(Kip1),
increases its protein stability. J. Biol. Chem. 2000, 275, 25146-25154. [CrossRef] [PubMed]

Li, Y;; Nakka, M.; Kelly, A].; Lau, C.C.; Krailo, M.; Barkauskas, D.A.; Hicks, ].M.; Man, TK. p27 Is a Candidate Prognostic
Biomarker and Metastatic Promoter in Osteosarcoma. Carncer Res. 2016, 76, 4002—4011. [CrossRef]

Fuster, ].J.; Gonzélez, ] M.; Edo, M.D.; Viana, R.; Boya, P,; Cervera, J.; Verges, M.; Rivera, ].; Andrés, V. Tumor suppressor p27(Kip1)
undergoes endolysosomal degradation through its interaction with sorting nexin 6. FASEB J. 2010, 24, 2998-3009. [CrossRef]
Cheng, C.W,; Leong, KW.; Ng, YM.; Kwong, Y.L.; Tse, E. The peptidyl-prolyl isomerase PIN1 relieves cyclin-dependent kinase 2
(CDK?2) inhibition by the CDK inhibitor p27. J. Biol. Chem. 2017, 292, 21431-21441. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jmb.2018.01.017
https://doi.org/10.1128/MCB.23.1.216-228.2003
https://www.ncbi.nlm.nih.gov/pubmed/12482975
https://doi.org/10.1101/gad.1185504
https://www.ncbi.nlm.nih.gov/pubmed/15078817
https://doi.org/10.1172/JCI60376
https://doi.org/10.1016/j.tcb.2005.05.008
https://doi.org/10.1158/1535-7163.MCT-07-2154
https://doi.org/10.1128/MCB.00144-09
https://doi.org/10.4161/cc.21573
https://doi.org/10.18632/oncotarget.11656
https://doi.org/10.1038/nm761
https://doi.org/10.1158/0008-5472.CAN-04-0174
https://doi.org/10.1128/MCB.02300-07
https://www.ncbi.nlm.nih.gov/pubmed/18710949
https://doi.org/10.1074/jbc.M001144200
https://www.ncbi.nlm.nih.gov/pubmed/10831586
https://doi.org/10.1158/0008-5472.CAN-15-3189
https://doi.org/10.1096/fj.09-138255
https://doi.org/10.1074/jbc.M117.801373

	Introduction 
	Materials and Methods 
	Reagents and Antibodies 
	Mutagenesis 
	Mammalian Cell Culture Growth Conditions and Treatments, Cell Transfection, and Lysis 
	Mono- and Bi-Dimensional SDS-PAGE and Immunoblotting 
	Cell Count and Flow Cytometry 
	Scratch Wound Assay 
	Phosphatase Treatment 
	Immunoprecipitation and Pull-Down Assay 
	Statistics 

	Results 
	Selection of CDKN1B Variants and Their In Silico Analysis 
	Phenotypes Correlated to CDKN1B Variants: Studies on Cell Growth and Motility 
	Subcellular Localization of the p27 Mutants 
	Analysis of p27 Variants’ Phosphorylation 
	Analysis of Nonsense p27 HRV Degradation Mechanisms 
	Effects of Mutations on p27 Interactions 

	Discussion 
	References

