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Review

PIN1 in breast development and cancer: a clinical
perspective

Alessandra Rustighi', Alessandro Zannini'?, Elena Campaner'?, Yari Ciani', Silvano Piazza'* and Giannino Del Sal*'

Mammary gland development, various stages of mammary tumorigenesis and breast cancer progression have the peptidyl-prolyl
cis/trans isomerase PIN1 at their centerpiece, in virtue of the ability of this unique enzyme to fine-tune the dynamic crosstalk
between multiple molecular pathways. PIN1 exerts its action by inducing conformational and functional changes on key cellular
proteins, following proline-directed phosphorylation. Through this post-phosphorylation signal transduction mechanism, PIN1
controls the extent and direction of the cellular response to a variety of inputs, in physiology and disease. This review discusses
PIN1’s roles in normal mammary development and cancerous progression, as well as the clinical impact of targeting this enzyme in
breast cancer patients.
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Facts PIN1 activity and that have a role in the correct maintenance

of mammary stem cell and progenitor compartments.

e PIN1 mediates pathway crosstalk following oncogenic e Despite the relevance of PIN1 for human breast carcino-

phosphorylation of several key cellular proteins involved
in different aspects of breast cancer malignancy.

e PINT1 is overexpressed in the majority of human breast
cancers and is essential for breast cancer development
and progression, as well as for Cancer Stem Cell
maintenance.

e Genetic or pharmacological inactivation of PIN1 in pre-
clinical models is sufficient to block breast cancer growth
and dissemination as well as to recover chemosensitivity.

Open questions

e A detailed scenario of how PIN1-catalyzed prolyl-isomer-
ization of key proteins might function as a timing mechan-
ism to differentially turn on or off protein functions during
dynamic cellular processes, such as mammary gland
morphogenesis, is still missing.

e PIN1 function in the normal mammary stem cell compart-
ment is only poorly understood; in particular there is a

genesis, the regulation of its expression is scarcely defined
and the biological outcome of combined post-translational
modifications is still an unanswered question.

e The impact of prolyl-isomerization on different classes of
PIN1 substrates in cancer is still scarcely addressed.

Breast cancer (BC) is the most common cancer among
women worldwide." Despite significant improvements, still a
large number of patients relapse after treatment, thus
indicating pitfalls in diagnosis and therapy. Major obstacles
reside in genetic and phenotypic heterogeneity that
characterize BCs. BC-related morbidity and mortality after
therapeutic failure is attributable to tumor recurrence and
dissemination of metastases. Thus, to tackle BC malignancy,
comprehension of the underpinning molecular mechanisms is
paramount.?

The prolyl-isomerase PIN1 is a major player in sensing and
coordinating the cellular responses to phosphorylation-
dependent signals, both in physiologic and pathologic

limited knowledge of the pathways that are subjected to contexts.®> Given its enzymatic nature and depending
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PIN1 regulates several cellular processes in breast cancer depending on the substrates. Schematic representation of breast cancer-specific PIN1 substrates and

the involved biological processes. Products of oncogenes and tumor suppressors are indicated in red and green boxes, respectively. Arrows and blunted lines indicate a positive
or negative action of PIN1, respectively, eliciting a particular cellular outcome, as indicated in the gray boxes

on the cellular context, PIN1 exerts opposite functions by
simultaneously modulating both growth-promoting and
growth-suppressive pathways, integrating cellular responses
to different stimuli. In cancer cells, PIN1 is required for
boosting oncogenic signals, while it blocks proteins with tumor
suppressor functions.® In addition, PIN1 function serves the
tumor suppressing activities of p53 family members, such as
p53 itself and p73, to induce growth arrest and apoptosis
following oncogenic or genotoxic stress signals.*® However,
in established cancers, where key tumor suppressors like p53
become inactivated, while oncoproteins are upregulated,
PIN1 activity may tip the balance toward pro-oncogenic
signaling. Accordingly, PIN1 expression has been found
associated with high-grade BCs.®

We and others have described PIN1 as an essential factor
for mammary tumor development and progression.®~'® In this
context, PIN1 is upregulated by activated oncogenes'?'#:1
and mediates crucial pathway crosstalk following oncogenic
phosphorylation of several proteins involved in different
aspects of malignancy, such as Cyclin D1, c¢c-MYC,
B-catenin, NF-kB, STAT3, MCL-1, ERBB2/HER2/NEU, ERGq,
PKB/AKT, mutant p53 proteins, Notch1 and Notch4, etc.®'417
(Figure 1 and Table 1). The relevance of PIN1-mediated
protein conformational changes in the development and
progression of BCs is underscored by the observation that
PIN1 inactivation is sufficient to block BC growth and
dissemination, and to recover chemosensitivity in defined
in vitro and in vivo models.®15:18

Along with the key findings in BC, here we will review recent
advancements in the understanding of the physiologic roles of
PIN1 in mammary gland development. The clinical relevance
of PIN1 activities and the potential impact of its inhibition in
selected BC patients will be finally addressed.

PIN1: A Critical Hub of Phosphorylation-Dependent
Pathway Crosstalk

Protein phosphorylation is a reversible post-translational
modification (PTM) implicated in a variety of cellular pro-
cesses, that impacts on protein activity, dictates subcellular
localization and induces the establishment of recruitment
platforms for interacting proteins. Frequently altered as a
downstream consequence of oncogenic driver mutations,
protein phosphorylation is central to cancer biology and
treatment.'®

Among the possible phosphorylation sites, Serines or
Threonines preceding a Proline (Ser/Thr-Pro) that are
targeted by Proline-directed kinases (CDKs, MAPKs, and
GSK-3B) deserve particular attention. Prolines can adopt
either a cis or trans conformation with consequences on
protein folding and function. The spontaneous conversion of
one isomer into the other is a very slow process and
phosphorylation of Ser/Thr-Pro moieties per se further
decreases the isomerization rate of Prolines.?® The interven-
tion of the phosphorylation-dependent prolyl-isomerase
(PPlase) PIN1 enables the occurrence of the cis—trans
conversion in a biologically relevant timescale, adding a
further layer of post-translational control over client proteins.®
Among all PPlases, PIN1 is the sole that specifically
recognizes phosphorylated Ser/Thr-Pro moieties (phospho-
Ser/Thr-Pro). Such unique substrate specificity is conferred by
its highly conserved two-domain structure consisting of an
N-terminal WW domain binding specific phospho-Ser/Thr-Pro
modules and a C-terminal PPlase domain catalyzing their
cis-trans isomerization.®'”

PIN1-induced conformational changes on certain sub-
strates are required for the correct sequence of PTMs, where
other enzymes, such as phosphatases, are specific for the cis
or trans conformation of the prolyl peptide bond.®>'” Since the
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discovery of PIN1 20 years ago, major findings have now
clearly demonstrated that phosphorylation-dependent prolyl-
isomerization is a crucial signal transduction mechanism that,
depending on the context, functions like a cellular rheostat for
fine-tuning or amplification of phosphorylation signaling.®

PIN1 is Required for Normal Breast Development

Mammary gland development occurs through well-defined
stages throughout embryonic and pubertal development as
well as during reproductive life. In the course of the adult
female life cycle, the mammary gland undergoes dynamic
changes that range from ductal elongation and branching
during pre-puberty through pregnancy, to lactation and
involution.!

Major insights into the role of PIN1 in organismal home-
ostasis in mammals stem from constitutive Pin1 knockout
(Pin17™") mice.?? These mice are viable and reach the
adulthood like their wild-type littermates, but display a range
of developmental and age-related abnormalities.>® In parti-
cular, the mammary glands of Pin1~/~ female mice display an
impaired pregnancy-induced expansion of the mammary
epithelium.?® In vivo and ex vivo assays allowed to demon-
strate that Pin1~"~ mice have an impaired mammary stem cell
compartment. Indeed, they display less adult mammary stem
cells with reduced self-renewal capacity and regenerative
potential, without altering the luminal or myoepithelial fate
commitment.'42*

Actually, it is not known which are the pathways responsible
for the correct maintenance of the mammary stem cell and
progenitor compartments that are subjected to PIN1 activity
(Figure 2). One possible determinant of PIN1 function in these
compartments is Cyclin D1. Indeed, Pin1~~ mammary glands
have decreased Cyclin D1 levels, and Cyclin D1 knockout
mice display a similar mammary gland developmental
defect.?® In addition to this genetic evidence, PIN1 was shown
to enhance Cyclin D1 function, promoting both its transcrip-
tion, through B-catenin and c-JUN, and its nuclear localization
following growth factor pathway stimulation.® Moreover, also
Cyclin D1 was shown to control the mammary stem cell
compartment,® further supporting a PIN1-Cyclin D1 interplay
in mammary gland development. Other likely candidates are
the Notch1 and Notch4 receptors, key determinants of
mammary stem cell maintenance and luminal/myoepithelial
commitment, respectively. We found that their levels
were decreased in Pin1~~ mouse mammary epithelial cells,
suggesting that PIN1 may regulate stage-specific Notch
functions in this compartment.'*

PIN1 may coordinate growth factor/hormone stimulation
of the mammary gland. From puberty on, mammary gland
morphogenesis depends on the responsiveness of mammary
epithelial cells to hormones and growth factors and on the
activation of various intracellular signaling pathways in a
timely concerted action. Under the influence of estrogens and
progesterone, the ducts begin to expand, invade the
surrounding stroma and develop the lobulo-alveolar end
buds.?’

A growing body of evidence supports the idea that PIN1
might coordinate hormone receptor with growth factor
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signaling. For instance, downstream of stimulated growth
factor receptor pathways, activation of Proline-directed
kinases leads to ERa phosphorylation in its N-terminal Ser/
Thr-Pro motifs.2® These modifications render ERa, a putative
PIN1 substrate. In accordance, PIN1 was shown to bind and
catalyze a conformational change of the ERa N-terminal
domain upregulating both protein levels and transcriptional
activity.?52” Furthermore, PIN1 synergistically acts with CDK2
to regulate ERa basal transcriptional activity,?® and, down-
stream of HER2 activation, PIN1 activates ERa transcriptional
activity by downregulating NCOR2/SMRT and enhancing
SRC-3 and p300 co-activators’ recruitment on cognate
promoters.?3" As many of the studies supporting this
evidence were made in BC cells, the relevance of PIN1 for
ERa expression and function in normal mammary epithelial
cells remains to be demonstrated. In addition, PIN1 has
multiple roles in the function of other steroid receptors, such as
PR, by influencing the activity of one or more of their co-
activators.®° On these bases, it can be argued that the
mammary phenotype of Pin1~/~ mice may also derive in part
from the lack of a correct response to mammary-specific
hormones.

Stage- and tissue-specific conditional Pin7~"~ mice need to
be generated in order to confirm these hypotheses and outline
a more detailed scenario of how PIN1-catalyzed prolyl-
isomerization after phosphorylation of key proteins might
function as a timing mechanism during dynamic cellular
processes such as mammary gland morphogenesis.

PIN1 has Critical Roles in BC Development and
Progression

BC is a heterogeneous disease consisting of different
subtypes that are characterized by different histo-
pathological features, specific genetic and epigenetic altera-
tions, and diverse aggressive traits acquired during malignant
progression.? PIN1 is involved in all main cellular processes
of BC development and progression®'!1518.24.33-35
(Figure 2). PIN1 is overexpressed in the majority of BCs and
correlates with worse clinical outcome,®~'*24 pointing to its
essential role in oncogenic phosphorylation-dependent
events, from the very early steps of breast carcinogenesis.

Regulation of PIN1 gene expression in human BC. PIN1
is not annotated as a cancer gene, as it is mutated only at
very low frequency in few tumor types, according to cancer
databases like CONAN, COSMIC and TGCA (Figure 3). PIN1
alterations may derive from gene amplification, as found in
cancers of the female urogenital system. In BCs, instead, the
frequently observed mRNA upregulation is most likely due to
transcriptional mechanisms (Figure 4). In fact, PIN1 expres-
sion is promoted by the transcription factor E2F,'® possibly
via activated ERBB2/HER2/NEU, RAS, and IGF-1R
pathways.'®3® Moreover, PIN7 was unveiled as a direct
target of two members of the Notch receptor family in
BC.">'* Of note, the human PINT promoter polymorphism
-842G > C;rs2233678 is associated to decreased gene
expression and to a lower risk of BC incidence.®® In BC
cells, PINT mRNA levels were found downmodulated by the
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Figure 2 PIN1 is required for both normal mammary gland morphogenesis and breast cancer progression through regulation of multiple cellular processes. Top: the phases
of normal breast development and tumor progression in which a role of PIN1 has been demonstrated are schematically represented from left to right. Specific conditions, where
coordination of different pathways requires PIN1 activity, are indicated in red. Below, specific cellular processes occurring during the abovementioned phases and the involved

PIN1 substrates are indicated. Oncogenes and tumor suppressors are indicated in red and

green boxes, respectively. In gray boxes putative PIN1 substrates involved in human

breast morphogenesis. Bottom: The levels/activity of PIN1 that increase from normal mammary gland to tumors progressing to high-grade cancers are represented by a
red wedge. Asterisks indicate cellular processes regulated by PIN1 in contexts different fom breast tissue. SC, stem cells

miR-200c small non-coding RNA, a well-known keeper of
epithelial fate and repressor of metastasis.?*

PIN1 protein expression, PTMs and subcellular localiza-
tion in human BC. In human BC deregulation of PIN1
protein levels and activity are most relevant. In fact, while
normal breast epithelial cells express low levels of nuclear
PIN1, BC cells instead stain strongly both in the nucleus and
cytoplasm and display highly phosphorylated PIN1.°
Different phosphorylation and other PTM sites of PIN1 have
been identified so far and shown to impact on its stability,
subcellular localization, substrate binding and catalytic activity
(Figure 4,Table 2). Interestingly, whereas the levels of PIN1 do
not vary significantly during cell cycle progression, its
phosphorylation status is highly modulated. Indeed, PLK1,
an early trigger for G2/M transition involved in centrosome
maturation and mitotic spindle establishment, has been found
to phosphorylate Ser65 in the catalytic domain of PIN1.5” This
phosphorylation increases PIN1 stability, a relevant event

Cell Death and Differentiation

during mitosis.3” On the other hand, Ser16 phosphorylation by
PKA and AURKA abolishes PIN1 ability to bind its substrates
and is required for exit from mitosis.>® Phosphorylation by PKA
has been shown to impact also on PIN1 localization in nuclear
speckles, by facilitating its nuclear export.3® Of note, Gonado-
tropin signaling regulates the activity of PIN1 through a
nuclear-cytoplasmic shuttling mechanism based on Ser16
phosphorylation by PKA or PKC and its subsequent depho-
sphorylation by calcineurin.*® The tumor suppressor DAPK1
phosphorylates PIN1 at Ser71, fully inhibiting its isomerase
activity, nuclear localization and cellular function.*' DAPK1
expression correlates with phospho-Ser71-PIN1 levels in
human normal breast tissues and tumors. Accordingly,
reduction of PIN1 expression or restoration of DAPK1 in
cancer cells effectively suppress tumorigenic phenotypes.*'
MLKS, a MAP3K family member, was shown to phosphorylate
PIN1 on Ser138, fostering PIN1 catalytic activity and nuclear
localization. A significant difference in the levels of phospho-
Ser138-PIN1 between normal and cancer tissue has been



14%
12% -

10%

8% -

6% -

4% -

2%
s
+ +
L 2 +
% %

Alteration Frequency

0% -
Mutation data
CNA data

PIN1 in breast development and cancer
A Rustighi et al

Amplification
Deletion

Mutation

EEEN

Multiple Alterations

Figure 3 PIN{ is not a frequently altered gene in human cancers. Analysis of mutations (Mutation data) and copy number (CNA data) of human PIN1 was performed across
all human tumor types in the TCGA cancer panel (obtained from cbioportal cross-cancer mutations). In the histogram only those tumors are indicated, where alterations of human
PINT were found: alteration frequencies along with copy number variation data are provided. Breast cancers display amplifications of PINT in only 1.5% of the analyzed cases

observed, although total protein levels were comparable,
suggesting that MLK3-induced phosphorylation of PIN1 could
be an early event in oncogenesis and a reliable marker for
PIN1 activation in BC.*2 Finally, sumoylation of Lys6 or Lys63
is another important PTM that inhibits PIN1 functions, and is
reverted by de-sumoylation through SENP1.43

The above-mentioned PTMs might influence the interaction
of the nuclear localization signal sequence, contained in the
PPlase domain of PIN1, with proteins of the nuclear import
machinery.** Thus, PIN1 nuclear-cytoplasmic shuttling may
represent a further level of control. In the nucleus, PIN1 activity
affects both specific transcription factors (e.g., p53, p63, p73,
ERa, Notch1, NF-kB, c-MYC, MEF2C, etc.)®>®'7:4® and global
transcriptional as well as post-transcriptional regulators
(e.g., Histones, RNApolll, RNA binding proteins, ADAR1,
etc.).®1746=4% PIN1 functions in the cytoplasm range from
cytoskeletal remodeling (e.g., PTP-PEST, TAU, etc.)®'” to
mitochondrial functions (p66°7C, p53, Bax, Bcl-2, BIMg.
etc.),>87:%9 plasma-membrane associated protein regulation
(e.g., Notch1, Notch4, ERBB2, etc.)'®'>'* and vesicular
trafficking (RAB2A).%® Although nuclear PIN1 functions are
clearly associated to BC, the biological significance of its
accumulation in the cytoplasm for BC cells remains substan-
tially elusive.

Genomic instability in BC initiation and progression:
PIN1 is a fundamental player of cell proliferation and
centrosome amplification. A fundamental trait of cancer
cells involves their ability to sustain uncontrolled
proliferation.®" PIN1 regulates a number of proteins important
for cell cycle entry, progression through and exit from mitosis
and is presumed to operate as a molecular timer of this

important process.® The best-described scenario involves the
induction of PIN1 expression by activated ERBB2/HER2/RAS
via E2F that, in turn, leads to Cyclin D1 upregulation.®'¢7 |n
addition, the Cyclin D1/CDK pathway is responsible for the
interaction of PIN1 and pRB, which boosts the switch from
hypo- to hyper-phosphorylated pRB in tumor cells, triggering
cell proliferation.>? PIN1 is also required for FBXW7-mediated
degradation of c-MYC and Cyclin E to coordinate the timing
of entry and progression through the G1/S phase, respec-
tively.>® In cancer cells, control over c-MYC and Cyclin
E degradation is upset'®®* and for c-MYC it was clearly
demonstrated that PIN1 facilitates the activation of c-MYC
target genes leading to enhanced proliferative activity in
BC." Intriguingly, PIN1 overexpression in BC causes
enhanced degradation of the FBXW?7 ub-ligase,® further
supporting a positive connection between PIN1 and c-MYC/
Cyclin E in this context.

Another candidate 'hallmark' of cancer cells is centrosome
amplification (CA), frequently detected in human tumors.>¢ CA
constitutes a major mechanism leading to chromosomal
instability and aneuploidy and is associated to poor patient
prognosis.® The centrosome duplication cycle is regulated in
part by the cell cycle machinery and their uncoupling may
result in abnormal centrosome numbers and aberrant mitosis.
PIN1 has a key role in the coordination between DNA and
centrosome synthesis, but its overexpression induces CA,
abnormal mitotic spindle formation, and chromosome
missegregation, leading to aneuploidy and oncogenic
transformation, as shown in MMTV-PIN1 mice®” and in human
BC cells.*1™43:5¢

A major event controlling the correct duplication of centro-
somes is the activation of E2F and of G1 and G1/S CDK/Cyclin
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Figure 4 Regulation of PIN1 expression in breast cancer. Upper part: Schematic representation of the human PINT gene, encompassing the promoter sequence, the 5’ and

3 untranslated regions (UTRs), and exons 1-4 (Ex). Known cis-elements and the upstream
part: Scheme of the mature PIN1 mRNA targeted by mir-200. Lower part: Schematic of the

signals and trans-acting factors are indicated; CSL Notch-responsive element. Middle
PIN1 protein structure with the sites of regulatory post-translational modifications and

the responsible enzymes. The type IV WW domain, the linker region in between, and the PPlase domain are indicated. The nuclear localization signal is depicted as a small gray

box within the PPlase domain. Modified aminoacid residues of PIN1 are indicated with a ci
PIN1 are indicated in black boxed or in gray letters, respectively

Table 2 Post-translational regulation of PIN1

rcle, enzymes acting on the specific residue with activating or repressing function on

Modification Enzyme Modified aminoacid Consequence Refs.
Phosphorylation PKA Ser16 Abolished substrate recognition. Nuclear-cytoplasmic shuttling 39.:40
PKC Ser16 Abolished substrate recognition. Nuclear-cytoplasmic shuttling 40
AURKA Ser16 Suppresses PINT function in G2/M 38
PLK1 Ser65 Halts PIN1 protein turnover 87
DAPK1 Ser71 Inhibition of PIN1 nuclear localization and activity “
MLK3 Ser138 Induces PIN1 nuclear localization and catalytic activity 42
Dephosphorylation  Calcineurin Ser16 Reactivates PIN1 nuclear localization and activity 40
Sumoylation SUMO1 Lys6, Lys63 Inhibits PIN1 protein activity and oncogenic function 43
De-sumoylation SENP1 Lys6, Lys63 Increases PIN1 protein stability and activity 43

complexes during G1/S transition.>® Cyclin E is a well-known
PIN1 substrate involved in centrosome duplication after CDK2
phosphorylation.®®® In BC, overexpression of both PIN1 and
Cyclin E is associated to CA, and oncogenic HRAS activity,
known to boost PIN1 levels and activity, was shown to
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potentiate Cyclin E-induced genetic instability, indicating a
possible PIN1-Cyclin E cooperation in CA.5*

The tight relationship between PIN1 and AURKA or PLKs in
the regulation of cell cycle progression might also have an
impact on CA, considering that overexpression of all three



proteins is causally involved in the aberrant centrosome hyper-
replication in BC.3>®® Other intriguing connections may be
directed to the tumor suppressor BRCA1, a negative regulator
of PIN1 gene transcription®® (Figure 4). Inhibition of BRCA1 in
breast cell lines causes rapid centrosome over-replication,
suggesting that lack of PIN1 suppression might also contribute
to CA in BRCA1-mutated BCs.

PIN1 acts as an amplifier of oncogenic signaling to elicit
migratory and invasive phenotypes of BC cells. In spite of
their enormous clinical relevance, the events that govern
metastatic tumor progression still remain poorly understood.
The metastatic cascade includes cancer cell detachment
from the tumor, migration, invasion, survival in the vascular
and lymphatic circulation, and colonization of distant organ
sites.? PIN1 deregulation acts on crucial steps of this
cascade, likely through modulation of several key transcrip-
tion factors that control cell plasticity, shape and migratory
capability. In particular, PIN1 overexpression promotes EMT
through downregulation of E-cadherin in normal and
cancerous breast epithelial cells.®'*2* At the same time,
overexpression of the mesenchymal markers N-cadherin and
Vimentin as well as increased SNAIL transcriptional activity
and protein levels were shown to depend on PIN1 via
different pathways, such as PI3K-AKT, NF-kB®® or Notch1.'*
In BC cells, PIN1 also enhances STAT3-mediated EMT
induced by Oncostatin M® indicating that PIN1 promotes
EMT via different mechanisms.

Cytoskeletal responses contribute to the development of a
migratory phenotype.®' Exciting insights in the regulation of
cytoskeletal remodeling and cell migration have been provided
by studies on FAK, a cytoplasmic protein kinase that has an
essential role during embryonic development and pathogen-
esis of cancer.®? In response to oncogenic HRAS, both
FAK and PTP-PEST phosphatase are phosphorylated by
ERK1/2 and isomerized by PIN1, which favors both their
interaction and FAK dephosphorylation by PTP-PEST, pro-
moting migration, invasion, and metastasis.®?

Other crucial promoters of the metastatic process fostered
by PIN1 are missense mutant forms of the p53 protein. In
cancer cells, a majority of point mutations hitting the TP53
tumor suppressor gene generate proteins that loose wild-type
functions and acquire new oncogenic properties. This gain of
new functions is mainly exerted through aberrant protein—
protein interactions, resulting in altered protein partner
functions and cellular transcriptional outputs.®® p53 point
mutants were demonstrated to be essential promoters of
transformation and metastasis in BC,%® and we have shown
that PIN1 acts as a central transducer of oncogenic signaling
converging on them, both in mice and humans."® In particular,
PIN1 interacts with mutant p53 and boosts a mutant p53
dependent transcriptional program that correlates with worse
clinical outcome in BC. Moreover, mutant p53 was shown to
sequester the metastasis suppressor p63, thereby neutraliz-
ing its function, and high PIN1 levels favor their association.
Thus, PIN1 silencing was sufficient to impair migration and
invasion of mutant p53 harboring BC cells, as well as
metastasis growth in immune-compromised mice.'®
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Clinical Implications of PIN1 Overexpression in BC

Histologic and molecular pathology-driven classification of BC
has been refined by classification through integrated genomic
and transcriptomic analyses, revealing the presence of at least
10 different BC subtypes with distinct clinical outcome.®*
Nevertheless, current therapeutic approaches pertain mainly
to three principal and oversimplified BC subtypes, namely
ER+ receiving endocrine therapy, ERBB2/HER2+ treated with
therapeutic targeting of HER2, and triple negative BCs
(TNBC) relying only on chemotherapeutics.®*

Overexpression of PIN1 has been observed in all these
BC subtypes®'®'®'% and correlates with the expression
of subtype-specific molecular markers, such as ERa,*’
ERBB2,'° PKB/AKT,®® mutant p53,'® Notch1,’ c-MYC'®
and FOXC1/NF-kB.%® Moreover, quantification of PIN1
expression improves the prognostic value of substrates with
strong oncogenic activity, such as MCL-1,"" mutant p53,'3
PKB/AKT,®® c-MYC,"® and Notch1."

PIN1 mediates drug resistance of BCs. Intrinsic or
acquired drug resistance limits the effectiveness of chemo-
and molecularly targeted cancer therapies. Mechanisms of
resistance rely on drug efflux, modification of the drug target,
activation of pro-survival pathways, and ineffective induction
of cell death. In addition, cancer cell plasticity and tumor
heterogeneity contribute to elude anti-cancer therapies.®” In
particular, cancer stem cells (CSCs), that are already a
source of heterogeneity, are also intrinsically more resistant
to chemotherapy and some targeted therapies. These cells
need to be eradicated in order to provide long-term disease-
free survival.®

We have demonstrated that, like in the normal mammary
gland, PIN1 acts as a fundamental regulator of stem cell
features in the breast CSCs compartment. In fact, PIN1
critically controls CSC self-renewal, replicative potential,
frequency and drug resistance, while its ablation causes
tumor shrinkage, decreased metastatic spread and syner-
gizes with conventional therapy in eradicating CSCs."*

From a molecular viewpoint, PIN1 elicits its functions in the
breast CSCs compartment primarily by sustaining the levels
and transcriptional activities of Notch1 and Notch4'* and
through increased expression of the small GTPase RAB2A.%3
Moreover, ectopic overexpression of PIN1 in normal and
transformed BC cells evokes an increase of the stem cell
population, suggesting that PIN1 could impact also on
molecular and phenotypic plasticity of the bulk cells giving
rise to new tumor-initiating cells for instance through induction
of EMT."*2* PIN1 might directly mediate chemoresistance
sustaining PKB/AKT,®® MCL-1"" or Notch1, that promotes the
expression of cell survival (e.g., SURVIVIN and BCL-2) and
drug efflux pump genes (e.g., ABCG2)."*

The majority of BCs in post-menopausal women are ER+.
Hence, anti-estrogens are employed as first-line treatment.®®
After surgery these patients can be treated with hormonal
therapy alone, resulting in a relatively favorable prognosis.
Unfortunately, a substantial proportion of the hormone-
sensitive BC patients undergo disease progression ascribable
to endocrine treatment resistance.®® PIN1 was found
overexpressed in ER+ tumors and cell lines® and it is thought
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Table 3 PIN1 inhibitors*

Inhibitor Mechanism of action Known targets Origin Refs.
Potency

Juglone Competitive irreversible PIN1 Natural compound from Walnut tree &
inhibitor BUB1R
Low uM range Tubulin

PiB Competitive reversible PINT Synthetic library Rl
inhibitor PAR14
Low uM range

cis-locked Alkene Competitive reversible PIN1 Structure-based design &

peptidomimetics inhibitors
Low uM range

D-peptide inhibitors Competitive reversible PIN1 Combinatorial peptide library with non-natural s
inhibitors amino acids
Low nM range

Aryl 1-indanyl Ketones Reversible inhibitors PIN1 Structure-based transition state analogs &
Low uM range

DTM Competitive inhibitor PIN1 PPlase activity screening of a random chemical &
Low uM range library

Cyclic D-pThr-Pip-Nal ~ Competitive reversible PIN1 Cyclic phosphorylated peptide synthetic library &

peptides inhibitors
nM range

Naphthyl-substituted Competitive reversible PIN1 NMR-based fragment screening of structure- &

amino acids inhibitors guided designed competitor ligands
Low uM-nM range

TME-001 Competitive Inhibitor PIN1 High throughput screening of chemical libraries &
Low uM range CYPA with real time-fluorescence detection.

EGCG Competitive and PIN1 Natural compound from Green Tea &
reversible inhibitor DDC (Dopa decarboxylase)
Low uM range FAS

ATRA Competitive and PINT Mechanism-based screening s
reversible inhibitor RAR

Low uM range

*Only the compounds that were characterized for their mechanism of inhibition and were tested in cells of mammalian origin or in vivo with a potency in the low

micromolar (uM) or nanomolar (nM) range are listed

to confer treatment resistance to these tumors through
induction of EMT and angiogenesis,>**° as well as degrada-
tion of CDK10,”° an important determinant of sensitization to
endocrine therapy. Moreover, PIN1 sustains ERa levels and
activity, by preventing ERa degradation®®2” even under
hormone- and growth factor-free conditions.?®”" As a con-
sequence, by keeping high both levels and activity of ERa,
PIN1 might be responsible for reduced efficacy of hormone
therapy. Despite PIN1-mediated chemoresistance acts also
through ERa-independent mechanisms, altogether these data
indicate that PIN1 might serve as a surrogate marker for
predicting outcome of ER+ BC patients.?”

Both preclinical and clinical data highlight the involvement of
ERBB2/HER2 overexpression in the development of endo-
crine resistance, especially to tamoxifen.®® PIN1 functions as
an essential catalyst of the ERa-HER2 crosstalk,®' supporting
the idea that PIN1 inhibitors may re-sensitize tumors to
endocrine therapies. Likewise, in ERBB2/HER2+ BC cells,
where a strong correlation has been observed between
ERBB2 and PIN1 levels, PIN1 inhibition greatly increased
sensitivity to the mTOR inhibitor Rapamycin'® (Table 1).

TNBC patients, characterized by ER-, PR-, and HER2-
tumors, have a higher risk of recurrence and their
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management still represents a clinical challenge. These
tumors frequently bear p53 mutations®® or activated Notch
receptors,'* that we found critically dependent on PIN1 for
their oncogenic functions.'®'* Inhibition of PIN1 carries
therefore therapeutic implications also for this BC subtype.

Development of Clinical PIN1 Inhibitors

PIN1 still represents a challenge for drug discovery, since the
mechanism of the isomerization reaction catalyzed by this
enzyme has not yet been fully understood. Several modes of
action of both the WW and PPlase domains have been
proposed,’? and it appears that inhibition of either domain will
have a therapeutic effect. Until recently many PIN1 inhibitors
have been isolated (Table 3). However, due to unsatisfactory
pharmacological characteristics, so far none of these has
reached clinical trials as PIN1 inhibitors.” In fact, difficulties
have been encountered mainly due to low substrate affinity or
specificity (e.g., EGCG, Juglone), poor solubility (e.g., PiB) or
cell-permeability (e.g., peptide inhibitors).”® Also, literature
data report the existence of relevant cellular off-targets, as for
example for Juglone, whose anti-tumor effect was ascribed to
production of ROS.”* Moreover, most of the compounds



were tested in in vitro assays, hence still await validation in
cell-based assays and in preclinical models.

ATRA is a known therapeutic for APL by targeting RARa
and causing degradation of the oncoprotein PML-RARa.
Very recently the team of K.P. Lu uncovered that ATRA is
also an inhibitor of active PIN1, that promotes downregulation
of several of its oncogenic substrates, among them
PML-RARa, giving an additional mechanistic explanation of its
efficacy in APL. Thus, ATRA was tested for its effect on BC
growth in vitro and in mouse xenografts raising the possibility
to use this FDA approved molecule for treatment of BC
patients.”®

Conclusions

This review article covers a range of insights acquired in the
past two decades into the molecular and biological functions
played by PIN1 in breast development and cancer. The role of
PIN1 in organismal development and tumorigenesis was firstly
highlighted in Pin1 knockout mice, which are characterized by
proliferative defects of the mammary gland and by a strong
reduction of mammary carcinoma formation. Since then,
many research groups have demonstrated how PIN1 impacts
on mammary gland development and tumorigenesis, as well
as on critical and clinically challenging phases of tumor
progression. Despite these efforts a number of highly relevant
questions remain unanswered.

First of all, despite increased levels of PIN1 are a critical
requirement for its effect on oncogenic pathways and impact
on breast cancer progression, we only have a scattered
knowledge of the regulation of PINT expression at the gene
and mRNA level. Likewise, the impact of the growing
repertoire  of PTMs on PIN1 and the mechanisms
governing its protein stability and activity or subcellular
localization is still scarcely addressed. In addition to its much
known impact on nuclear functions, PIN1 may also
contribute to the tumorigenic process by affecting cytoplas-
mic/mitochondrial functions. In cancer cells, it is conceivable
that a variety of upstream regulatory inputs boost PIN1
expression or activity and determine its role in different
subcellular compartments. However, the molecular scenario
in which PIN1 exerts its functions still awaits a more
exhaustive characterization.

Second, little is known on how the post-phosphorylation
mechanism centered on PIN1 actually regulates protein
function, producing strikingly opposite biochemical conse-
quences on PIN1 client proteins. A paradigmatic example is
provided by the unleashing of the oncogene potential of a
multitude of proteins and concomitantly by the inactivation of a
large number of tumor suppressors in cancer. An invaluable
tool to understand the contribution of phosphorylation-
dependent prolyl-isomerization on specific substrates and
cell types in mammary gland development and tumors could
be conditional Pin1 knockout mice, to the establishment of
which part of the future research efforts should be dedicated.
The identification of key PIN1 substrates in a specific breast
cancer subtype, along with the characterization of the
consequence of cis/trans isomerization on protein function
for each specific substrate, will provide key novel and
substrate-specific mechanistic insights.
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Third, almost nothing is known about the role of PIN1 in the
control of gene expression through epigenetic or editing
mechanisms, and about its effect on the non-coding genome.
All these aspects need to be elucidated for a better under-
standing of PIN1 and of the unique signaling mechanism
centred on it.

PIN1 capacity to regulate oncogenic signaling at various
levels, its requirement for both non-CSCs and CSCs, and its
enzymatic nature render it an attractive pharmacological
target in breast cancer. Indeed, ablation of PIN1 synergizes
with chemotherapy in reducing tumor growth and eradicating
tumor-initiating cells in vivo, as well as in reducing metastatic
dissemination of breast cancer cells in xenograft
experiments.' PIN1 inhibition promises to simultaneously
impact on multiple and cooperating oncogenic pathways,
producing multi-target effects. However, potent and highly
specific PIN1 inhibitors that effectively inhibit PIN1 functions
in vivo still have to be identified.

Hence, a main goal of future work in this field should be the
design and implementation of effective strategies to stably
inhibit PIN1 catalytic activity in cancer or target particular post-
translationally modified forms of PIN1 that might be present
only in tumors or, alternatively, to selectively inhibit PIN1
activators.

Moreover, a better understanding of the substrate-specific
cis/trans isomerization mechanisms and of the consequence
of structural modifications on proteins may also provide
relevant knowledge and possibly help developing substrate-
specific inhibitors or conformation-specific antibodies against
key PIN1 client oncoproteins, as done before for the cis or
trans isomers of phosphorylated TAU.”® These and other
approaches should be actively pursued in the future in order to
fully leverage PIN1 potential as a molecular target for new anti-
cancer drugs.
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