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ABSTRACT

p275P! is a cyclin-dependent kinase (CDK) inhibitor (CKI) and mainly acts as a negative regulator of
cell proliferation. Through distinct domains, p27*"P! has also been involved in the control of other cellular
processes, including migration, differentiation and cytoskeleton dynamics. p27%P! protein is frequently
inactivated in human cancer and its subcellular localization (cytoplasmic versus nuclear) can be
prognostic in some tumors, such as breast, colon, prostate, lung, esophageal, and gastric cancers
(Ananthanarayanan et al. 2011; Wen et al. 2012).

With the advent of next generation sequencing approaches, p27*P! has been identified as one of the 18
most significantly mutated genes in Luminal breast cancer (Stephens et al. 2012; Ellis et al. 2012; Belletti,
Baldassarre et al. 2012). Furthermore, the analysis of copy number variation showed that a fraction of
Luminal breast cancer also displayed loss or gain of CDKNIB gene, encoding for p27"! (Viotto, Russo
et al. 2021), reinforcing the idea that p27*P! may be critical for Luminal breast cancer onset and/or
progression. Interestingly, many of the identified somatic mutations are located in the C-terminal domain,
leading to protein loss or truncated protein formation.

Therefore, to further elucidate the role of p27"P! in Luminal breast cancer, we used a gene-editing
approach in MCF7 Luminal cell line. First, we abrogated p27"?! expression and second, we expressed
two different p275P! C-terminal truncated mutants (K134fs and T171%) to investigate the impact of
p27%P! Joss and to clarify the role of p27XP! C-terminal domain.

Our results clearly showed that p27P! K134fs and T171* mutants, failed to rescue most of the
phenotypes induced by CDKN1B gene knock-out, indicating that the functions retained by this portion
are critical for its role as an oncosuppressor, both in vitro (Viotto, Russo et al. 2021) and in vivo.
Moreover, we observed that lack of p27¢P! or expression of its mutant forms increased the resistance to
the treatment with Palbociclib, currently one of the most common therapeutic strategies for Luminal
breast cancer patients.

Finally, to evaluate whether p275P! could also represent a driver genetic lesion during the process of
transformation, we have also shown the involvement of p27X"P! in the process of cell transformation and
tumor initiation. Generating p27*"! knock-out clones in normal human mammary Luminal epithelial cell
line, we have noticed its ability to significantly increase the proliferation cell rate of these normal cells.
Interestingly, the only deficiency of p27%P! seems to lead the cells toward a stem phenotype and also
therapy resistance, highlight the important role of p27P! also in the early steps of mammary cancer

formation.



1 INTRODUCTION

1.1 Breast Cancer (BC)

Breast cancer (BC) is the most diagnosed tumor in women. According to the World Health Organization
(WHO), 2.3 million women were diagnosed with BC in 2020 and 685,000 died of BC, globally. As of
the end of 2020, there were 7.8 million women alive who were diagnosed with breast cancer in the past
5 years, making it the world’s most prevalent cancer. Improvements in breast cancer detection and
therapy have led to >85% 5-year survival, yet, half of affected women die from their disease, reflecting
an incomplete understanding of the molecular alterations and heterogeneity of this type of tumor
(Marcotte et al. 2016).

Genetic factors, including a family history of breast or ovarian cancer and inherited mutations (such as
BRCA1, BRCA2) account for only 5% to 10% of breast cancer cases (Nielsen et al, 2016).The
reproductive profile and the exposure to sex hormones also explain part of the excess in risk. BC risk is
increased by nulliparity and late first full-term pregnancy (Tavani et al. 1997), by endogenous sex
hormones intake (i.e., oral contraceptives and use of hormone replacement therapy) (Corrao et al. 2008)
and by early age at menarche and late menopause, while it is reduced by breastfeeding (Victora et al.
2016). Active and passive smoking (Dossus et al. 2014), as well as alcohol consumption (Bagnardi et al.
2015) and obesity (Picon-Ruiz et al. 2017) explain, at least in part, the excess in risk of BC.

Moreover, incidence rate is higher in developed countries, and varies greatly with race and ethnicity:
increasing trends in BC incidence in high-income countries over the past several decades are thought to
reflect increases in the prevalence of known risk factors and increased detection through mammography.
Mortality and survival rates vary considerably among different parts of the world, due in part to health

care quality and access disparities (Rojas et al, 2016).

Classification

BC is not a single disease, but the collection of breast pathologies heterogeneous in terms of histologic,
genetic and genomic variations, therapeutic response and patient outcomes. Several classification
schemes have been created to stratify breast tumors, attempting to comprehend the intricate biological
mechanisms driving these tumors and to allow more effective clinical trials and treatments (Taherian-

Fard et al, 2015).



D Histological Classification:

- Non-invasive carcinoma (in situ) refers to an early carcinoma, which does not invade and therefore has

no metastatic potential. This characteristic is also due to restriction of neoplastic proliferation by the
presence of a natural barrier, the myoepithelial cell layer. There are two types of in-situ carcinoma:
Ductal carcinoma in situ (DCIS) starts inside the milk ducts and remains in its original place. However,
even if it is not a lethal type of cancer, it represents the intermediate precursor of invasive breast cancer
(Allred 2010). Lobular carcinoma in situ (LCIS) starts by distortion of the terminal duct-lobular unit,
which may then undergo expansion due to abnormal proliferation of cells present within this structure.
LCIS, as DCIS, is considered a pre-cancerous lesion and an indicator for increased risk of developing

invasive BC (Wen et al 2018).

- Invasive carcinomas are characterized by cells with the capacity to pass through the basal membrane
and invade the surrounding tissues. They can be divided in different types, based on where they are
located: the most frequent type is the invasive ductal carcinoma (IDC), which originates from ductal

cells (70-80% of cases). The second most common type of invasive breast cancer after IDC is invasive
lobular carcinoma (ILC), which originates from lobules of the breast (10-15 % of cases). There are also

less frequent invasive ductal carcinomas such as, tubular, papillary, mucinous, and medullary, which

have a better prognosis respect to more common types of IDCs (Cserni 2020).

II) Molecular Classification

Another type of classification is the molecular classification (figure 1), which comprises molecular
subtypes defined by gene expression and genetic profiles, and it is used to predicts prognosis and drug

response:

- Luminal A (40% of cases), is estrogen-receptor (ER) and/or progesterone-receptor (PR) positive, human
epidermal growth factor receptor 2 (HER2) negative. These cancers tend to be slow in growth, with a
Ki-67 (indicator of actively dividing cells) level <20%. For this reason, Luminal A BC is less aggressive
than other subtypes and is associated with more favorable prognosis (particularly in short term). This type
of cancer can be successfully treated with hormone therapy and benefit, to a lesser extent, from

chemotherapy (Eisen et al. 1998).



- Luminal B (20-30% of cases), is hormone-receptor (ER and PR) positive and either HER2 positive or
negative. Furthermore, they are highly proliferative, with Ki67>20%. Luminal B breast cancers tend to
be higher in grade and more aggressive than Luminal A. This type of cancer can benefit from
chemotherapy, hormone therapy and, if HER2 positive, from targeted therapy against HER2 (Arpino et
al. 2002).

- HER?2-enriched (10-15% of cases), is hormone-receptor negative and HER2 positive.

These cancers tend to grow and spread more aggressively than other breast cancers and are associated
with poorer short-term prognosis compared to ER+ breast cancers (Iwanaga et al. 2012). However, the
recent widespread use of targeted therapies for HER2+ cancers, in association with chemotherapy, has
reversed the major part of the adverse prognostic impact of HER2 overexpression (American Cancer

Society. Breast Cancer Facts& Figure 2017-2018).

-Triple-negative (15-20% of cases), is hormone-receptor negative and HER2 negative. It is more likely

to be diagnosed in people younger than 50-years, in Black and Hispanic women, and in people with
BRCA1 mutation. Triple negative breast cancers have poorer short-term prognosis than other BC types,
because there are no current targeted therapies for these tumors and is typically treated with a

combination of surgery, radiotherapy and chemotherapy (Eliyatkin et al. 2015).
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1.2 Luminal Breast Cancer (LBC)
1.2.1 Molecular characterization of LBC

Luminal BC presents a characteristic genetic profile: copy number alterations (CNAs), DNA
methylation, and somatic point mutations, DNA amplifications and chromosomal aberrations. The
Cancer Genome Atlas (TCGA) Network has characterized a high number of primary BC using a wide
variety of platforms. They show that Luminal B BC often lacks of ATM (Ataxia-Telangiectasia Mutated)
and MDM2 (Mouse Double Minute 2 homolog) gene expression amplification occurred frequently.
Moreover, compared to Luminal A, Luminal B has lower frequency of PIK3CA (Phosphatidyl Inositol
4,5-bisphosphate 3-Kinase Catalytic subunit Alpha) mutations and higher frequency of TP53 mutations
(Ades et al. 2014; Koboldt et al. 2012). Despite this decreased frequency of PIK3CA mutations, only
Luminal B cancers have higher PI3K pathway activation (Loi et al. 2010). Literature data indicate that
in LBC, PI3K activation is implicated also in de novo and acquired anti-estrogen therapy resistance
(Miller et al, 2011).

Different sequencing studies have shown that the MLL3 (Mixed-Lineage Leukemia 3 ) gene was mutated
in about 8% of Luminal tumors (Stephens et al. 2012). Even the genomic locus of FGFR1, 8p11-12, has
been identified in about 15% of patients with ER+ breast cancers (Reis-Filho et al. 2006). FGFR1 gene
amplification is associated with resistance to estrogen suppression in a cohort of patients with ER+ breast
cancer treated with the aromatase inhibitor letrozole (Giltnane et al. 2017).

Through whole genome analysis, other significant mutated genes were considered related to anti-estrogen
therapy sensitivity, such as GATA3 (transcriptional activator which binds to the enhancer of the T-cell
receptor alpha and delta genes), RUNX1 (Runt-related transcription factor), CBFB (Core-Binding Factor
Beta) and CDKNIB (Cyclin Dependent Kinase Inhibitor 1B). GATA3 was found to be mutated with
significant degree in both Luminal A and B subtype with a similar frequency but in different ways:
Luminal A displayed hotspot mutations associated with intron 4 deletions, while exon 5 frame shifts were
mostly ascribed to Luminal B cancers (Ades et al. 2014). Mutations in GATA3 has been proved to be a
positive predictive marker for anti-estrogen treatment response (Jiang et al. 2014; Yoon et al. 2010).
RUNXI1 loss-of-function mutations, affecting its expression and dimerization with its partner CBFB,
have been associated with the Luminal B subtype and anti-estrogen resistance (Ellis et al. 2012).
Expression and functional studies have demonstrated that high CDKN1B expression predicts sensitivity

to endocrine and chemotherapy in LBC patients (Pohl et al. 2003; Stendahl et al. 2010), whereas



CDKNI1B downregulation predicts resistance to radiotherapy (Payne et al. 2008; Berton et al. 2017) and
anti-HER?2 therapies (Nahta et al. 2004; Zhao et al. 2014).

1.2.2 Therapeutic treatments for LBC patients

Many different treatment strategies are currently available to treat LBC patients. Both the
histological/molecular characteristics and the stage of the tumor are crucial factors to identify the optimal
surgical and treatment strategy.
e Surgery
In the past, all breast cancers were treated surgically by mastectomy (complete removal of the breast).
Nowadays, radical mastectomy is recommended only in selected cases, such as when the breast cancer
has spread to the chest muscles. In most cases, a smaller procedure called a “lumpectomy” or
“quadrantectomy” or partial mastectomy is preferred. This breast-conserving surgery has been proven to
be equally effective, especially when coupled with radiation therapy to minimize recurrence, and much
less disfiguring than mastectomy. In case of invasive cancers, also lymph nodes may be removed at the
time of surgery. However, while in the past a complete axillary dissection was thought to be necessary
to prevent the spread of cancer, currently a limited lymph node procedure, called “sentinel node biopsy”,
is preferred, using dye or radioactive tracers to find the closer lymph node to which cancer cells would
spread from the breast (Ustun et al. 2019).
e Radiotherapy

Surgery aims to remove any disease that has been detected in the breast and regional lymph nodes,
however, it does not remove undetected occult cancer cells that may remain within the breast, scar, chest
wall or remaining lymph nodes. These microscopical tumor residues may lead to local recurrence and
also to distant metastasis. Administration of radiotherapy after surgery has been shown to minimize these
events, and it is thus used as standard adjuvant treatment of early BC (Langlands et al. 2013). Radiation
is a cancer treatment that uses high doses of radiation to kill cancer cells by damaging their DNA beyond
the possibility to repair. Radiation can be used in combination with other cancer treatments, surgery,
chemotherapy and immunotherapy. It has been observed that recurrent tumors often localize close to the
surgical scar; for this reason, radiotherapy can be used, in selected cases, as an intraoperative treatment
(IntraOperative RadioTherapy, IORT) to “sterilize” the tumor bed. Furthermore, IORT is able to modify
the post-surgical microenvironment by altering the wound fluid composition, reducing the production of
growth factors and inflammatory cytokines, eventually diminishing the survival of residual cancer cells

left behind by surgery in the tumor bed (Belletti et al. 2008).
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e Chemotherapy:
Most chemotherapeutic agents act on dividing cells, thus making cancer cells a better target. In contrast
to cancer cells, over time normal cells will mostly recover from chemotherapy effects.
Most used chemotherapeutic agents in BC are:

- Anthracyclines (Epirubicin, Doxorubicin, Daunorubicin): anti-tumor antibiotics that interfere with
Topoisomerase II during DNA replication, by binding to DNA. Moreover, they cause formation of free
radicals, increasing cell oxidative stress.

- Taxanes (Paclitaxel, Docetaxel): mitotic inhibitors, derived from plants. They work by blocking
microtubules and mitotic spindle disassemble.

- Platinum derivatives (Cis-platin, Carboplatin): classified as alkylating agents, they bind to DNA,
inhibiting its replication and transcription. Therefore, there is the block of protein synthesis, resulting in
cell death.
- Fluorine derivatives (5-fluorouracil, Capecitabine): inhibit DNA synthesis and slow tumor growth
(Fisusi et al., 2019)

e Endocrine therapy:
Administration of the endocrine therapy is based on the concept that changing the hormonal balance of
the patient with hormone receptor positive (HR+) breast cancer will lead to changes in tumor growth and
regression of metastatic disease (Goldhirsch et al. 2011). Both Luminal A and B tumors show benefit
from endocrine treatment. There are three main categories of endocrine therapy agents: aromatase
inhibitors (Als), selective ER modulators (SERMs) and selective ER degrader or downregulators
(SERDs). Als, such as Exemestane, Anastrazole and Letrozole, inhibit an enzyme called ‘aromatase’ that
converts testosterone to estradiol, and androstenedione to estrone, by aromatization. Als are currently
used in the standard treatment for postmenopausal breast cancer when the primary source of estrogen
(ovaries) is terminated or in presence of ovarian activity suppression (Ratre et al. 2020).

Selective ER Modulators, such as Tamoxifen, Raloxifen, and Toremifene, competitively bind to ER to
inhibit its pro-proliferative stimuli (Miller et al. 2014). Adjuvant Tamoxifen is currently considered
standard of care for premenopausal women with endocrine-responsive disease. Selective ER degrader or
downregulator, such as Fulvestrant, binds ER inducing a structural change that leads to increased surface
hydrophobicity and subsequent receptor degradation. Fulvestrant-induced degradation affects the ligand-
independent functions of ER that are not addressed by tamoxifen. Fulvestrant is currently approved for
treatment of ER-positive metastatic breast carcinoma patients that have progressed after tamoxifen

therapy (Lai et al., 2017).



In metastatic Luminal breast cancer, de novo or acquired resistance to endocrine therapy eventually
develops; for this reason, clinical trials have considered to target alternative pathways (Ades et al. 2014;
Creighton 2012), such as PI3K/AKT/mTOR axis, CDK4/6, p53-MDM2 interaction, FGFR1(Fibroblast
Growth Factor 1 Receptor) and HDAC (Histone DeACetylases) (figure 2).

Once activated, in presence of growth factors, nutrients, energy signals through the AMP-activated
kinase, and various stress signals, PI3K activates AKT (or PKB: Protein Kinase B) and downstream
effector mTOR, to promote cell growth and division, by increasing mRNA translation and inhibiting
autophagy (Zoncu et al., 2011). As describe above, Luminal B BC have higher PI3K pathway activation,
for this reason there are numerous types of agents targeting the PI3K/AKT/mTOR pathway: pan-PI3K
inhibitors; isoform-specific PI3K inhibitors; and the PI3K¢ inhibitor; dual PI3K—mTOR inhibitors; AKT
inhibitors; and the most common mTOR inhibitors (including allosteric inhibitors such as the Rapalogues
Sirolimus, Temsirolimus, Ridaforolimus and Everolimus or mTOR catalytic inhibitors). The FDA (Food
and Drug Administration) and the EMA (European Medicine Agency) approved Everolimus in combi-
nation with Exemestane for the treatment of women with ER-positive/HER2-negative breast cancer with
recurrence or progression after receiving Letrozole or Anastrozole (Rodon et al. 2013; Zardavas et al.,
2013).

The cyclin D1 complex (cyclin D1 bound to CDK4 or CDK6) and the cyclin E-CDK2 complex
phosphorylate the retinoblastoma (Rb) protein, preventing it from inactivating the E2F (E2 Factor)
transcription factor, thus leading to cell cycle progression from G1 to S phase (Weinberg 1995; Harbour
etal. 1999). In Luminal tumors, inhibition of the Rb protein is mediated through CCND1 (the gene coding
for cyclin D1) or CDK4 amplification or overexpression, or loss of the endogenous CDK inhibitors
(CDKNIB, CDKN2A, CDKN2B). Palbociclib, a highly selective oral inhibitor of CDK4 and CDKaS6,
was active in Luminal-like breast cancer cell lines (Desmedt et al. 2008). FDA approved Palbociclib in
combination with Letrozole for the treatment ER-positive/HER2-negative advanced BC as initial
endocrine based therapy in postmenopausal women. Moreover, the FDA also granted Palbociclib in
combination with Fulvestrant for the treatment of HR-positive/ HER2-negative advanced or metastatic
breast cancer in women with disease progression following endocrine therapy.

The p53 tumor suppressor is a key transcription factor regulating cellular pathways such as DNA repair,
cell cycle, apoptosis, angiogenesis, and senescence. It acts as an important defense mechanism against
cancer onset and progression, and is negatively regulated by interaction with the oncoprotein MDM?2
(Nag et al. 2013). In LBC, as described above, MDM?2 gene expression is frequently amplified and TP53

is frequently mutated (Ades et al. 2014; Koboldt et al. 2012) leading to downregulation of tumor
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suppressive pS3 pathways. Preclinical studies show that targeting the MDM2-—p53 interaction using
MDM?2 inhibitors increases apoptosis in cancer cells and might be a potentially powerful approach to
reverse endocrine resistance in tumors with MDM2 amplification (Ellis et al., 2013).

FGFR1 belongs to the family of Fibroblast Growth Factor Receptors FGFRs, they are activated upon
binding of ligands (fibroblast growth factors, FGFs) to their extracellular domain followed by receptor
dimerization and phosphorylation of C-terminal tyrosines. These phosphorylated residues dock several
adaptor proteins that induce activation of downstream signaling pathways, including
RAS/RAF/MEK/ERK and PI3K/AKT (Turner et al., 2010). FGFR1 amplification is associated high
proliferative tumors and with poor prognosis in ER-positive breast cancer (Elbauomy Elsheikh et al.
2007). Moreover, preclinical data suggest that FGFRI amplification drives anchorage-independent
proliferation and resistance to endocrine therapy (Turner et al. 2010). Approaches to targeting FGFR in
various tumor types include tyrosine kinase inhibitors (TKls), monoclonal anti-FGFR antibodies, and
FGF-trapping molecules. Selective FGFR TKIs are at an earlier phase of development.

The MLL3 gene belongs to a family that encodes histone methyltransferases and, as described above,
MLL3 gene is mutated in about 8% of Luminal mammary tumors. Furthermore, the TCGA has shown
that a subset of Luminal B tumors exhibits a hypermethylation phenotype and a low frequency of
PIK3CA, MAP3K1 and MAP2K4 mutations. Therefore, several evidences have suggested that HDAC
inhibitors, combined with endocrine treatment, might be a promising approach to reverse endocrine
resistance in a subset of Luminal tumor (Stephens et al. 2012; Koboldt et al. 2012). However, the HDAC

inhibitors are still in a preclinical study phase.
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Figure 2. Genomic and epigenomic landscape, pathways and drugs to reverse endocrine resistance in estrogen receptor-
positive breast cancer. Data on genomic and epigenomic landscape are derived from next-generation sequencing studies
and from a study combining gene-expression profiling and copy number aberration data. Each column shows the different
pathways, mutations percentage and the specific inhibitor to block them. Pink denotes gene or protein activation and blue

denotes gene or protein suppression in breast cancer. Figure has been adapted from “Luminal breast cancer: from biology
to treatment” Ignatiadis, Sotiriou et al. 2013.

1.3 CDKN1B (p274*! gene)

CDKNI1B gene, encoding for the cell cycle inhibitor p27%P! (here after p27), is an intrinsically
unstructured, multifunctional protein that influences several biological functions, from cell cycle to
migration and transcriptional regulation. p27 protein belongs to the Cip/Kip family of CDK (Cyclin
Dependent Kinase) inhibitors, that includes also p21°P! and p57??, all characterized by the presence of
a conserved amino-terminal region containing the cyclin and CDK binding domains. Figure 3 depicts the
crucial roles played by p27 during the cell cycle. During the G1, p27 regulates cyclin E-CDK2 and cyclin
A-CDK2 complex activities, binding both cyclin and CDK subunits, resulting in a block of the cell cycle
progression (Polyak et al. 1994; Toyoshima et al., 1994; Coats et al. 1996). In early G1 phase, p27
promotes the assembly and the nuclear importation of cyclin D-CDK4/6 complex, supporting the
stabilization of cyclin D. Mitogen stimulation determines the cell cycle progression, by both the
activation of CDK4 and by impounding p27, that is maintained, in this way, displaced from its principal
target, cyclin E-CDK2. Cyclin E-CDK2 complex then targets p27 to ubiquitin-dependent degradation
through its nuclear phosphorylation in threonine 187 (Sherr et al., 1999), thus reinforcing CDK4 activity

10



to complete Rb phosphorylation. Large body of literature studying the regulation of p27 during cell cycle,
highlighted a regulatory role for p27 also in G2-M transition. p27 was historically known as universal
CDKs inhibitor, able to down-regulate in vitro not only cyclin E/A-CDK2 activity but also CDKI
(Toyoshima et al., 1994). Nakayama and colleagues showed in vivo how p27 accumulation at G2/M
transition induces a strong decrease in CDK1-associated kinase activity. The prolonged G2 arrest induced
by p27, through the suppression of CDKI1 activity, was shown to be responsible for the centrosome
duplication, cell endoreplication and polyploidy (Nakayama et al. 2004). Later, others proposed a
different explanation to the mitotic defect, suggesting that p27 could be involved in the prevention of

CDK1 expression instead of directly inhibit the activity (Serres et al. 2012; Sharma et al. 2012).
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representation of the cell
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CycA/B-CDK1

The abundance of p27 within the cell is controlled by multiple mechanisms that operate at level of its
synthesis (transcription/translation) and, particularly, its stability, degradation and localization. p27
levels increase in response to various stimuli that inhibit cell proliferation, such as cell-cell contact, loss
of adhesion to extracellular matrix, cell differentiating stimuli and TGF (Transforming growth factor
B), IFN-y (Interferon-y), c-AMP (Cyclic adenosine monophosphate), rapamycin and lovastatin treatments
(Belletti et al. 2005). High level of p27 induces a G1 cell cycle arrest and accumulation in GO. As depicted
in Figure 4, the most important cellular mechanisms that regulate p27 levels are:

11



* sequestering into higher order complexes with cyclin D-CDK4 after activation of the MAPK (Mitogen-
Activated Protein Kinase) pathway, that promotes cyclin D transcription (Susaki et al., 2007). Also, the
proto-oncogene c-Myc is responsible for p27 sequestration, by increasing the expression of cyclin D and
cyclin E. This molecular event appears essential for Myc-induced cell cycle progression (Vlach et al.
1996),

* translocation to the cytoplasm, with consequent progression of the cell cycle, after phosphorylation by
KIS (Kinase Interacting with Stathmin) or by MAPK and/or phosphorylation by AKT or RSK
(Ribosomal S6 Kinase) (Belletti et al., 2005; Philipp-Staheli et al., 2001). The nuclear export of p27 by
CRM1 (Chromosomal Maintenance 1) is necessary for mediated proteolysis (Boehm et al. 2002; Kamura
et al. 2004).

* degradation, p27 can be translocated from the nucleus to the cytoplasm and degraded by the ubiquitin-
proteasome pathway, via the KPC complex (Kipl ubiquitination-promoting complex). This complex
consists of KPC1 and KPC2 proteins, that interact with and ubiquitinate p27 in the cytoplasm (Kamura
et al. 2004; Kotoshiba et al. 2005). The nuclear export of p27 by CRM1 is necessary for KPC-mediated
proteolysis (Boehm et al. 2002; Kotoshiba et al. 2005).
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p27 coding sequence contains several functional domains and phosphorylation sites (figure 5). The
phosphorylation at Serine S/0 plays a critical role in decreasing p27 nuclear abundance, thereby allowing
for the initial activation of cyclin-CDKs complexes (Besson et al. 2006; Ishida et al. 2000; Rodier et al.
2001). This serine is a substrate for KIS, MAPK, AKT and Mirk/Dirk1B (Minibrain-related kinase/dual-
specificity tyrosine-regulated kinase) (Boehm et al. 2002; Vervoorts et al. 2008; Besson et al. 2006).
The region containing the cyclin and CDK binding domains is highly conserved and is located in the
amino-terminal region.

The tyrosines Y74, Y88 and Y89, located in the CDK-binding domain, are preferentially phosphorylated
in active proliferating cells and convert p27 to a non-inhibitory state (James et al. 2008). The residue Y88
can be phosphorylated by the Src-family kinase and by the oncogene product BCR-ABL. Once
phosphorylated on Y88, CDK?2 efficiently phosphorylates p27 on threonine 7787, promoting in turn its
SCF-Skp2-dependent degradation, suggesting an explanation for premature p27 elimination in cells
transformed by these activated tyrosine kinases (Grimmler et al. 2007). The oncogenic kinase Src
regulates p27 stability through its phosphorylation not only at Y88 but also at Y74 and, to a less degree,
at Y89, facilitating p27 proteolysis and impeding the efficient action of CDK4/6 inhibitors on their targets
(Chu et al. 2007).

The p27 protein could be phosphorylated at serine S83 by CK2 (Casein Kinase 2)(Tapia et al. 2004) in
cardiomyocites stimulated by angiotensin II, a major cardiac growth factor, inducing its proteasomal
degradation (Hauck et al. 2008).

Recently, it has been shown that serine in position S740 can be phosphorylated by ATM kinase after
DNA damage induced by ionizing y-radiation, stabilizing p27 for G1/S cell cycle checkpoint activation
(Cassimere et al. 2016). The 7187 of p27 is phosphorylated by the cyclin E-CDK2 and cyclin B-CDK1
(Sheaff et al. 1997; Vlach et al 1997) and leads to its degradation via the cytosolic ubiquitin-proteasome
system (Grimmler et al. 2007; Hara et al. 2001). Other phosphorylation sites of p27 are the 7/57 and the
T198, both regulated by AKT. The 7757 residue, mapping within the NLS (Nuclear Localization Signal)
of p27, is phosphorylated by AKT and causes retention of p27 in the cytoplasm, precluding p27- induced
G1 arrest (Liang et al. 2002; Shin et al. 2002; Viglietto et al. 2002). AKT phosphorylates p27 also at
T198, making p27 recognizable by the 14-3-3 family of proteins and, thereby, retained in the cytoplasm
(Fujita et al. 2002). Moreover, it has been demonstrated that phosphorylation at 7798 is able to regulate
p27 stability, localization and interaction with stathmin, interfering with p27 ubiquitination and with p27

role in cell motility (Schiappacassi et al. 2011).
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In addition to phosphorylation and ubiquitination, other post-translational modifications regulate p27
activity. Evidence demonstrates that, in response to TGFf treatment, p27 is SUMOylated on K134,
increasing protein stability and nuclear localization (Lovisa et al. 2016) (Jun e Lau 2010). SUMOylation

also regulates p27 binding to CDK2, thereby governing its nuclear proteasomal degradation.
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Figure 5. Schematic representation of the main functional domains and phosphorylation sites of p27. p27 protein is
composed by 198 amino acids and contains a nuclear exportation signal (NES) at the N-terminus and a nuclear localization
signal (NLS) at the C-terminus. Key phosphorylation sites and corresponding kinases are depicted in the upper part of the
figure and linked with red lines. The cell cycle inhibitory region is comprised between amino acids 25 and 93 and is necessary
for the binding to cyclin/CDK complexes. Known functional domains and relative interacting protein/microRNA are reported
below and highlighted by blue rectangles. Figure has been adapted from “Landscape of CDKNIB Mutations in Luminal
Breast Cancer and Other Hormone-Driven Human Tumors” Cusan et al. 2018.

1.3.1 p27%P! jn tumors

The importance of p27 in the regulation of exit from and entry into the cell cycle and its impact in
tumorigenesis was firstly revealed by the generation of p27-deficient mice. The p27 KO mice show an

increase body size of about 20-30% compared to WT (wild type) mice (Fero et al. 1998; Nakayama et
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al. 1996) that demonstrates a key role of p27 in controlling cell growth also in vivo. Loss of p27 in mice
cooperates strongly to the neoplastic phenotype, increasing the frequency and severity of the tumors,
decreasing latency, and in certain contexts, increasing the number of metastases.

Furthermore, the lack of this gene in conjunction with specific oncogenic stimuli increases malignancy

and frequency of tumors, emphasizing that the presence of p27 is an important limiting factor for tumor

progression (Belletti et al. 2005). However, p27 has been found to be mutated in only a few types of
tumors, such as prostate cancer (Barbieri et al. 2012), small intestine neuroendocrine tumors (SI-NETs),
a rare malignant neoplasm arising from neuroendocrine precursor cells, in which CDKN1B represents
the most frequently mutated gene (Francis et al. 2013) and Luminal breast cancer (Stephens et al. 2012;
Viotto, Russo et al. 2021).

CDKNI1B germline mutations have been proposed to be the cause of multiple endocrine neoplasia type
4 (MEN4), an autosomal dominant disorder, characterized by the occurrence of tumors in endocrine
glands (Lee et al. 2013). CDKNI1B is rarely mutated (<1%) in epithelial ovarian cancer and HNSCC
(head and neck squamous cell carcinomas) (Viotto, Russo et al. 2021).

Unlike prototypic tumor suppressor genes (e.g., TP53 and Rb), p27 does not appear to follow the
Knudson’s “two-hit” theory, behaving as haplo-insufficient tumor suppressor gene (Fero et al. 1998).
Complete loss of p27 expression is not uncommon in human malignancies but silencing or mutations of
both alleles are very rare, which is consistent with the notion that p27 loss in tumors is mainly due to an
accelerated proteolysis. Accordingly, a plethora of studies shows the involvement of p27 protein
reduction or loss in many tumors, such as carcinomas of the colon, breast, lung and ovary as well as brain
tumors, lymphomas and soft tissue sarcomas (Belletti et al. 2005). Multivariate analysis showed that
reduced levels of p27 are of independent prognostic significance for many of these tumors. Yet,
apparently in contrast with these data, some tumors may contain high levels of p27, suggesting that
mechanisms other than protein degradation allow transformed cells to circumvent p27 growth inhibition.
A retrospective analysis of p27 expression in 2,031 breast cancer samples from a randomized clinical
trial, demonstrated that reduced p27 was an independent prognostic factor for reduced overall survival
(Porter et al. 2006). In another work including 500 patients with premenopausal ER+ BC, low p27
strongly correlated with poor survival, showing the predictive potential of p27 in a prospective trial (Pohl
et al. 2003). Through meta-analysis of 20 studies, Guan et al. correlated p27 expression and clinical
outcome of BC including overall survival (OS), disease-free survival (DFS) and relapse-free survival
(RFS). A total of 60% of the studies showed a significant association between p27 high expression and

OS, whereas 25% and 60% studies demonstrated a correlation between p27 high expression and DFS
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and RFS, respectively (Guan et al. 2010). Together, these data indicate that reduced p27 is an independent
prognostic factor for shorter OS and DFS.

Moreover, reduced p27 levels correlate with lower level of cyclin D1(Barnes et al. 2003) and with ERBB?2
(HER2 encoding gene) amplification (Newman et al. 2001; Spataro et al. 2003).

1.3.2 CDKN1B mutation and Copy Number Variation (CNV)

The advent of massive parallel sequencing allowed to analyze the cancer genome at very high sensitivity.
In our recently published article (Viotto, Russo et al. 2021), we assessed the frequency of CDKNIB
mutations in a large cohort of cancer patients (i.e., breast cancer, HNSCC and epithelial ovarian cancer).
From our analyses, we confirm literature data indicating that CDKN1B is mutated predominantly in LBC
(3.1%) than in other BC subtypes. As p27 is an haploinsufficient oncosuppressor, its allelic loss could be
another mechanism exploited for gene inactivation. The results showed that 11.8% of the analyzed BC
patients displayed a CDKN1B CNV with a loss in 7.5% and a gain in 4.3% of them. Interestingly, when
only LBC were considered, the percentage of CNV raised to 13.7%, again indicating that CDKNI1B is
mainly altered in the Luminal subtype. These findings support the possibility that loss of p27, via either
protein mutation, truncation or allelic CNV, could represent a significant event in the onset and
progression of LBC. To verify whether CDKN1B could be related to progression more than to the onset
of LBC, we next evaluated the presence of CDKN1B mutations in ccfDNA (circulating cell-free DNA).
These patients displayed a substantially higher mutation frequency (8.5%), suggesting that CDKN1B
alterations may more frequently occur later during the disease progression.

Of the 13 somatic mutations that we identified, four generated a stop codon and resulted in the loss of
p27 C-terminus (figure 6). As already described, the binding of cyclin/CDK complexes is located in N-
terminal portion of p27 protein, while the C-terminal region is a more disordered region and contains sites
important for protein stability and localization. The fact that more than 50% of mutations observed in
sporadic breast cancer are truncating/frame shift mutations (Stephens et al. 2012; Ellis et al. 2012; Viotto,
Russo et al. 2021) supports the possibility that C-terminus loss may directly contribute to onset and/or
progression of breast cancer (Cusan et al. 2018; Berton et al. 2017; Rampioni Vinciguerra et al. 2019;

Huh et al. 2016; Ding et al. 2019).
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Figure 6. Lollipop plot of CDKNI1B gene mutations. Lollipop plot represents mutations identified in our cohort of solid
biopsies (long lines, bright colors) or by others (Ellis et al. 2012; Stephens et al. 2012) (short lines, faded colors). Green dots
indicate missense mutations and red dots indicate frameshift/nonsense mutations. The two mutations chosen for the functional
studies in MCF-7 cells (K134fs* and T171%), identified by Ellis et al (Ellis et al. 2012), are written in red. Figure has been
adapted from ” CDKNIB mutation and copy number variation are associated with tumor aggressiveness in Luminal breast
cancer” Viotto, Russo et al. 2021.

1.4 CDK4/6 inhibitors

As described above, the cyclin D/CDK4/6/Rb pathway is frequently dysregulated in cancer (O’Leary et
al. 2016). Moreover, increased levels of cyclin D and CDK4 are commonly observed (Fumagalli et al.
2016; Finn et al. 2020), which makes inhibitors targeting the cyclin D/CDK4/6/Rb pathway ideal
candidates for cancer therapeutics (Y. Yang et al. 2020). Palbociclib, Ribociclib, and Abemaciclib have
been approved by the Food and Drug Administration for advanced hormone receptor-positive (HR+)
breast cancer patients when combined with Letrozole or Fulvestrant (O’Leary et al. 2016; Lynce et al.
2018). The combinatorial strategy presented a substantial improvement in progression-free survival with
a well-tolerated toxicity profile in multiple clinical trials (Tripathy et al. 2018; Finn et al. 2016). The
combination of CDK4/6 inhibitors and other targeted drugs also shows promising prospects (Rampioni
Vinciguerra et al. 2022). All three CDK4/6 inhibitors bind to the ATP domain of CDK4/6 blocking their
kinase activity (figure 7) (Finn et al. 2009).
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1.4.1 Palbociclib

Palbociclib (PD-0332991) is the first CDK4/6 inhibitor received FDA approval. It is a highly selective
reversible inhibitor of CDK4/6, with a limited inhibitory effect on the other cyclin-dependent kinases.
The Palbociclib therapeutic potential was tested in a preclinical study in a large panel of BC cell lines,
showing that the most sensitive cells were the Luminal breast cancer cell lines. Furthermore, the same
study showed a synergistic effect of Palbociclib in combination with selective ER modulator, Tamoxifen.
Clinical studies (i.e., Paloma-1, Paloma-2 and Paloma-3) were designed to test the efficacy and safety
of Palbociclib and, following the positive results, Palbociclib has been approved for the first line
treatment of advanced ER+ HER2- cancer, in combination with aromatase inhibitors and also in patients

with disease progression, in combination with Fulvestrant (Finn et al. 2009).
1.4.2 CDK4/6 inhibitors resistance

Despite promising clinical outcomes, intrinsic or acquired resistance to CDK4/6 inhibitors has limited
the success of these treatments. Some patients show a primary resistance, instead others show a acquired
resistance after 24-48 months (AIOM, AIRTUR, Cancer number 2020; Rampioni Vinciguerra et al.
2022). There are various mechanisms that are directly or indirectly responsible for resistance to CDK4/6

inhibitors, categorizable into two broad main groups (Pandey et al. 2019):

I) Cell cycle-specific mechanisms. Loss of Rb with concurrent p16 overexpression resulted in failure to
respond to CDK4/6 inhibitors because of the absence of Rb function. CDK6 overexpression was reported
to promote resistance to CDK4/6 inhibitors in preclinical models (Yang et al. 2017). Overexpression of
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CCNEIl, which encodes cyclin E, is a well-known mechanism for resistance to CDK4/6 inhibitors, as
demonstrated by several studies (Konecny et al. 2011; Herrera-Abreu et al. 2016; Taylor-Harding et al.
2015). The overexpression of E2F causes the cell to circumvent CDK4/6 inhibition and rely upon
signaling pathways other than the cyclin D-CDK4/6 axis for cell cycle progression (Dean et al. 2010).
Also, overexpression of CDK4, which has been described in several cancers, may limit the efficacy of

CDK4/6 inhibitors (Cen et al. 2012; Olanich et al. 2015; Wu et al. 2011).

IT) Cell cycle-nonspecific mechanisms. Activation of the FGFR pathway appear to be associated with
resistance to CDK4/6 inhibitors, as well as with endocrine resistance (Brooks et al. 2012). Also, activation
of the PI3K/AKT/mTOR pathway is known to be a crucial event in driving the resistance to endocrine

therapy and, as recently reported, to CDK4/6 inhibitors (Herrera-Abreu et al. 2016; Jansen et al. 2017).

1.5 Senescence

Cellular senescence is a mechanism whereby a dividing cell enters a stable cell cycle arrest upon stress
stimuli and generally exerts a complex secretion of factors, known as Senescence-Associated Secretory
Phenotype (SASP) that impacts on the nearby tissue, while the cell remains metabolically active and
unresponsive to mitogenic and apoptotic signals (Kumari et al.2021).

The stress may include telomere shortening, oxidative stress, DNA damage, onco-gene activation or
treatment with chemotherapeutics (Gonzalez-Gualda et al. 2021). Senescence contributes to tumor
suppression, wound healing and tissue homeostasis, primarily due to the arrested cell cycle and the
secretion of specific factors and cytokines via the SASP. This secretion informs the immune system to
initiate the clearance of senescent cells and stimulates the damaged tissue to heal (Muioz-Espin et al.
2013; Storer et al. 2013). However, upon consistent and chronic damage, the process of immune
surveillance is dysregulated and senescent cells accumulate, contributing to tissue dysfunction, chronic
inflammation and a variety of age-associated disorders, including cancer, cardiovascular diseases,

fibrosis, diabetes, neurological disorders and osteoarthritis (Gonzalez-Gualda et al. 2021).
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1.5.1 Senescence hallmarks

The arrest of cell cycle and SASP are not the only senescence traits, as depicted in Figure 8 and described

here below:

- DNA Damage Response (DDR). DSB (Double-Strand DNA Break) and SSB (Single-Strand DNA
Break) can lead to cellular senescence when are unresolved. H3K9 methylation is required for ATM-
mediated DNA damage signaling (Ayrapetov et al. 2014). The ATM recruitment drives phosphorylation
of the histone H2AX, which facilitates the assembly of specific DNA repair complex (Celeste et al.
2002). The persistence of DDR induces the phosphorylation of p53 at multiple serine residues, which
enhances the ability of p53 to induce the transcription of many genes to induce senescence (Turenne et
al. 2001). Inductions of Y-H2AX nuclear foci or phosphorylated p53 are commonly used as markers of

senescence (Hernandez-Segura, Nehme, e Demaria 2018).

- Cell cycle arrest. The protein pl6 directly inhibits the cyclin D-CDK4 complex, which allows for the
dephosphorylation and stabilization of the Rb-E2F complex, and thus the inhibition of the cell cycle
(Ben-Porath et al 2005). p53 is activated via phosphorylation after a DNA-damaging stimulus and then
upregulates the transient expression of p21 that inhibits cyclin E-CDK2 which allows the
dephosphorylation of Rb leading to the sequestering of E2F to arrest the cell cycle (Gonzalez-Gualda et
al. 2021). Additionally, the p15 and p27 and the mitogen-activated protein kinase p38 can also be used
as markers although their involvement in the senescent program is not completely defined (Mufioz-Espin

et al. 2013).

- Chromatin reorganization. To silence proliferation-promoting genes, the chromatin rearranges and
forms dense structures know as Senescence-Associated Heterochromatin Foci (SAHFs). There are
nuclear structures containing a collection of proteins associated with DDR, such as ATM, ATR, CHK2
and Y-H2AX that are formally considered a type of DNA-SCARS that reinforce senescence (Herbig
et al. 20006).

- Increased lysosomal content. SA-Bgal (senescence-associated -galactosidase) is the most common
marker of lysosomal activity and one of the first tests used to assess senescence. SA-Pgal is a hydrolase

enzyme that catalyzes the hydrolysis of B-galactosides into monosaccharides (Dimri et al. 1995).

- Metabolic adaptation. Mitochondrial dysfunction plays an important role in maintaining pro-
inflammatory senescent phenotypes. The reduction of mitochondrial degradation (mitophagy) during

20



senescence program, lead to an increase of mitochondria number and size. Structural changes in the
mitochondria also lead to alterations such as the increase in ROS (Reactive oxygen species), which is
considered another senescence hallmark (Victorelli et al. 2019). An additional hallmark of senescence
related to mitochondria is the resistance to apoptosis, resulting from the upregulation of pro-survival
pathways. This event is mediated by the increased expression of antiapoptotic Bcl-2 family members,

located on the membranes of mitochondria as well as the endoplasmic reticulum (Yosef et al. 2016).

- Morphological changes. Abnormally large and flat morphology defines senescent cells. Interestingly,
the increase in size, which translates into an increased cytoplasm to DNA ratio, can contribute to the
growth arrest observed in senescent cells. Granularity also changes in senescent cells, possibly due to the

increase in size and number of lysosomes (Neurohr et al. 2019).

- Cells surface marker. Despite a universal or more specific membrane markers of cellular senescence
remains to be defined, recent studies have provided significant insights into the so-called surfaceome of
senescent cells. However, some of these reported surface receptors, namely ICAM-1, NOTCHI,
NOTCHS3, DEP1, B2M, DPP4, STX4, NTAL and, more recently, uPAR, have proven to serve as reliable
markers of senescence (Althubiti et al. 2014).

- Secretory phenotype. The SASP comprises a number of factors, such as cytokines, chemokines,
growth factors, metalloproteases and extracellular vehicles, that are secreted from senescent cells. The
SASP is thought to be a major reason senescent cells contribute to either tissue homeostasis or
dysfunction, as these factors play many roles in immune signaling, cell-to-cell communication and in the
creation of pro-tumorigenic environments. Some of the factors most commonly found upregulated in
senescent cells include the interleukins IL-1a, IL-6 and IL-15, the chemokine L-8, GRO-a and MIP-1a,
and other factors, such as IFN-c,VEGF, ICAM-1 and GM-CSE (Coppé et al. 2010).
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MORPHOLOGICAL CHANGES

1.5.2 Senescence and Palbociclib

Palbociclib, as previously described, specifically bind CDK4/6 inducing G1 phase arrest. Depending on
the cell type and the transforming event, some Rb-positive cells undergo quiescence and others undergo
senescence, when treated with CDK4/6 inhibitors (Baughn et al. 2006). The senescent cells will not return
to the cell cycle following removal of the inducing signal and are generally refractory to other
proliferation-inducing signals (Rodier et al. 2011). However, the consequences of driving a cell into
senescence after growth arrest are particularly interesting. Senescent cells express a cell type and signal
specific program of gene expression and cytokine secretion (SASP), which can sculpt the immune
response and the tumor microenvironment (Ohtani et al. 2012). On one hand, the SASP can induce the
recruitment of immune cells that will mediate tumor clearance (Xue et al. 2007) or promote paracrine
senescence (Acosta et al. 2013; Acosta et al. 2008). On the other hand, the SASP can create a pro-
tumorigenic environment (Coppé et al. 2010). Furthermore, the SASP can induce cellular plasticity

(Ritschka et al. 2017), and cancer cells that manage to escape senescence have a more aggressive
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phenotype together with similarities to the stem cell state (Milanovic et al. 2018). Consequently, the

SASP is often referred to as a “double-edged sword” and a better understanding of this biology will be
paramount for its clinical manipulation.

Milanovic et al., studying lymphoma cells, revealed the unexpected twist that chemotherapy-induced
senescence might generate into tumor cell phenotype, displaying an enhanced potential to drive tumor
progression if they exit senescence. By investigating whether there might be a stem cell connection to
senescence induced by chemotherapy, it was observed that cellular signaling pathways activated during

chemotherapy-induced senescence are similar to the gene-expression patterns observed in stem cells.
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2 AIM OF THE STUDY

Several clinical studies have highlighted that p27 downregulation may have prognostic and predictive
potentia in various types of human tumors, particularly in breast cancer. In the Luminal subtype of BC,
p27 displays an overall low, but higher rate of mutation compared to the other subtypes. The identified
somatic mutations often resulted in p27 protein truncation, leading to loss of its C-terminal domain.

The overall aim of this PhD project is to understand the actual implications of p27 loss and C-terminal
mutations during tumor transformation, growth and progression and, finally, dissect the role of p27 in
response to therapies.

To achieve these aims, we have, first, explored in vitro and in vivo, the behavior of MCF-7 Luminal
breast cancer cell line following knock-out of CDKN1B gene and the knock-in of CDKN1B mutants
K134 frameshift (fs) and T171%*.

Then, to better evaluate the possible involvement of p27 during the process of cell transformation and
tumor initiation, we have also generated, characterized and tested the effect of p27 loss in normal human
mammary epithelial cells with luminal phenotype (Breast Primary Epithelial Cells, BPEC), to better
recapitulate the early steps of mammary cancer formation.

Finally, in order to test the implication of p27 in drug response, we have analyzed the response of MCF-
7 and BPEC p27-modified clones to Palbociclib, an anti-tumor agent recently approved for the

treatment of Luminal breast cancer in combination with endocrine therapy.
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3 MATERIALS AND METHODS

3.1 In vitro experimentation

3.1.1 Cell culture and generation of cell lines modified for p27+iP!

Human breast adenocarcinoma MCF-7 cell line (ER+/PR+) were obtained from ATCC (LGC Standards)
and maintained in DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1%
Penicillin-Streptomycin (PS, Merck Life Science).

Human immortalized normal mammary epithelial cells of the Luminal subtype BPE-3 cells (hereafter
BPEC) were purchased from LTCC (Live Tissue Culture Service Center-LTCC@med.miami.edu) and
grown in BMI-P medium (LTCC), supplemented with cholera toxin 100 ng/ml (Merck Life Science),
and strictly following all manufacturer’s instructions.

All cell lines were grown in standard conditions at 37°C and 5% CO..

MCEF-7 p27 KO cell clones and MCF-7 KI clones (GFP-p27 WT, GFP-p27 T171* and GFP-p27 K134fs)
were previously generated in our laboratory as previously described (Berton et al. 2017). Briefly, p27
KO cell clones were obtained by Nucleofection of custom Zinc Finger Nucleases (ZFNs) pair for p27
genomic sequence (Merck Life Science) using the AMAXA V kit for nucleofection (Lonza Biosciences),
following the manufacturer instruction. Following electroporation, cells were maintained at 30°C for 2—
3 days, then at 37°C before being single-cell seeded into 96-well plates. p27 KI clones were generated
by co-transfection of the donor vector (pZDonor-AAVSlvector cloned with the coding DNA sequence
of GFP-p27 WT, GFP-p27 K134fs and GFP-p27 T171%*) by electroporation into p27 KO MCF-7 clone
#17, along with the mRNA coding for the ZFN specific for AAVSI locus (Merck Life Science).

BPEC p27 KO and KI cell clones were obtained using the CRISPR-Cas9 technology. Using the
GenomeCRISPR online tool, different RNA guides (gRNA) were designed to target CDKN1B, the gene
encoding for p27, in order to generate KO cells and the K134fs and T171* p27 mutants overexpressing
cells (figure 1). To obtain the KO of p27, two different guides were positioned within the initial 100
nucleotides from the ATG codon of CDKNI1B sequence (gRNA 18: 5’-GTCCCGGGTTAACTCTTCG-
3’; gRNA 20: 5°- AGGAACCTCTTCGGCCCGG- 3’, named KO 18 and KO 20). To generate the stop
codon T171%*, we designed a guide targeting 6 nucleotides close to the position T170 (gRNA sequence:
5’-TCCCCAAATGCCGGTTCTG-3") and for the K134fs mutation, a guide to target 10-20 nucleotides
around the position K134 was drawn (gRNA sequence 5’- CTCTGAGGACACGCATTTGG- 3°).
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Figure 1. Guide RNA to generate BPEC p27 modified clones. The image, taken from IGV software, reports the gRNA
positions on CDKNIB sequence.

BPEC cells were transduced with commercial LentiCas9-Blast lentiviral particles (pLv5-Cas9-Blast,
Merck Life Science, figure 2A), in presence of Polybrene (8pg/mL) to induce Cas9 expression. After 72
hours from the transduction, cells were selected with 0.8 uM Blasticidin (Merck Millipore) to obtain a
stable pool overexpressing Cas9.

BPEC Cas9 pool was then transduced in presence of Polybrene with the commercial phU6-gRNA
lentiviral particles (LV04 phU6-gRNA:hPGK-puro-2A-tBFP, Merck Life Science, figure 2B) containing
the guides described before, for the generation of the KO and T171* expressing cells. After 72 hours,
cells were incubated with Puromycin (1p/ml, Merck Life Science) to select the BPEC Cas9 cells
expressing the phU6-gRNA vector. To generate cells overexpressing the p27 mutant K134fs, BPEC Cas9
pool were electroporated with the vector phU6 gRNA (Addgene, figure 2C). To evaluate the Cas9 cutting
efficiency, genomic DNA was isolated from pools and analyzed using NGS (Next Generation
Sequencing, MiSeq V2 Kit, [llumina) analysis. Then, cells were seeded as single cells into 96-well plates
and obtained clones were analyzed through NGS and western blot to verify the loss of p27 protein or the
expression of the mutants. In all experiments, multiple cell clones were tested, in duplicates or triplicates

as appropriate.
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Figure 2. Lentiviral vectors employed for the generation of BPEC p27 modified clones, using CRISPR-CAS9 technology.
A) Scheme representing pLv5-Cas9-Blast vector used for the expression of Cas9 endonuclease. B) Scheme represents LV04
phU6-gRNA:hPGK-puro-2A-tBFP vector containing the specific gRNAs used for the generation of p27 KO and p27 T171*
overexpressing cells. Figures were modified from Merck Life Science website. C) phU6-gRNA vector containing gRNA for
p27 K134fs expression. Figure was taken from Addgene.

3.1.2 Growth curve analysis

MCF-7 and BPEC p27 modified clones were plated in 6-well plate in duplicate (5x10* cells/well) in
complete medium (DMEM 10% FBS, 1% PS for MCF-7 or BMI-P cholera toxin 100 ng/mL for BPEC
cells). Where indicated, Palbociclib (PD0332991, Selleckchem, 2.5 uM) were added to the culture
medium. At the indicated times, cells were detached with Trypsin-EDTA and counted using Trypan blue

to exclude dead cells.
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3.1.3 Cell viability assay

MCF-7 and BPEC clones were plated in 96-well plate (3x10° cells/well) and after 24 hours of incubation
at 37°C, cells were treated with increasing doses of Palbociclib (PD0332991, Selleckchem). After 72
hours from the treatment, cell viability was determined using the CellTiter 96 AQueous Cell Proliferation
Assay Kit (Promega) and absorbance was detected at 490-500 nm through Tecan Infinite M1000 PRO

instrument.
3.1.4 SA-B-Gal activity assay

Evaluation of SA-B-Gal activity is commonly used to detect senescent cells. SA-B-Gal activity was
analyzed in MCF-7 clones at different time points. Cells were plated in duplicate in 24-well plates
(15x10* cells/well), the day after, clones were treated with Palbociclib (0.1uM) for 24 hours and SA-B-

Gal activity was detected as described below.

In another set of experiments, MCF-7 clones were plated in 150 cm? flasks dishes (5x10° cells) and
treated with Palbociclib (2.5 uM) for 72 hours, then cells were detached with Trypsin-EDTA and seeded
in duplicate in 24-well plates without drug for 1, 10 or 20 days (15x10%, 2.5x10° e 500 cells/well,
respectively). The cells were fixed with 2% formaldehyde and 0.2% glutaraldehyde solution for 20 min
at 4°C and, after 3 washes in PBS, they were incubated overnight at 37°C in X-gal solution (2 mM
MgCl2, 5SmM potassium ferrocyanide, SmM potassium ferricyanide, 1 mg/ml 5-bromo-4-chloro-3-
indolyl-B-D-galactoside). The X-gal is the substrate for the activity of SA-B-Gal (B-Galactosidase
associated with senescence), a lysosomal hydrolase enzyme that catalyzes the hydrolysis of B-galactoids
into monosaccharides. X-Gal is catalyzed by SA-B-Gal in galactose and 5-bromo-4-chloro-3-
hydroxyindole-1 which dimerizes and forms the blue precipitate. Using X-Gal as a chromogen substrate,
this enzyme test evaluates the increased expression and activity of this lysosomal protein in senescent

cells. Blue positive cells were counted in at least 5 randomly selected fields/well in duplicate.
3.1.5 Protein extraction and western blot analysis

Total protein extract was obtained scraping cells on ice using an appropriate volume of cold RIPA lysis
buffer (NaCl 150 mM, Tris HCI pH 8 50 mM, Igepal 1%, Sodium-deoxycholate 0.5%, SDS 0.1% in
deionized water), implemented with a protease inhibitor cocktail (cOmplete™ Protease Inhibitor
Cocktail, Merck Life Science), dithiothreitol (Merck Life Science, 1 mM), sodium fluoride (Merck Life
Science, 50 mM) and sodium orthovanadate (Merck Life Science, | mM) as phosphatase inhibitors.
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After an incubation of 30 minutes on ice, cells were centrifuged at 13200 RPM for 20 minutes at 4°C to
obtain proteins lysates that were transferred into fresh tubes. Concentration of isolated proteins was
determined using a Bradford-based protein assay (Protein Assay Dye Reagent Concentrate, Bio Rad) and
a standard curve made by serial dilution of known concentration of BSA. After quantification, protein
samples were prepared with 30-40 pg of total extract up to a final volume of 20 pul with deionized water
and 5X Leammli Sample Buffer (50 mM Tris—HCI pH 6.8, 2% SDS, 10% glycerol, 0.05% bromophenol
blue and 125 mM beta-mercaptoethanol). Protein samples were then boiled at 95°C for 5 minutes and
separated in a 4-20% polyacrylamide gel (Criterion™ Precast Gel TGX Stain-Free™, Bio Rad), which
was plunged in running buffer 1 X (25 mM Tris, 192 mM glycine, 0.1% SDS in deionized water).
Prestained protein SHARPMASS VI PLUS (10-250 KDa) was used as protein molecular weight marker.
Proteins separated by their molecular weight were transferred to nitrocellulose membrane (Hybond™-
ECL™, Amersham-Biosciences) at 600 mA for 1 hour in transfer buffer 1X (25 mM Tris, 0.2M glycine,
10% methanol in deionized water). Thereafter membrane was coloured with red Ponceau solution (0.1%
Ponceau diluted in 5% acetic acid, Sigma-Aldrich) to ensure a good quality transfer. Finally, membrane
was cut into horizontal strips to detect more proteins simultaneously differing from their molecular
weight. The membrane was incubated with blocking buffer (5% non-fat dry milk diluted in Tris-Buffered
Saline and 0.1% Tween-20 or Odyssey Blocking Buffer (LI-COR) commercial solution) for 1 hour at
RT. Then membranes were incubated overnight at 4°C with appropriate primary antibodies diluted in
Odyssey Blocking Buffer and TBS 0.1% Tween-20 (1:1). Membranes were washed three time in TBS
0.1% Tween-20 for 10 minutes and incubated for 1 hour at RT with secondary antibody IR-conjugated
(Alexa Fluor 680, Invitrogen; IRDye 800, Rockland) for infrared detection (Odyssey Infrared Detection
System, Li-Cor) or with horseradish peroxidase-conjugated secondary antibodies (GE Healthcare) for
ECL detection (Clarity Western ECL Substrate, Bio-Rad). When re-blotting was needed, to remove
primary and secondary antibodies, Re-blot Plus Strong Solution 10X (Merck Life Science) was used to

strip the membranes.
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Primary Antibodies Catalog Number Vendor Application and Dilution
pRb (S780) sc-12901 Santa Cruz Biotechnology WB (1:1000)
Cyclin E sc-28351 Santa Cruz Biotechnology WB (1:200)
c-Myc 9402 Cell Signaling Technology WB (1:1000)
Nf-kb sc-8008 Santa Cruz Biotechnology WB (1:200)

p27 610241 BD Transduction Laboratories WB (1:700), IHC (1:50)

PR (Progesteron Receptor) 790-2223 Ventana WB (1:1000), IHC (1:50)

ER (Estrogen Receptor) 790-4324 Ventana WB (1:1000), IHC (1:50)
E-Cadherin 610181 BD Transduction Laboratories WB (1:1000)
Vinculin sc-73614 Santa Cruz Biotechnology WB (1:1000)

CDK2 sc-6248 Santa Cruz Biotechnology WB (1:700); IP (1:100)
Ki-67 #70-4286 Ventana IHC (1:500)

Table 1: Primary Antibodies. The table summarizes the primary antibodies (catalog number and vendor) and the dilution
used in the different experiments. WB: Western Blot, IP: immunoprecipitation and IHC: Immunohistochemistry.

3.1.6 Kinase assay

Co-Immunoprecipitation (IP) experiments were performed incubating 0.3-0.4 mg of total lysate with
anti-CDK2 and control antibody in HNTG buffer (20 mM HEPES, 150 mM NaCl, 10% Glycerol, 0.1%
Triton X-100) supplemented with protease inhibitor cocktail (cOmplete™ Protease Inhibitor Cocktail),
dithiothreitol (1mM), sodium fluoride (50 mM) and sodium orthovanadate (1 mM) as phosphatase
inhibitors, gently rocking overnight at 4 °C. A control sample (IgG) was prepared using a lysate incubated
with a non-related antibody produced by the same animal species used for the assay. A mix of protein G
Sepharose 4 Fast Flow (Amersham Biosciences) was added for the last 1 hour and 30 minutes of
incubation. IPs were then washed 7 times in HNTG buffer and half part resuspended in 3x Laemmli
Sample Buffer and loaded in gel to verify the IP. The other half part of the IP was resuspended in kinase
buffer (20 mM TrisHCI pH 6.8,10 mM MgCl2). Then, a kinase reaction solution containing the sample
plus 50 uM ATP, y-P32 ATP (0.1uCi) and 2 ug of H1- Histone as substrate in buffered solution (20 mM
TrisHCI pH 6.8, 10 mM MgCl2) was prepared. The reaction was carried out at 30°C for 30 min and then
5X Laemmli Sample Buffer was added. After denaturation at 95°C for 10 minutes, proteins were loaded

on a 4-20% SDS-PAGE (Criterion Precast Gel, Biorad). The gel was dried at 80°C for 3 hours under
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vacuum. Then gel was exposed on an autoradiographic film (GE, Amersham-Hyperfilm MP) at RT and

developed at different time intervals.
3.1.7 Mammosphere assay

Mammosphere formation assay is commonly used to assess stem cell and self-renewal properties giving
a measure of stem cell / early progenitor activity (Shaw et al. 2012) . Mammosphere assay was performed
to test the stem-like properties of BPEC p27 KO clones and MCF-7 p27 clones upon treatment with
Palbociclib (2.5 uM for 72 hours).

To establish primary mammospheres, cells were plated on poly-HEMA (Poly(2-hydroxyethyl
methacrylate), Merck Life Science) coated dishes as single cell suspension (1x10* cells in 35 mm dishes
or six-well plate) in the appropriate medium. MCF-7 cells were maintained in phenol red-free
DMEM/F12 (Gibco) supplemented with B27 supplement (no vitamin A, 50X, Invitrogen), recombinant
epidermal growth factor (hEGF, 20 ng/ml; PeproTech) and 1.5 % PS. BPEC clones were maintained in
BMI-P (cholera toxin 100 ng/mL, 1% PS) supplemented with hEGF (20 ng/ml) or 2.5 % post-surgery
wound fluids (WF).

After 10 days, primary mammospheres were counted. To establish secondary mammospheres, primary
mammospheres were collected, resuspended in 0.5 % trypsin/0.2 % EDTA and disaggregate using 25-
gauge needle fitted to a syringe. Cells were plated in the appropriate medium at the same seeding density
that was used in the primary generation. After 10 days (MCF-7) or 30 days (BPEC), mammospheres

numbers were counted and area was evaluated using Volocity® - PerkinElmer software.

3.1.8 Anchorage-independent growth

Anchorage-independent growth is the ability of transformed cells to grow independently of a solid
surface and is a hallmark of carcinogenesis. Agar 0.6% (LowMelting Agarose, Merck Life Science) in
DMEM 10% FBS was plated in six-well plate (2 ml / well) to constitute the bottom layer and placed at
4 °C to solidify. MCF-7 cells (1x10* cell/well) were re-suspended in 2 ml top agar medium (DMEM-
10% FBS 0.4% Low Melting Agarose) and quickly overlaid on the previously gelified bottom agar
medium. The plate was incubated at 37°C. Fresh medium was added to the wells twice a week as a feeder
layer. After 2 weeks, the number and area were determined by shooting and counting at least 9 fields/well

in duplicate at 10X magnification.
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3.1.9 Three-dimensional cultures

Three-dimensional (3D) culture assay in vitro recapitulates the formation of mammary acini structures
using a 3D matrix that mimics basement membrane functions (Hebner et al. 2008). MCF-7 cells (3000
cell/well) were embedded as single cells in Cultrex® Growth Factor Reduced Basement Membrane
Extract (GFR-BME, 2%) (Trevigen), mixed with the appropriate medium and layered on the top of a
bottom layer of polymerized matrix (GFR-BME, 8.5mg/ml) (Trevigen) in 12well glass chamber (50
ul/well) (Thermo Scientific™ Nunc™ Labtek™ II Chamber Slide™ System).

Embedded cells were incubated at 37°C for 10 days. At the end point, number of acini was counted and

images were collected to calculate colonies areas, using the Volocity® (PerkinElmer) software.

3.2 In vivo experimentation

Animal experimentation was approved by the Italian Ministry of Health (#616/2015-PR) and by our
Institutional Animal Care and Use Committee (OPBA) and conducted strictly complying with
internationally accepted Institutional Animal Care and Use Committee guidelines (IACUC) for animal
research and with the 3R principles. NOD.Cg-PrkdcSCID I12rgtm 1 Wjl/SzJ (NSG) mice were purchased
from Charles River and housed in CRO of Aviano animal facility, in ventilated biosafety cabinets under
controlled temperature and humidity with a 12-hour dark/light cycle.

MCF-7 p27 KO or mutants clones were engrafted following the Mouse INtraductal (MIND) model
essentially as described by Sflomos et al (Sflomos et al. 2016). In this model, Luminal tumor cells are
injected directly into the mouse nipple, allowing them to reach and settle within the milk ducts. 5- to 6-
week-old female mice were anesthetized and intraductally injected into the mammary glands with 4-10
ul of PBS containing 60000—150000 cells in at least 8 mammary glands/mouse.

3 mice were injected with MCF-7 control cells (WT#7 and Parental), 3 mice with MCF-7 p27 KO (clone
#8 and #17), 2 mice with MCF-7 overexpressing p27 K134fs mutant (clone #244) and 2 mice with MCF-
7 overexpressing p27 T171* mutant (clone #76). The onset of MIND-derived tumors was monitored by
palpation once per week and once established, tumor growth was evaluated assigning to each tumor a
score from 1 to 5. At least 8 tumors/mouse were recorded. After ~9 months from the injection, mice were
sacrificed, engrafted mammary glands were collected, fixed in 4% paraformaldehyde for histology and
IHC or snap-frozen for protein isolation. Distant organs such as lungs were collected to evaluate the

presence of metastatic foci.
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3.2.1 Protein extraction from tumor samples

Proteins extraction from MIND-derived tumors was performed using cold RIPA lysis buffer
implemented with inhibitors (as described in detail in paragraph 3.1.5). Tumors homogenization was
achieved by grinding the tissue using the gentle MACS™ Octo Dissociator (MACS Miltenyi Biotec),
following a incubation for 30 minutes on ice and a centrifugation at 13200 RPM for 20 minutes at 4°C.
Protein lysates were then transferred into fresh tubes, processed and loaded in polyacrylamide gel as

described in paragraph 3.1.5.

3.2.2 Histological analysis and immunohistochemistry of tumors samples

Mouse xenograft samples were fixed in formalin and processed for standard paraffin embedding.
Histological sections (5 um thick) were made from the paraffin blocks, deparaffinated with xylene, and
stained with hematoxylin and eosin (H&E), according to standard procedures. For immunohistochemistry
(IHC) analysis, routine deparaffinization of all sections mounted on positive charge slides was carried
out according to standard procedures, followed by rehydration through serial ethanol treatments. Slides
were immersed in citrate buffer [0.01 M sodium citrate (pH 6.0)] and heated in a microwave oven at
600W for 3 times, 5 min each, to enhance antigen retrieval. Endogenous peroxidase was blocked with
0.3% hydrogen peroxide in methanol for 30 min. Sections were immunostained with antibodies
recognizing Ki-67, p27, PR and ER (Table 1) according to manufacturer’s protocol and standardized

procedures. Images were collected with Leica microscope at different magnifications.

3.3 Statistical analysis

All graphs and statistical analyses were performed using PRISM (version 6, GraphPad, Inc.). In all
experiments, differences were considered significant when p was < 0.05. Statistical analyses including,
Mann—Whitney test, Student’s t-test and ANOV A test were used as appropriate and as specified in each
figure.
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4 RESULTS

4.1 Impact of p27¥P! status in Luminal breast cancer cells

Several studies have highlighted that p27 downregulation/loss has prognostic and predictive potential, in
various types of human tumors, particularly in Luminal breast cancer. CDKN1B gene, encoding for p27,
displays an overall low but higher rate of mutation in LBC compared to other cancer types (Stephens et
al. 2012; Ellis et al. 2012), as recently confirmed by our group in a large cohort of cancer patients, of
which n. 396 solid biopsies were from LBC patients (Viotto, Russo et al. 2021). In line with previous
findings, we observed that, of the 13 somatic mutations identified, four generated a stop codon and
resulted in loss of p27 C-terminus. This observation supported the possibility that truncation of p27 C-
terminus could contribute to onset and/or progression of LBC (Viotto, Russo et al. 2021). In order to
investigate the role of p27 loss or C-terminal mutations, we employed the MCF-7 LBC cell line,
genetically modified in our lab using Zinc-Finger technology (Berton et al. 2017), for the knock-out (KO)
of CDKNI1B gene. Then, using the MCF-7 KO cells, two different knock-in (KI, GPF-tagged) clones
were generated, to express p27 truncated mutant form: the T171* (p27 T171%*) and the K134 frameshift*
(p27 K134fs), previously identified in LBC patients by the group of Ellis (Ellis et al. 2012). The T171*
mutation generates a nonsense codon at position 171, resulting in loss of the last 28 amino acids, a region
representing the so-called “intrinsically disordered region” of p27, known to be involved in protein-
protein interactions and containing many phosphorylation sites (Cusan et al. 2018). The p27 K134fs
mutation produces a frameshift at the lysine in position 134, which leads to a premature stop codon, loss
of the intrinsically disordered region and, additionally, of the nuclear localization signal, located in amino
acids 152—-168. Together, we also generated p27 WT “rescue” clones, re-introducing untagged full length
p27 in MCF-7 KO cells, in order to have control clones better comparable with mutant ones.

The results from the full characterization of the biological implications of p27 loss and expression of
these mutants were already included in my graduation thesis and, in part, published in Viotto, Russo et
al. 2021. Briefly, as expected, MCF-7 p27 KO cells displayed significant biological advantages compared
to p27 WT clones and parental cells, while the p27 T171* and p27 K134fs KI clones showed intermediate
phenotypes. This was true for proliferation in 2D, as well as for anchorage independence and growth in
3D-Matrigel, suggesting that the presence of the CDK-binding domain at the N-terminal portion of both
mutants was able to restrain p27 KO phenotypes, but only in part (figure 1A and C showing growth

curves and soft agar growth, as examples).
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Starting from these observations, we next decided to verify whether and at what extent the two mutants
were able to bind cyclins and CDKs, inhibit their kinase activities, and, eventually, control the cell cycle
as the WT protein. During G1/S phase transition of the cell cycle, p27 principally interacts with and
inhibits the activity of cyclin E-CDK2 complex, thereby blocking cell cycle progression. Co-
immunoprecipitation assay of CDK2 with its binding partner cyclin E (CCNE1) showed that p27
mutants, T171* and K134fs, were part of the complex but at different extent compared to the WT (figure
1B). We next performed a kinase assay, looking at the phosphorylation of histone H1, as a substrate for
CDK2 activity (figure 1B, top panel). While p27 WT bound cyclin E-CDK2 complex thereby inhibiting
their phosphorylating activity on histone H1, p27 T171* and K134fs mutants, although still able to bind
the complex, as expected by the fact that they retain the cyclin-CDK-binding domains, were less efficient
in inhibiting its kinase activity and histone H1 phosphorylation level in MCF- 7 p27 T171* and p27
K134fs is at comparable level of that displayed by MCF-7 p27 KO. However, due to the lower stability
of the K134fs p27 mutant protein, it remains to be established whether the lower inhibition could also be
due to an overall lower binding to CDK2.

Together, these results indicated that, even if p27 mutants retain the ability to bind cyclin E-CDK2
complex, they partially lose the capability to inhibit it.
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Figure 1. Characterization of p27 loss and expression of C-terminal deletion mutants in MCF-7 cell line. A) Data from
growth curve analysis of MCF-7 p27-modified cell clones. Data represents the mean (£ SD) of clones for the different p27
status (MCF-7 p27 parental, KI untagged WT #139, WT'#7; MCF-7 p27 KI GFP-T171* #33, #76; MCF-7 p27 KI GFP-K134fs
#111, #234, #244; MCF-7 p27 KO #8, #17) performed in duplicate and expressed as fold-increase over the number cells plated
on day 1. ANOVA test has been used for statistical analysis. B) Kinase assay and western blot analysis of co-
immunoprecipitated cyclin E- CDK2 complex. Upper panel shows in vitro phosphorylation assay, using histone HI as
substrate. Arrows mark p27 at different molecular weights, from top: p27 KIWT, p27 T171%*, p27 K134fs, and endogenous p27.
Asterisk marks a non-specific band in the immunoprecipitated. Vinculin was used as loading control. C) Number of colonies
(on the left) and area (on the right) of MCF-7 p27-modified clone grown in soft agar for 2 weeks. Data represents the mean (£
SD) of experiment performed in duplicate. Colony size was measured using Image Lab™ software. Mann—Whitney test and
Student’s t-test have been used for statistical analysis, as more appropriate. Asterisks indicate significant differences, *p <
0.05; **p <0.01; ***p <0.001,;**** p <0.0001. Image adapted from Viotto, Russo et al. 2021.

4.2 Tmpact of p27¥P! KO and mutations in tumor growth, in vivo

It is well known that the lack of p27 in conjunction with specific oncogenic stimuli increases malignancy
and frequency of tumors, emphasizing that the presence of p27 is an important limiting factor for tumor

progression (Belletti et al. 2005; Fero et al. 1998; Nakayama et al. 1996).
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To establish whether the increased transformed potential of MCF-7 p27 KO, K134fs and T171* mutants
that we observed in vitro, effectively resulted in increased growth in vivo, and, particularly, in the
Luminal subtype of BC, we set up in our lab the Mouse INtraDuctal (MIND) model. The MIND model,
recently described by the group of Dr Brisken (Sflomos et al. 2016), is a clinically relevant preclinical
model to recapitulate the human Luminal mammary tumors. It consists in the injection of LBC cells
directly into the ducts of the mammary gland, which are layered by the Luminal epithelium. This
approach allows the LBC cells to properly grow in the ductal microenvironment, in the presence of the
physiological hormone levels, maintaining the Luminal phenotype. This approach abolishes the need for
exogenous estrogen supplementation, obviating to the deleterious effects of estradiol excess, such as
urinary retention, cystitis, hydronephrosis and renal failure, which limit the utility of traditional
xenografts (Gakhar et al. 2009; Pearse et al. 2009; Levin-Allerhand, Sokol, Smith et al 2003). Moreover,
in commonly used orthotopic xenografts of BC the site of injection is in the mammary fat pad (MFP), in
which LBC cells often switch to a more basal phenotype, via the induction of TGFB/SLUG signaling
(Sflomos et al. 2016) (figure 2A). This implies that MFP microenvironment may alter gene expression
in LBC cells, making this model less appropriate to study LBC. Another advantage of the MIND model
is that it offers the opportunity to study the transition from in situ to invasive disease, BC progression
and the insurgence of spontaneous metastasis to distant sites.

We thus decided to employ the MIND approach to study the behavior of LBC cell lines modified for
p27, in in vivo setting. To this aim, MCF-7 parental cells and two different clones of p27 KO, WT, or
mutants have been introduced in the mouse mammary glands of 5-6 weeks NSG (NOD Scid Gamma)
immunocompromised female mice, via nipple injection of at least eight mammary glands/mouse (figure

2B).
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Figure 2. Mouse intraductal (MIND) model. A) Scheme of the two xenograft approaches: tumor cells are injected either into
the mammary fat pad (MFP) or intraductally, via the teat (MIND). Figure has been adapted from “A Preclinical Model for
ERa-Positive Breast Cancer Points to the Epithelial Microenvironment as Determinant of Luminal Phenotype and Hormone
Response” Sflomos et al. 2016. B) Pictures show the MIND model: on the left, mouse mammary glands after necroscopy of a
mouse that was intraductally injected with Trypan Blue, is displayed. Pink line indicates the nipple, site of injection. On the
right, the image of a mouse injected in all 10 mammary glands with MCF-7 p27KO cells, sacrificed 9 months after the injection.
Below, outlined by the blue line, an enlargement of the 3rd left mouse mammary gland, to highlight the intraductal growth of
the Luminal cancer cells is shown.

Mice were weekly monitored by palpation to examine the insurgence of palpable tumors and followed-
up for several months to evaluate the tumor growth. Intraductal engraftment was obtained in all cell
clones and we could thus evaluate the timing of tumor onset in the different mouse groups (figure 3A).
Absence of p27 in MCF-7 MIND induced a substantial, although not significant, anticipation of
mammary tumor appearance, compared to p27 WT and mutant counterparts (20 weeks in p27 KO versus
25,27 and 25 weeks in p27 WT, p27 T171%*, and p27 K134fs, respectively).

The growth of tumors (figure 3B) was also affected by the absence of p27. p27 KO-derived MIND
xenografts showed an increased growth compared to WT counterpart. Tumors derived from p27 T171*
and p27 K134fs mutants displayed an intermediate phenotype, however more similar to the MCF-7 p27
WT than to the p27 KO clones.

Figure 3C reports some representative pictures of tumors collected during mouse necroscopy, performed

9-10 months from the injection. As clearly evident from the images, the ducts injected with p27 KO

38



clones were particularly engorged with tumor cells and tumors were bigger in size and denser than those
from p27 WT cells. Again, p27 T171* and p27 K134fs -derived xenografts displayed an intermediate
size and density, compared to p27 WT- and p27 KO-derived MIND tumors.

Next, we asked what could be, at molecular level, the cause of such different biological behaviors in vivo.
To answer this question, MIND tumors, collected at necroscopy, were processed to allow the analysis of
protein expression and histology. We lysed a fragment of the MIND tumors to extract proteins and
performed a western blot to compare these lysates to those extracted from corresponding cellular clones,
grown in vitro (figure 3D). First of all, we noticed that level of expression of p27 T171* and K134fs
mutants had drastically decreased in tumors, indicating that, in this setting, cells were advantaged when
p27 expression was maintained low. Moreover, E-cadherin, a cell adhesion molecule frequently
downmodulated during EMT (Epithelial-to-Mesenchymal Transition), metastasis, chemoresistance and
stemness (Alimperti et al. 2015), was greatly decreased in p27 KO tumors. Interestingly, we also
observed that p27 KO, K134fs, and T171* tumors displayed a complete loss of the hormonal receptor
PR and a consistent decrease of ER, which are very well expressed by the correspondent cells in culture.
These results suggested that loss of p27 induced a transformation of the hormonal profile of these tumor

cells, when challenged in vivo.
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Figure 3. Onset, growth and molecular features of MIND tumors derived from MCF-7 modified clones. A) Graph reports
the onset of palpable tumors derived from the injection of MCF-7 p27 modified clones, as indicated. In the legend, p27 WT
includes MCF-7 parental and WT#7 cells; p27 KO, MCF-7 p27 KO#8 and #17 clones. Each dot corresponds to a single
tumor. No significant differences were detected. B) Graph shows the growth of MIND-tumors derived from the injection of
different MCF-7 clones, as indicated. Tumors were weekly monitored by palpation and a score from 1 to 5 were assigned to
each tumor to evaluate the tumor growth. The data represent the mean (+ SD) of at least 8 MIND-tumors/mouse. The legend
indicates the cell clone injected and the corresponding mouse ID. C) Representative pictures of the 4rd mouse mammary
gland, outlined by blue line, inoculated through the MIND model with the MCF-7 cells reported below. Mice were sacrificed
9-10 months after the injection. D) Western blot analysis of the lysates obtained from the MIND tumors and the corresponding
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Tumor masses were collected to evaluate in detail the tumor histology and the expression of Luminal and
proliferative markers. H&E-stained sections (figure 4A) highlighted that MIND tumors from p27 KO
and, to a lesser extent, p27 mutants, were highly invasive. While p27 WT MCF-7 cells were grown within
the ducts, p27 KO showed a clear expansion of the tumor cells outside the ducts and intravasation into
blood vessels. We then performed the IHC analysis of Ki-67, ER, PR and p27 (figure 4A and B). As
expected from the loss of p27 expression observed in p27 mutant tumors, the percentage of Ki-67 positive
cells was similar in tumors from p27 KO and mutant clones, and much higher compared to the WT ones.
Staining for the hormonal receptors ER and PR confirmed what already observed in western blot analysis
(figure 3D), showing that lesions derived from WT cells preserved a good expression of ER and PR,
confirming the Luminal phenotype of the MIND-derived tumors, while tumors from p27 KO and mutant
clones were less positive for ER and almost negative for PR. IHC for p27 also confirmed results obtained
by western blot (figure 3D), showing a substantial decrease of p27 protein expression in p27 K134fs and
T171* tumors. These results suggest an interplay between p27 and PR/ER signaling pathway, not
excluding a possible interplay between p27 loss and with environmental features, such as hypoxia,
contact with activated fibroblasts, blood vessels, residual innate immune cells, that will be deeply
analyzed in future studies.

Furthermore, we started the evaluation of the metastatic dissemination, by collecting, fixing and storing
all distant organs typically metastasized in LBC, such as lungs, liver, brain and bones. Our preliminary
analyses, still in progress, revealed the presence of distant dissemination to the lung tissue only when
MCF-7 p27 KO cells were injected, as shown by the IHC analysis of panCK (pan Cytokeratin) human
epithelial marker (figure 4C). These preliminary data indicate that the increased invasive phenotype
observed in the primary MIND tumors from p27 KO MCF-7 cells was effectively coupled with an
increased metastatic potential. More extensive analyses are currently in progress, to better characterized

this phenotype and verify the presence of metastatic foci in the other distant organs collected.
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Figure 4. Histological analysis of MIND tumors derived from MCF-7 modified clones. A) Representative images of H&E
and THC staining for Ki-67, ER, PR and p27 protein performed in the tumor sections, as indicated. The magnification is
reported in each figure. B) Percentage of Ki-67, ER, PR and p27 positive cells obtained from the IHC analyses described in

A. Data represent the mean (£ SD) obtained from at least 3 slides evaluated in two different NSG mice. C) Representative
pictures of lung sections collected from NSG mice injected with MCF-7 p27KO cells, stained for panCK marker and acquired

at 10X magnification.
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4.3 Impact of p27¥P! in drug response
4.3.1 Sensitivity to Palbociclib of MCF-7 p27XP! modified clones

Palbociclib is a target therapy recently introduced in the therapeutic portfolio of oncologists to treat, in
combination with other antineoplastic agents, HER2-negative, HR-positive advanced or metastatic BC
patients. Palbociclib is a CDK4/6 inhibitor (CDK4/61) that acts by binding to the ATP pocket of the
kinases (Wilson et al. 2017), that are involved, with their coregulatory partners cyclin Ds, in the G1-S
transition of the cell cycle. Hence, inhibition of this step blocks cell cycle progression and prevents cell
proliferation (Rocca et al. 2017). The use of CDK4/61 in cancer therapies is becoming more and more
prominent; however, despite promising clinical outcomes, intrinsic or acquired resistance to CDK4/61 is
limiting the success of these treatments, making the understanding of their actual mechanisms of action
become quite urgent.

The expression of p27, functioning as a natural CDK4/61, may modify the cellular sensitivity to CDK4/6i.
For this reason, already during my graduation internship, we decided to test the efficacy of Palbociclib
on MCF-7 p27 KO or mutants clones, to evaluate if p27 loss and its C-terminal mutations could affect
drug response. Figure 5A-C, partially updated from my graduation thesis, show the kill curve using
Palbociclib at different concentrations, in MCF-7 p27-modified clones. After 72 hours from treatment,
viability and EC50 (half maximal effective concentration) were evaluated, using an MTS assay. These
data highlighted that the lack of p27 or presence of the mutants slightly increased MCF-7 resistance to
Palbociclib, even if the differences were not statistically significant. To validate these findings and,
possibly, identify the mechanism underlying this increased resistance, we have then investigated the

Palbociclib-dependent senescent phenotype.
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Figure 5. Palbociclib sensitivity of MCF-7 p27 KO and p27 mutants. A) Dose response analysis of p27 KO, p27 T171%, p27
K134fs overexpressing clones or p27 WT MCF-7 cells, treated with increasing doses of Palbociclib for 72 hours. Cell viability
was evaluated using a MTS assay. Data represents the mean (£ SD) of two clones for each cell type (MCF-7 p27 KI WT #139,
parental; MCF-7 p27 T171%* #33, #76; MCF-7 p27 K134fs #111, #234; MCF-7 p27 KO #8, #17) performed in sextuplicate.
B) Graph shows the Palbociclib EC50 in uM (mean + SD) of MCF-7 clones obtained from experiment described in A. C)
Table reports the EC50 of Palbociclib for each clone analyzed.

4.3.2 Palbociclib-induced senescence in MCF-7 p27XiP! modified clones

According to literature data, one of the effects induced by Palbociclib in BC cells is the induction of cell
senescence, which leads to cell cycle arrest (Thangavel et al. 2011; Kovatcheva et al. 2015; Michaud et
al. 2010; Choi et al. 2012). To evaluate whether the increased resistance displayed by MCF-7 p27 KO
cells was linked to the senescent phenotype, we performed the SA-B-Gal activity assay to highlight the
senescent cells in our culture following treatment. To this aim, cells were treated with 0.1 uM of
Palbociclib (as already tested by Thangavel et al. to evaluate senescence) for 24 hours, then washed,
fixed and stained with B-galactosidase solution for 16 hours. Graph in figure 6A shows the results from
counting B-Gal positive (blue) cells. All clones displayed a high “physiological” senescent background.

After Palbociclib treatment, senescent cells increased particularly in MCF-7 p27KO and mutant clones
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(although not significantly), but not in the WT. This result, taken individually, may indicate a greater
efficacy of the drug on MCF-7 p27-modified clones, by inducing a stable cell cycle arrest. However, this
increased senescence was not in line with the slightly higher resistance to Palbociclib displayed in kill
curve analyses (figure SA). To better clarify this apparent contradiction, we performed a growth curve
experiment plating cell clones after being exposed to Palbociclib, using a higher dose of the drug, more
in line with the EC50 of p27-modified clones. We thus treated cells with 2,5 uM of Palbociclib for 72
hours and evaluated their growth rate after 1, 3, 5, 7 and 9 days. Our results clearly showed that, following
Palbociclib treatment, MCF-7 p27 WT cells were completely blocked in their proliferation, while the
treatment was not able to arrest the growth of MCF-7 p27-modified clones (figure 6B), which maintained
approximately the same growth rate of untreated clones, as shown in figure 1A. These results suggested
that the senescent phenotype displayed by MCF-7 p27-modified clones was reversible and could lead to
a transient dormancy, followed by cell reactivation when the drug was removed. To further test this

possibility, we decided to better investigate the reversibility of Palbociclib-induced senescence in our

context.
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Figure 6. Palbociclib-induced senescence in MCF-7 p27 KO and mutants clones. A) Percentage of SA-f-Gal positive cells
in clones untreated (CTRL) or treated with Palbociclib at 0,1 uM for 24 hours. The experiment was performed in duplicate
using MCF-7 p27 KI WT #139, MCF-7 p27 KI T171* #33, MCF-7 p27 KI K134fs #111 and MCF-7 p27 KO #8. No significant
differences were detected. B) Growth curve of MCF-7 clones treated for 72 hours with Palbociclib at 2,5 uM for 72 hours
and counted after 1,3,5,7 and 9 days of drug removal. Data represents the mean (+ SD) of two clones for each cell type (MCF-
7 p27 KI WT #7, parental; MCF-7 p27 KI T171%* #33, #76;, MCF-7 p27 KI K134fs #234, #244; MCF-7 p27 KO #8, #17)
performed in duplicate and expressed as fold-increase over the number of cells plated on day 1. ANOVA test has been used
for statistical analysis. Asterisks indicate significant differences, **P < 0.01; ***P < 0.001; ****P < (0.0001.
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4.3.3 Escape from Palbociclib-induced senescence in p27-?*'-modified MCF-7 clones

Literature data indicate that senescence induced by CDK4/6 inhibitors may be reversible and that the
cells, once the drug is removed, may exit quiescence and resume proliferation. It is already known that
chemotherapy-induced senescence may generate tumor cells that have an enhanced potential to drive
tumor growth, if they exit senescence (Milanovic et al. 2018). To assess whether p27 could play a role in
post-Palbociclib treatment phase, when cells “decide” whether to resume proliferation or remain
senescent, we evaluated their long-term behavior after drug treatment. We treated cells with Palbociclib
(2.5uM) for 72 hours and collected them after 1, 10 and 20 days from drug removal (figure 7A). Using
the SA-B-Gal activity assay to evaluate senescence, we assessed that, even in this slightly different
experimental setting, the number of senescent cells was significantly increased in p27 KO and mutant
clones compared to the WT cells, especially after 20 days (figure 7B). Next, we investigated at molecular
level the cell cycle status and the senescence, using the same timeline of the experiment described above
(figure 7C). We analyzed the expression of cell cycle markers, such as the phosphorylation of Rb (pRb)
and cyclin E, proliferation marker, such as c-Myc, and senescence-associated cytokine response marker,
such as NF-kB (Jing et al. 2014). In accord with our hypothesis, compared to WT cells p27 KO and
mutant clones showed an increase of the senescent response, underlined by augmented NF-kB, coupled
with a significant increase of Rb phosphorylation (pRB) and cyclin E, suggesting that a reactivation of
the cell cycle was operating in these cells. Also, c-Myc increased after Palbociclib treatment in p27
modified clones, especially in the p27 KO cells. The c-Myc protein is a transcription factor of great
importance in the control of cell growth and survival (Dhanasekaran et al. 2022) and plays also a
fundamental role in the induction of stem-like features (Yoshida et al. 2018). To deepen the investigation
of this re-awakening from a dormant status of our MCF-7 p27 modified clones, we next focused on stem

cell and on early progenitor activity of our clones.
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Figure 7. Escape from Palbociclib-induced senescence in MCF-7 p27 KO and p27 mutants. A) Schematic representation
of the experimental workflow used to analyze MCF-7 modified clones in response to Palbociclib. B) Percentage of SA-p-Gal
positive cells in untreated (CTRL) or treated (Palbociclib) clones evaluated after 1, 10 and 20 days after Palbociclib washout.
Data represents the mean (+ SD) of two clones for each cell type (MCF-7 p27 KI WT #7, parental; MCF-7 p27 KI T171* #33,
#76; MCF-7 p27 KI K134fs #234, #244; MCF-7 p27 KO #8, #17) performed in duplicate. Mann—Whitney test has been used
for statistical analysis. Asterisks indicate significant differences ****P < 0.0001. C) Western blot analysis of the MCF- 7
clones treated for 72h with Palbociclib (2,5 uM) and collected after 1, 10, and 20 days, as indicated.

4.3.4 Escape from Palbociclib-induced senescence in MCF-7 p27%P! modified clones boosts

tumor aggressiveness

Milanovic and colleagues observed that cellular signaling pathways activated during chemotherapy-
induced senescence are similar to the gene-expression patterns observed in stem cells (Milanovic et al.
2018). Moreover, it is well known that senescence, and in particular the Senescence-Associated Secretory
Phenotype (SASP), can promote stemness, both in autocrine and paracrine manner (Haas et al. 2018).

An active role of p27 in the differentiation process has been mainly deduced by the evidence that its
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expression increases in most terminally differentiated cells (Baldassarre et al. 1999). It has been shown
that overexpression of p27 in mouse induced Pluripotent Stem Cells (iPSCs) preserves their pluripotency
characteristics but induces the loss of the stemness-state earlier than in normal mouse iPSCs (Matsu-ura
et al. 2016). There is also a connection between p27 and Sox2, one of the so called “Yamanaka factors”
(Takahashi et al. 2006). Interestingly, cells and tissues from p27 null mice, including brain, lung, and
retina, present an elevated basal expression of Sox2, suggesting that p27 could actively contribute to the
repression of Sox2 (Li et al. 2012). All these data highlighted the potential implication of p27 in the
stemness phenotype.

To investigate the possibility that after Palbociclib treatment p27 KO cells could escape from senescence
thanks to the acquisition of stem-like features, we used the same timeline of experiment described above,
and, following the 72 hours of Palbociclib treatment, we plated cells to form mammospheres. This assay
is based on sphere-forming capability of cells, allowing to investigate stem cell or early progenitor
activity (Shaw et al. 2012). The cells are plated in non-adherent plates in presence of 20ng/ml EGF
(Epidermal Growth Factor), the usual growth factor that is used to stimulate mammary epithelial cells in
this assay. After 10 days, mammospheres were counted and their area evaluated. Our results clearly
indicated that expression of p27 T171* and K134fs mutants and especially the KO of p27, significantly
increased MCF-7 cells ability to form primary mammospheres, compared to p27 WT, both under
untreated conditions and following Palbociclib treatment, evaluated both as size and number of primary
mammospheres (figure 8B). Then, first generation mammospheres was collected, disaggregated and
plated in suspension to generate a second generation of mammosheres, to better investigate the stem-like
properties of the clones. In accord with what observed in first generation, mammospheres number and
area were highly stimulated in absence of p27 or in presence of mutant forms, in both untreated and
Palbociclib-treated conditions (figure 8C). Interesting to note, Palbociclib seems not to affect the MCF-
7 p27 KO, T171* and K134fs mutant ability to grow as mammospheres.

Together, our data suggested that the Palbociclib-induced senescent phenotype that we observe in p27
KO and in C-terminus mutants clones could represent a transient state. Following drug wash-out and
FBS stimulation, p27 KO and mutant clones, unlike the WT cells, are able to exit from senescence and

reactivate cell growth and upregulate their stem-like features and self-renewal abilities.
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Figure 8. Stem cell-like properties of MCF-7 p27 KO and p27 mutants after Palbociclib treatment. A) Schematic
representation of the experimental workflow used to analyze MCF-7 modified clones in response to Palbociclib. B) Graphs
show the number (on the left) and area (on the right) of primary generation mammospheres in untreated (CTRL) and treated
(Palbociclib) condition, plated after 72 hours of Palbociclib treatment (2,5 uM) and evaluated after 10 days. C) Same as in
B, but regarding the secondary generation of mammospheres. Data in B and C represent respectively the mean (+ SD) and
median (+ range) of two clones for each cell type (MCF-7 p27 KI WT #7, parental; MCF-7 p27 KI T171%* #33, #76; MCF-7
p27 KI K134fs #234, #244; MCF-7 p27 KO #8, #17) performed in duplicate. Spheres size was measured using Image Lab™
software. Mann—Whitney test (mammospheres number) and Student’s t-test (mammospheres area) have been used for
statistical analysis. D) Representative images of the mammospheres generated from the experiment described in C. 10x
magnification is shown. Asterisks indicate significant differences *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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4.4 Implication of p27%?! in cell transformation and tumor initiation

4.4.1 Generation of p27 kPl KO, p27%P! mutants in normal human mammary epithelial
cell line.

In the previous paragraphs, we have investigated the role of p27 in Luminal BC, demonstrating the
involvement of p27 in many aspects linked to tumor aggressiveness, such as proliferation, survival,
transition from Luminal to basal subtype and drug response.

However, our model could not allow the evaluation of the role of p27 during the early steps of mammary
epithelial cell transformation, since MCF-7 cells display an overt transformed phenotype. To better
mimic what in facts happens in patients, during the early steps of BC formation, we decided to generate
p27 KO, p27 T171* and p27 K134fs clones also in a normal human mammary Luminal epithelial cell
line, using the CRISPR-Cas9 technology.

We chose the Breast Primary Epithelial Cells (BPEC) that are human immortalized normal mammary
epithelial cells of the Luminal subtype, generated in 2007 by the group of Weinberg (Ince et al. 2007).
Differently from other cellular models, such as HMEC (Human Mammary Epithelia Cells), these cells
express and maintain the expression of hormonal receptors, ER and PR, if cultured in appropriate medium
and plated on specific modified plastic surface.

Using GenomeCRISPR tool online (http://genomecrispr.dkfz.de) we custom designed different guides
RNA (gRNA) to edit the genome at the CDKN1B gene level. In particular, to generate p27 KO clones,
we designed two guides (gRNA 18 and gRNA 20, hereafter 18 and 20) positioned within the initial 100
nucleotides from the ATG codon, in order to totally abolish the gene transcription and protein expression;
to generate a mutant similar as much as possible to the K134fs mutant, we designed a guide to target the
10-20 nucleotides around the K134, at the end of the first exon; to generate a mutant similar as much as
possible to the T171*, we designed a guide to target 6 nucleotides close to T170, in the second exon of
CDKNI1B.

To get more chances to succeed in this very hard to transfect cell line, we have undertaken different
approaches, using different vectors and different ways of transfection/transduction.

Eventually, the winning strategy, depicted in figure 9A, has been to generate first stable pools of Cas9-
overexpressing BPEC, using Cas-9 lentiviral particles (figure 9B), then, after Blasticidin selection,

transfect this pool with the different guides, by an electroporation approach.
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Figure 9. Generation of BPEC p27 KO and T171* and K134f overexpressing cells. A) Schematic representation of the
experimental workflow used to generate BPEC p27KO and mutant clones. B) Western blot analysis of Cas9 expression of
BPEC Cas9 pool. Vinculin was used as loading control.

First, we used a phU6-gRNA vector, encoding for each of the desired guide, to electroporate the Cas9
BPEC pool. When, after cell recovering, we analyzed the corresponding DNA extract by Next Generation
Sequencing (NGS) to evaluate the efficiency of the cut, we were able to identify only a p27 K134fs pool,
which resulted already 50% deleted/mutated at the desired site (figure 10C).

After many unsuccessful attempts of obtaining p27 KO and p27 T171* pools with the same strategy, we
have used lentiviral particles (instead of the phU6-gRNA vector) encoding for each of the desired guides
to transduce the BPEC Cas9 pool, and, after puromycin selection, we finally obtained mutated/deleted
pools: p27 KO 18, 80% of deletions/mutations; p27 KO 20, 60% of deletions/mutations (figure 10A);
and p27 T171*, 60% deletions/mutations (figure 10B).

At this point, to obtain clones that were 100% carrying the same alteration, we have single-cell cloned
each pool (0.7 cell/well of 96-well plates). Once recovered and expanded, clones have been collected,
their DNA extracted and analyzed by NGS to find the desired deletion/mutation at 100%. At this point,
clone was further expanded to collect proteins to evaluate, by western blot, the actual loss of p27 protein
or the expression of its deleted forms. At this moment, while the generation of T171* and K134fs single-
cell clones is still ongoing, we have been able to generate and start the characterization of BPEC p27 KO

clones.
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Figure 10. BPEC Cas9 p27 modified pools analysis in NGS. Representative images of the CDKNIB DNA sequence, obtain
from IGV software representing p27 KO 18 and KO 20 pools (A), p27 T171* (B) and p27 K134fs pool (C)..
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4.4.2 Impact of p27%*! KO in biological phenotypes of normal human mammary

epithelial cell line

After single-cell plating of two p27 KO pools (from guides 18 and 20), we have confirmed the 100%
deletion/insertion in different clones by NGS (figure 11A) and by western blot (figure 11B) showing the
complete loss of p27 expression. As experimental controls, we have selected two different clones that
remained totally WT during the entire process of transduction, electroporation and clonal selection. The
clones that we have collected, characterized, and stored are:

- BPEC p27 WT #12

- BPEC p27 WT #19

- BPECp27KO 18#2

- BPECp27 KO 18 #9

- BPECp27 KO 18 #14

- BPEC p27 KO 20 #3

- BPEC p27 KO 20 #8

- BPEC p27 KO 20 #10

First, we have investigated the impact of p27 loss in the proliferation rate of these otherwise normal
mammary epithelial cells, and set up a growth curve to evaluate p27 KO cells compared to the WT
counterparts. The effect of loss of p27 in the cell cycle of BPEC was very strong, significantly increasing
proliferation compared to parental cells and clones expressing the WT protein, indicating that expression
of p27 was critical for the regulation of the normal cell cycle of BPEC cells, under normal culture

conditions (figure 11C).
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Figure 11. BPEC p27 KO clones screening and characterization. A) Representative images of the CDKNI1B DNA sequence,
evaluated by NGS analysis, showing the WT form and the mutated/deleted sequences in p27 KO 20 #8 and #10 clones. Image
was obtained from IGV software. B) Western blot analysis of BPEC clones found to be p27 KO in NGS analysis. Vinculin
was used as loading control. C) Growth curve analysis of BPEC p27 KO and WT clones. Data represents the mean (+ SD)
1. ANOVA test has been used for statistical analysis.

expressed as fold-increase over the number of cells plated on day
Asterisks indicate significant differences ****P < 0.0001.

We previously showed that p27 was implicated self-renewal of MCF-7. To understand if p27 loss could
confer stem-like properties to BPECs, we have analyzed the ability of these new p27 KO clones to grow

and survive as mammospheres. BPEC clones were plated in non-adherent plates in two different

conditions: in presence of EGF (20ng/ml) or in presence

drained from breast cancer patients. WF is rich in cytokines and growth factors, able to stimulate growth

and also stem-like properties of mammary cells (Belletti et al. 2008, Segatto et al. 2014). After 10 days,
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spheres were counted and their area was evaluated. Our experiments with EGF indicated that loss of p27
slightly increase the ability to form primary mammospheres, especially affecting their size, compared to
control WT. This result became even more evident in the presence of WF in the BPEC medium, showing
p27 KO clones formed much larger mammospheres then WT counterpart.

First generation mammospheres were collected, disaggregated, and plated in suspension to generate a
second generation, in order to better investigate the stem-like properties of the cells. Surprisingly, only
the p27 KO clones plated in WF have grown in second generation mammospheres. Representative
pictures second generation mammospheres are reported in figure 12D. This result indicated that the
absence of p27, combined with some of the factors contained in the WF, but not EGF, were able to

stimulate BPEC stem-like features, such as self-renewal.
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Figure 12. Stem cell-like properties of BPEC p27 KO cells. A) Number (on the left) and area (on the right) of first generation
mammospheres plated in presence of EGF. B) Same as in A, but plating cells in presence of WF 2.5%. C) Same as in B, but
showing the second generation of mammospheres. Data in A, B and C represent the mean (+ SD) and median (+ range) of
p27 BPEC p27 KO 20 #10 and BPEC p27 WT #19 performed in duplicate. Mammospheres size was measured using Image
Lab™ sofiware. Mann—Whitney test and Student’s t-test have been used for statistical analysis as more appropriate. D)
Representative images of mammospheres from the experiment described in C. 20% magnification is shown. Asterisks indicate
significant differences *P < 0.05; ***P < 0.001; ****P < 0.0001.
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The evidence described above highlight that loss of p27 increase the ability of cells to survive and grow
in different conditions. We next decided to explore their ability to grow in 3D-culture by embedding cells
in Matrigel. Matrigel is a gelatinous protein mixture, mainly composed by laminins, that well mimics the
composition and function of the basal membrane of the mammary gland. To evaluate the impact of p27
KO in this context, BPEC clones were embedded in Matrigel and, after 10 days of culture, number and
size of the mammary acini formed in 3D were determined.

In accord with what already seen in MCF-7, BPEC p27 KO clones show a significant increase in colony
size compared to BPEC p27 WT clones, while the colony number was only slightly increased in BPEC
p27 KO, but not significantly (figure 13A). Representative pictures are reported in figure 13B.

These data confirms that p27 loss can affect the growth of BPECs in different conditions leading them

toward a more aggressive phenotype.
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Figure 13. 3D-growth in matrigel of BPEC p27 KO cells. A) Graphs report the number (on the left) and area (on the right)
of BPEC WT and p27 KO colonies grown in 3D-Matrigel. Data represent respectively the mean (+ SD) and median (+ range)
of p27 KO 20 #8 and WT #19 performed in duplicate. Colony size was measured using Image Lab™ software. Mann—Whitney
test and Student’s t-test have been used for statistical analysis as more appropriate. B) Representative images of acini
generated from the experiment describe in A. Asterisks indicate significant differences ****P < 0.0001.
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4.4.3 Evaluation of p27%P! role in BPEC in response to Palbociclib treatment

Finally, we tested whether p27 expression was able to alter the response to Palbociclib, also in normal
human mammary epithelial cells, as showed previously in MCF-7. The BPEC p27 KO clones were
treated with different drug doses of Palbociclib: 0.1, 0.5, 1.0, 2.5, 5, 10, 20 uM and after 72 hours, the
cell viability was calculated. The results of this kill curve analysis clearly showed that p27 KO in this
cell line had a greater impact in terms of Palbociclib resistance, showing that, at the higher drug
concentrations, vital cells decreased substantially among the WT cells, while p27 KO ones still displayed
almost 50% of cell viability (figure 14A).

Next, we evaluated the expression of cell cycle modulators during the BPEC response to Palbociclib.
Cells were treated with Palbociclib at a sub-lethal dose (1.5uM) extrapolated from the kill curve,
collected 24, 48 and 72 hours after treatment and analyzed by western blot analysis (figure 14B).
Evaluation of phosphorylated RB protein (pRB) revealed that p27 KO clones displayed very high levels
of pRB under normal culture conditions, explaining the very high growth rate of these clones (figure
11C). Surprisingly, the reduction of pRB under treatment with Palbociclib was more marked in the
absence of p27. Interestingly, the level of oncosuppressor p53 decrease in KO clones, especially in
Palbociclib treated cells and Cyclin D1 seems to be less expressed than in WT clones, but after treatment
with Palbociclib its levels are restored. These data will be better dissected in future experiments and a
more detailed molecular characterization will be needed to understand some unexpected results and,
eventually, provide a molecular mechanism explaining, at least in part, the resistance to Palbociclib

displayed by p27 KO BPEC clones.
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Figure 14. Response to Palbociclib treatment of BPEC p27 KO cells. A) Dose response analysis of BPEC p27 KO and WT
clones, treated with increasing doses of Palbociclib for 72 hours. Cell viability was evaluated using a MTS assay. Data
represent the mean (£ SD) of two clones for each cell type (BPEC p27 WT #16, parental; BPEC p27 KO 20 #10, KO 20 #8)
performed in sextuplicate. B) Western blot analysis of BPEC p27 WT #16 and p27 KO 20 #10 clones collected after 24, 48,
and 72 hours from the treatment with Palbociclib 1.5 uM, as indicated.

S CONCLUSIONS

The cell cycle inhibitor p27 is a tumor suppressor mainly acting as negative regulator of cell proliferation.
Through distinct domains, p27 has been also involved in the control of other cellular processes, such as
migration, differentiation and cytoskeleton dynamics. p27 is frequently inactivated at protein level in
human cancers and its subcellular localization (nuclear versus cytoplasmic) can be prognostic in some
tumors, such as breast, colon, prostate, lung, esophageal, and gastric cancers (Ananthanarayanan et al.
2011; Wen et al. 2012).

CDKNIB gene, encoding for p27, has been identified as one of the most frequently (although still rare)
mutated genes in Luminal breast cancer (Stephens et al. 2012; Ellis et al. 2012; Belletti, Baldassarre et
al 2012; Viotto, Russo et al. 2021) and the analysis of copy number variation further showed that a
fraction of LBC displayed loss or gain of CDKNI1B copy number (Viotto, Russo et al. 2021), reinforcing
the idea that p27 plays important functions in LBC.

Since some of the identified somatic mutations were located in the C-terminal domain, resulting in
protein truncation or loss, we focused our studies on the effect of p27 absence and C-terminal mutations
(p27 K134fs and T171%*, truncated proteins) in tumor transformation, progression and response to

therapies.
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To understand the impact of p27 in tumor progression, we used p27 KO, p27 KI WT, p27 KIT171* and
p27 KI K134fs MCF-7 clones, generated and partially characterized in our laboratory already during my
graduation thesis. We have explored the molecular features of these mutants and the biological
phenotypes of these genetically modified cells, both in vitro and in vivo.

First, both p27 mutants maintained the ability to bind the cyclin E - CDK2 complex but they lost the
capacity to inhibit it, thus resulting in a final CDK2 kinase activity that was similar to the one observed
in p27 KO cells. This is the first evidence indicating that beyond the loss of the C-terminal domains and
their relative functions, these truncated proteins also loose the functions linked to the N-terminal
domains, where the cyclin- and CDK-binding domains are located. This finding may explain why,
although overall quite rare, mutations of CDKN1B gene occur with quite high incidence in the C-terminal
(Ellis et al., 2012; Stephens et al., 2012; Viotto, Russo et al. 2021). Accordingly, p27 K134fs and T171*
mutants failed to rescue most of the phenotypes induced by CDKNIB gene KO (p27 KO), further
indicating that the functions retained by this portion of the protein are critical for p27 role as
oncosuppressor (Viotto, Russo et al. 2021).

In line with this observation, we have observed that loss or mutated p27 induced a significant increase of
the growth ability of cell clones, particularly evident when cells were cultured in “challenging”
conditions, such as in anchorage independence.

Next, we asked whether the increased transformed potential of MCF-7 p27 KO and mutants, observed in
vitro, effectively resulted in increased growth in vivo. To test this possibility, we have set up the mouse
intraductal (MIND) model of mammary tumorigenesis, that is currently considered the most faithful in
recapitulating the typical features of Luminal BC occurring in patients. MCF-7 modified clones were
injected into the mouse nipple to reach and settle into the milk duct system, without supplying exogenous
hormones. The results obtained in this model were very clear and showed that MIND tumors from p27
KO displayed a marked anticipation of tumor onset and an increase in tumor growth rate, leading to the
formation of bigger and denser tumors compared to p27 WT. Tumors arising from p27 mutants, if and when
mutant protein expression was maintained, appeared to slow down tumor growth at similar rate of the endogenous
p27. This may be due to the fact that they conserved the cyclin-CDK binding domains at the N-terminal and, thus,
some cell cycle inhibitory activity.

We also took advantage of the MIND model to investigate the transition from in situ to invasive disease
and spontaneous metastasis formation to relevant sites. Our preliminary analyses that will be further
expanded indicated that p27 KO clones were highly invasive, showing intravasation of tumor cells and,

also, metastatic foci to the lungs.
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We next explored the effect of p27 loss or its mutations on the response of LBC cells to current
therapeutic strategies, evaluating in particular the response to Palbociclib.
Palbociclib is a small molecule CDK4/6 inhibitor that leads the induction of cell cycle arrest and

senescence in breast cancer cells (Kovatcheva et al. 2015). Palbociclib has been recently approved for

the treatment of advanced LBC patients in combination with endocrine therapy. Despite very promising
initial clinical outcomes, intrinsic or acquired resistance to CDK4/6 inhibitors has limited the success of
these drugs. The mechanisms of de novo and acquired Palbociclib resistance are not fully understood and
an approach to overcome them is urgently needed. Interestingly, lack of p27 or presence of the mutant
forms slightly increased cell resistance to Palbociclib. This result was even more evident when p27 KO
was performed on a normal mammary epithelial cell line, the BPEC, treated with Palbociclib, although
the augmented resistance did not match with an increased level of RB phosphorylation, leaving the door
open for more in-depth future studies. The assessment of Palbociclib-induced senescence in these clones
revealed that MCF-7 p27 T171%*, p27 K134fs and p27 KO cells displayed an already high “physiological”
senescent level in culture, which seemed to contrast with the growth capacity of these clones. This could
be interesting evidence, to investigate about the possible links between p27 and senescence. Following
drug treatment, in p27 KO, T171* and K134fs clones, the number of senescent cells significantly
increased compared to WT clones and compared to their basal level. Deepening our studies, it emerged
that the senescent phenotype that we observed in p27 KO and p27 mutant clones could represents a
transient state. Following inhibition of CDK4/6, in presence of serum stimulation, our p27 modified
clones, unlike the WT cells, slowly acquired ability to exit from senescence and reactivate cell growth,
highlighting the possibility to giving rise to recurrence and metastasis in a p27 KO and mutant context
in LBC.

Given the results obtained with MCF-7 LBC cells which highlighted the impactful role of p27 in tumor
progression, we investigated the effects of p27 loss or mutations during the early steps of mammary
epithelial cell transformation. The generation of BPEC p27 K134fs and p27 T171* clones is currently in
progress while BPEC p27 KO clones are already available and have been partially characterized during
my PhD. In line with the results obtained in MCF-7 cells, BPEC p27 KO cells display a significantly
higher proliferation rate compared to WT clones and an increased ability to form mammospheres,
indicating that cells with stem or early progenitor activity were stimulated to self-renew, when p27 was
ablated. Interestingly, p27 loss also increased BPEC ability to grow in 3D-Matrigel, a condition in which
crucial microenvironmental cues are restored (Yamada e Cukierman 2007).

Taken together, our in vitro and in vivo approaches, robustly show how p27 plays a critical role in
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restraining many of the hallmarks of LBC. Our work establishes a role for p27 in the tumor progression
and transformation of LBC and also highlights the relevance of its C-terminus in the control of BC cell
growth and drug response, suggesting that its evaluation could be of value to predict the efficacy of anti-

cancer therapies.

Many insights and future perspectives stem from the results collected so far, using these unique in vitro
and in vivo models. We are currently better investigating the possible mechanisms of Palbociclib
resistance elicited by absence of p27 in LBC cells, focusing on the multiple pathways involved in cellular
senescence, underlying the transition from sustained to reversible senescence. One important aspect of
the senescent phenotype, is the senescence-associated secretory phenotype (SASP), which is known to
profoundly affect both cancer cells and their microenvironment, making it more permissive to
engraftment. Accordingly, the cytokines and factors secreted by senescent cells can be associated with
local and distant promotion of tumor growth, angiogenesis, metastasis, and immunosuppression (Coppé
et al. 2010) and these aspects are being thoroughly dissected the lab.

Once all BPEC p27 K134fs and T171* clones will be obtained, they will be characterized for their
molecular and biological behavior, as previously done with MCF-7. Then, these cells will be precious to
clarify how and at which extent these genetic alterations might induce full/partial transformation of a
“normal” mammary Luminal epithelial cells. In this context, we plan to test p27-modified BPEC clones
in the MIND model and, hopefully, will offer an opportunity to better study Luminal mammary cell
transformation and cancer initiation, in vivo. Finally, thanks to the availability of a very large cohort of
LBC specimens collected over the years in collaboration with the Pathology Unit, we will have the
opportunity to assess whether our results have a positive correlation in patients. The possibility, for
instance, to use the expression level of p27 as biomarker of response to Palbociclib will be evaluated,
using retrospective cohorts of patients who have been treated with Palbociclib at progression, for which
we have a complete follow up information.

Our efforts will further establish whether p27 loss or mutations could represent a prognostic and/or
predictive marker that could be used to better stratify Luminal breast cancer patients, eventually

improving their survival and quality of life.
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