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Abstract
Breast cancer is one of the most prevalent causes of cancer-related deaths in women
worldwide. Breast tumours exhibit striking phenotypic and functional heterogeneity during
the multistep course of tumourigenesis. In fact, this variability is mirrored in sustaining
proliferation signalling, mutational frequencies of oncogenes and tumour suppressors,
invasiveness, metastatic potential, energy metabolism, immune evasion and response to
cytotoxic therapies. This heterogeneity (inter/intra-tumoural) stems from stochastic genetic
and epigenetic alterations that lead to hereditary phenotypic and functional differences
among the cancer cells. Despite successful treatment regimens of breast cancer,
heterogeneity enhances the robustness of tumours and is associated to poor therapeutic
responses and bad prognosis. Therefore, understanding the molecular networks governing
breast cancer heterogeneity is required for improving the efficacy of existing agents and for
developing novel strategies for personalized treatment.
The ProMyelocytic Leukemia (PML) protein is usually characterized as a tumour suppressor
factor because of its implication in cell cycle arrest, apoptosis and senescence. Accordingly,
PML expression is commonly lost in primary breast cancer tissue samples. However, recent
reports suggest that PML may exert pro-survival functions. Notably, PML expression is
elevated in chronic myelogenic leukemia (CML), gloioblastomas and in some cases of triple
negative breast cancer. The oncogenic activities of PML are related to cell cycle regulation of
normal and cancer stem cells as well as the maintenance of their self-renewal through
metabolic pathways such as fatty acid oxidation. Consequently, PML has a dual role in
tumourigenesis acting as a tumour suppressor or promoter in cell specific contexts.
The aim of this study was to elucidate the genetic and epigenetic mechanisms via which PML
regulates cell proliferation and self-renewal pathways in breast cancer. Here, we show that
inducible PMLIV expression inhibits cell proliferation and impairs cell cycle progression of
the triple negative breast cancer (TNBC) cells, MDA-MB-231. Transcriptomic profiling
identified a large number of PMLIV deregulated genes associated with various cell
processes. Among them, cell cycle and division related genes and their cognitive regulators
are highly ranked. Notably, PMLIV overexpression (OE) differentially expressed genes
significantly overlap with the targets of FOXM1 transcription factor. We showed that PML is
a potent FOXM1 repressor since it interacts with FOXM1 primarily via its DNA binding
domain and downregulates FOXM1 expression at mRNA and protein level. In parallel, PML
modulates the activity of FOXO3, a factor opposing some of the FOXM1 activities, to
promote cell survival and stress resistance. Our findings suggest that PML affects the
13

balance of FOXO3 and FOXM1 transcriptional programs by acting on discrete gene subsets.
We propose that high PMLIV levels may affect simultaneously diverse pathways by targeting
the regulatory axis, FOXO3-FOXM1 that interlinks cell proliferation (FOXM1) to apoptosis,
cell cycle arrest and pro-survival signalling (FOXO3). We also found that PMLIV affects as well
other transcription factors such as NFYA, E2F, TBP that have crucial roles in transcription and
cell proliferation. Collectively, our study suggests that the cell cycle arrest caused by PMLIV
ectopic expression is mediated by the activity of multiple transcription factors, frequently
with overlapping functions, along with changes in the epigenetic state of MDA-MB-231 cells.
Preliminary experiments of PMLIV OE in another breast cancer cell type, T47D,
demonstrated that PMLIV induction results in cell growth arrest but also triggers unique cell
responses compared to MDA-MD-231 cells.
We also investigated the effect of PML by culturing breast cancer cells under conditions that
favour growth of aggregates (tumour spheres) enriched in stem like activity. PMLIV OE
decreased the tumour sphere forming efficiency of MDA-MB-231 cells indicating that PML
represses the self-renewal capacity of breast cancer stem cells. In order to isolate distinct
mammary epithelial subpopulations and to study the impact of PML on them, MDA-MB-231
cells were sorted based on their EpCAM/CD24 expression pattern. Interestingly, the
different cell subpopulations had discrete gene signatures in terms of epithelial
differentiation, EMT, proliferation and stem markers, as well as variable self-renewal ability
as measured by serial in vitro sphere formation and by in vivo xenografting. Interestingly, all
cell subsets were similarly sensitive to PMLIV OE. Overall, our preliminary data support the
notion that contrary to earlier reports, highly tumourigenic cell subsets fall in more than one
EpCAM/CD24 biotype that they all inhibited by PMLIV in a different degree.
Taken together, our study provides insights into the regulation of tumour growth by PML in
breast cancer. We have defined FOXO3 and FOXM1 as PML’s discriminating partners that
dictate PML’s biological output in ΜDA-MB-231 cells and signalling context and revealed a
novel and potentially targetable PML-FOXO3-FOXM1 axis implicated in breast cancer
proliferation. In addition, more evidence for PML’s context-depended function comes from
our preliminary observations in luminal B like, T47D cells. Our initial results suggest that in
the latter epithelial cancer cell line, stem cell like activity measured by sphere formation was
much less affected compared to the TNBC cells. Our comparative studies show that PML
deregulates both common and distinct gene sets in these cell lines that represent different
breast cancer molecular and biological subtypes. We propose that PML favors both growth
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inhibition and pro-survival processes at variable levels, dictated by other concurrent genetic
or epigenetic cancer cell states that may account for its disparate effects in cancer.
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Περίληψη
Ο καρκίνος του μαστού αποτελεί την πιο συχνή μορφή καρκίνου στις γυναίκες. Πρόκειται
για μια ετερογενή ασθένεια όσον αφορά το φαινότυπό της και το γενετικό της υπόβαθρο.
Καρκινικά χαρακτηριστικά, όπως ο ρυθμός πολλαπλασιασμού, η διεισδυτικότητα, η
μεταστατικότητα, η ανθεκτικότητα στα φάρμακα και συγκεκριμένες ογκογόνες μεταλλαγές
διαφέρουν μεταξύ περιπτώσεων καρκίνου του μαστού. Τέτοιου είδους ετερογένεια (ενδοογκική και δι-ογκική) μεταξύ των όγκων προκύπτει από στοχαστικές γενετικές και
επιγενετικές αλλαγές οι οποίες προσδίδουν κληρονομήσιμες φαινοτυπικές και λειτουργικές
διαφορές μεταξύ των καρκινικών κυττάρων. Παρ’ όλο που υπάρχουν θεραπευτικά σχήματα
που αντιμετωπίζουν επιτυχώς την ασθένεια, η ετερογενής της φύση την καθιστά δύσκολο
θεραπευτικό στόχο. Επομένως, η κατανόηση των παθογενετικών και μοριακών μηχανισμών
οι οποίοι διέπουν τη νόσο και τους διαφορετικούς υποτύπους της είναι απαραίτητη για την
ανακάλυψη νέων φαρμακευτικών στόχων και το σχεδιασμό εξατομικευμένης θεραπείας.
Η πρωτεΐνη της προμυελοκυτταρικής λευχαιμίας (PML) περιγράφεται συνήθως ως
ογκοκατασταλτικός παράγοντας λόγω των προ-αποπτωτικών, ανασταλτικών του κυτταρικού
κύκλου και προγηραντικών ιδιοτήτων της. Συνεπώς, η έκφρασή της απουσιάζει από
πρωτοπαθή δείγματα διαφόρων νεοπλασιών, συμπεριλαμβανομένου και του καρκίνου του
μαστού. Παρ’ όλα αυτά σε πρόσφατες βιβλιογραφικές αναφορές η PML χαρακτηρίζεται ως
ογκογόνος

παράγοντας.

Συγκεκριμένα,

στη

χρόνια

μυελογενή

λευχαιμία,

σε

γλοιοβλαστώματα και σε ορισμένες περιπτώσεις τριπλά αρνητικού καρκίνου του μαστού η
PML εκφράζεται σε υψηλά επίπεδα. Οι προ-ογκογόνες ιδιότητες της PML φαίνεται να
σχετίζονται με τη ρύθμιση του κυτταρικού κύκλου των φυσιολογικών και καρκινικών
βλαστοκυττάρων αλλά και τη διατήρηση της αυτο-ανανέωσης, μέσω μεταβολικών οδών
π.χ. οξείδωση των λιπαρών οξέων. Επομένως, προκύπτει ότι υπό συγκεκριμένες συνθήκες η
PML έχει διττό ρόλο στην ογκογένεση εκδηλώνοντας ογκοκατασταλτική ή ογκογόνα δράση.
Σκοπός της παρούσας διδακτορικής διατριβής ήταν η αποσαφήνιση των μοριακών και
επιγενετικών μηχανισμών με τους οποίους η PML ρυθμίζει τον κυτταρικό πολλαπλασιασμό
και τα μονοπάτια αυτό-ανανέωσης στον καρκίνο του μαστού. Τα πειραματικά μας
δεδομένα υποστηρίζουν ότι η υπερέκφραση (ΥΕ) της PML αναστέλλει τον πολλαπλασιασμό
των κυττάρων και μπλοκάρει τον κυτταρικό κύκλο της τριπλά αρνητικά κυτταρικής σειράς
καρκίνου του μαστού, MDA-MB-231. Από την ανάλυση του μεταγραφικού προφίλ αυτών
των κυττάρων προκύπτει ότι σημαντικά σηματοδοτικά μονοπάτια και βιολογικές
λειτουργίες, όπως και οι ρυθμιστές τους, διαταράσσονται μετά από ΥΕ PML. Ενδιαφέρον
παρουσιάζει το γεγονός ότι πολλά από τα γονίδια σχετιζόμενα με τον κυτταρικό
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πολλαπλασιασμό των οποίων η έκφραση μειώνεται μετά από ΥΕ PML είναι και, θετικά,
ρυθμιζόμενοι στόχοι του μεταγραφικού παράγοντα FOXM1 (Forkhead Box M1). Η
λειτουργική αλληλεπίδραση της PMLIV με την επικράτεια πρόσδεσης του FOXM1 στο DNA,
καθώς και η μείωση του FOXM1 σε επίπεδο mRNA και πρωτεΐνης, υποδεικνύουν ότι η
PMLIV είναι ένας καταστολέας του FOXM1. Επιπλέον, δείξαμε ότι η PMLIV YE επηρεάζει το
μεταγραφικό πρόγραμμα του μεταγραφικού παράγοντα, FOXO3, o οποίος δρα ανοδικά του
FOXM1. Συμπερασματικά, προτείνουμε ότι η PML επηρεάζει την ισορροπία των FOXO3 και
FOXM1 μεταγραφικών προγραμμάτων στοχεύοντας διακριτά υποσύνολα γονιδίων. Τα
αποτελέσματα μας δείχνουν ότι υψηλά επίπεδα PML μπορούν να επηρεάσουν ταυτόχρονα
ποικίλα σηματοδοτικά μονοπάτια στοχεύοντας τον άξονα FOXO3-FOXM1, ο οποίος συνδέει
τον κυτταρικό πολλαπλασιασμό (FOXM1) με την απόπτωση, διακοπή του κυτταρικού
κύκλου και μηχανισμούς επιβίωσης (FOXO3). Βρήκαμε ακόμη ότι εκτός από τους FOXO3 και
FOXM1, η ΥΕ PML στοχεύει κι άλλους καίριους μεταγραφικούς παράγοντες (NFYA,E2F,TBP)
με γενικό ρόλο στη μεταγραφή και στον κυτταρικό πολλαπλασιασμό. Συνεπώς, θεωρούμε
ότι η PMLIV ΥΕ επιδρά σε σημαντικές βιολογικές διεργασίες μέσω ενός σύνθετου δικτύου
μεταγραφικών παραγόντων και επιγενετικών αλλαγών. Αρχικά πειράματα PMLIV YE σε
κύτταρα διαφορετικού τύπου καρκίνου του μαστού, τα Τ47D, έδειξαν ότι η PMLIV YE οδηγεί
σε αναστολή του κυτταρικού πολλαπλασιασμού, αλλά προκαλεί και διαφορετικές
αποκρίσεις σε σχέση με τα MDA-MB-231 κύτταρα.
Μελετήσαμε ακόμη το ρόλο της PMLIV σε βλαστικά καρκινικά κύτταρα του μαστού.
Παρατηρήσαμε ότι η PMLIV YE μειώνει την ικανότητα σχηματισμού ογκοσφαιρών στην
καρκινική σειρά MDA-MB-231, υποδηλώνοντας ότι η PMLIV μειώνει την αυτό-ανανέωση
των βλαστικών καρκινικών κυττάρων. Επιπλέον, ερευνήσαμε την επίδραση της PMLIV σε
απομονωμένους, με βάση την έκφραση των επιφανειακών δεικτών EpCAM/CD24,
υποπληθυσμούς καρκινικών κυττάρων και διαπιστώσαμε ότι η PMLIV YE επηρεάζει με
διαφορετικό τρόπο την έκφραση γονιδίων που εμπλέκονται στη διαφοροποίηση του
επιθηλίου, στην επιθηλιακή προς μεσεγχυματική μετάβαση, στον πολλαπλασιασμό και στη
βλαστικότητα του κάθε υποπληθυσμού, καθώς και την ικανότητα αυτο-ανανέωσης η οποία
καθορίστηκε in vitro με τη δοκιμασία σφαιρογένεσης και in vivo με ξενομοσχεύματα.
Επομένως, τα αρχικά μας δεδομένα, σε αντίθεση με προηγούμενες αναφορές,
υποστηρίζουν την άποψη ότι πολύ ογκογόνοι κυτταρικοί υποπληθυσμοί εμπίπτουν σε
περισσότερους από έναν EpCAM/CD24 υπότυπους οι οποίοι επηρεάζονται από την PMLIV
με διαφορετικό τρόπο.
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Συμπερασματικά, η ερευνά μας δίνει πληροφορίες για τη ρύθμιση της ανάπτυξης των
όγκων από την PML στον καρκίνο του μαστού. Προσδιορίσαμε τους FOXO3 και FOXM1 σαν
αλληλεπιδρώντες παράγοντες της PML, οι οποίοι προσδιορίζουν και το λειτουργικό
αποτέλεσμα της PML στο κυτταρικό υπόβαθρο των MDA-MB-231 κυττάρων και αναδείξαμε
έναν καινούριο, ρυθμιστικό άξονα στον πολλαπλασιασμό του καρκίνου του μαστού,
PML/FOXO3/FOXM1, ο οποίος μπορεί να είναι θεραπευτικός στόχος. Επιπλέον, οι αρχικές
παρατηρήσεις στα T47D κύτταρα, ενισχύουν την άποψη περί κυτταρικού υποβάθρου
εξαρτώμενης δράσης της PML. Η PMLIV YE επηρέασε πολύ λιγότερο τη δημιουργία
σφαιρών, ένδειξη αυτο-ανανέωσης, στα T47D σε σχέση με τα MDA-MB-231. Επιπλέον,
συγκρίνοντας το μεταγραφικό προφίλ των δύο κυτταρικών σειρών, οι οποίες
αντιπροσωπεύουν διαφορετικούς μοριακούς υποτύπους του καρκίνου του μαστού, μετά
από PMLIV YE διαπιστώσαμε ότι η PMLIV επηρεάζει τόσο κοινές αλλά και διακριτές ομάδες
γονιδίων. Προτείνουμε ότι η PML ευνοεί τόσο την αναστολή της ανάπτυξης του όγκου όσο
και μηχανισμούς επιβίωσης σε διαφορετικό βαθμό, ο οποίος καθορίζεται από το εκάστοτε
γενετικό και επιγενετικό υπόβαθρο των κυττάρων.
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Chapter 1: Introduction
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1.1 The mammary gland: Epithelial hierarchy
The adult mammary gland is a complex, epithelial, secretory organ composed of multiple cell
types: epithelial cells, which form the branching ductal tree; adipocytes that constitute the
fat pad in which the epithelial tree is embedded; vascular endothelial cells responsible for
the blood vasculature, stromal and immune cells. Its primary function is to produce and
secrete milk, a unique body fluid that contains nutrients and non-nutritive bioactive factors,
to nourish the infant. Anatomically, the adult gland resembles a tree-like structure
comprising of a network of ducts and lobules. Two main types of epithelium compose the
mammary gland: luminal and basal. Structurally, the mammary epithelium is a bilayered
structure embedded within the fatty stroma, consisting of an inner layer of luminal cells and
an outer layer of basal or myoepithelial cells. The luminal cells in the lobules secrete the
milk, while smooth muscle contraction of the ductal and lobular myoepithelial cells
promotes milk release (Watson and
Khaled 2008).
In contrast to most epithelial organs,
much

of

mammary

gland

development occurs postnatally. The
synergistic

action

of

systemic

hormones and local growth factors
trigger the development of the
mammary gland in three discrete
stages both in rodents and humans:
embryonic,

pubertal

and

adult.

Continuous cycles of proliferation,
differentiation and apoptosis lead to
extensive
throughout

epithelial
puberty,

remodeling
pregnancy,

lactation and weaning (Figure 1.1).
During puberty, the human virgin
gland develops highly proliferating
branched ductal structures named

Figure 1.1: The mammary gland development. The mammary
gland primarily develops postnatally in distinct stages (A-E). The
mammary epithelium undergoes profound morphogenetic changes
through multiple rounds of proliferation, differentiation and cell
death (Inman, Robertson et al. 2015).

terminal ductal lobulo-alveolar units
(TDLUs), the basic functional and histopathological unit of the breast. Throughout
pregnancy, the gland further expands to prepare for lactation. After weaning, apoptosis and
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extracellular matrix (ECM), remodeling lead to reestablishment of the resting adult
mammary gland (Inman, Robertson et al. 2015).
The fact that the mammary gland displays cellular plasticity through multiple rounds of
expansion and proliferation is attributed to a stem cell population (Kordon and Smith 1998).
Similar to other organs, the mammary gland is a hierarchically-organized tissue developed
and maintained by pools of stem, progenitors and terminal differentiated cells. At the top of
the epithelium hierarchy, mammary stem cells (MaSCs) are undifferentiated cells possessing
the unique features of stem cells including self-renewal and potency. The notion of MaSCs
dates back in the 60s when DeOme et al. used transplantation assays along with limiting
dilution assay (LDA) to show that parts of the normal mammary epithelia from donor mice
could recapitulate an entire functional mammary gland with full developmental capacity
when transplanted into recipient fat pads (Deome, Faulkin et al. 1959). Since then,
conventional and emerging methodologies (transplantation, population-based genetic fatemapping single-cell genetic lineage-tracing, 3D and 4D imaging, CRISPR-generated barcoding,
ex vivo models/organoids) have been used to question the identity, location and
differentiation potential of MaSCs. However, there are still cavities and challenges,
especially in experimental techniques, to fully delineate the mammary epithelial cell
hierarchy. To date the most prominent working model of mammary epithelial cell hierarchy
suggests that embryonic multipotent MaSCs drive the development of the gland during the
embryonic state (Figure 1.2). During the postnatal stage the mammary development (i.e.,
ductal and alveolar morphogenesis) is dictated by unipotent luminal and basal MaSCs. The
luminal lineage is well defined with unipotent luminal stem cells giving rise to ductal and
alveolar cells that can be estrogen receptor (ER), positive or negative. In contrast, the
sublineage diversity of the basal compartment remains obscure. In addition to the cells that
drive mammary epithelium morphogenesis and expansion, different studies suggest that in
the adult mammary gland there may also exist quiescent cells with stem like properties that
may be activated in specific conditions such as tissue development, regeneration and cancer
(Lloyd-Lewis, Harris et al. 2017)
.
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Figure 1.2: A model for mammary epithelial cell hierarchy. Unipotent luminal and basal mammary stem cells
give rise to the luminal and myoepithelial lineages. In addition, the adult gland may possess a population of cells
that behave like stem cells under specific conditions (Lloyd-Lewis, Harris et al. 2017) .

1.2 Breast cancer
1.2.1 Etiology
1.2.1.1 Somatic mutations
Somatic mutations accumulate in the body cells during the lifetime. They result from various
combinations of intrinsic replication fidelity limitations, repair deficiencies, endogenous or
exogenous exposures to DNA damage causing factors. Although most of them have no
measurable phenotypic consequence, a small fraction contributes to various processes such
as ageing or disease development. Cancer is the major case among the gene mutations,
associated diseases. Overwhelming evidence determines that temporal accumulation of
multiple somatic cell mutations in genes that regulate proliferation, apoptosis, migration
and differentiation is the causative mechanism for cancer generation and progress. Cancer
cells harbor thousands of mutations. A small fraction of those are disease-relevant (driver)
mutations to indicate their contribution to a positive selection process for favorable cancer
cell properties as opposed to the majority of “hitchhiked “mutations (passenger) that have
no selective function for cancer evolution. Earlier studies have identified such mutational
targets (termed oncogenes and tumour suppressors) and current genomic studies across
thousands of patients’ samples have further, linked many more genes to cancer. Analysis of
the TGCA (The Cancer Genome Atlas), COSMIC (https://cancer.sanger.ac.uk/cosmic) and
Cancer Gene Census databases defined that among 198 cancer genes across 20 tissues, only
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three are mutated in more than 10% of all patient:TP53 (36.1%), PIK3CA (14.3%), and BRAF
(10%). In addition, these studies reveal gene signatures that are connected to the mutational
process, the cancer type/location and timing. Driver mutations are likely to occur in stem or
proliferating cells to allow clonal expansion (Stratton, Campbell et al. 2009, Stratton 2013,
Martincorena and Campbell 2015).
1.2.1.2 Cell of origin, the cancer stem cell and clonal evolution concepts
The initiation and progression of breast cancer depends on the acquisition of multiple
oncogenic driver mutations in a genetically normal precursor cell (cell-of-origin). Mammary
tumour may differ in either the tumour-initiating genetic event or the differentiation state of
the cell-of-origin (Koren and Bentires-Alj 2015, Skibinski and Kuperwasser 2015).
Interestingly, distinct differentiation states of human mammary epithelial cells form
phenotypically diverse tumours in mouse xenografts (Ince, Richardson et al. 2007, Van
Keymeulen, Rocha et al. 2011). Furthermore, the initial transformation event on the same
cell-of-origin may lead to multiple phenotypes (Koren and Bentires-Alj 2015).
The cancer stem cell (CSC) hypothesis and the clonal evolution/selection model have been
proposed to explain tumour propagation as well as tumour heterogeneity in breast cancer
(Shah and Allegrucci 2012). The CSC concept was originally developed by Dick et al. in AML,
when a discrete subpopulation of CD34+CD38- cells was able to reproduce serially passaged
leukemia in mice and it was soon expanded to include solid cancer forms (Bonnet and Dick
1997). The CSC model implies a hierarchical organization of tumours, reminiscent of normal
tissue in which a pool of stem cells are at the apex giving rise to highly proliferating, lineagecommitted progenitors and terminally differentiated cells at the base. In this concept, only
the CSC subset has the ability to generate and propagate the tumour because of its selfrenewal properties and the ability to give rise to progeny with self-limited proliferative
capacity (Visvader and Lindeman 2008). Although the organization of tumour cell hierarchy
is not clear, recent studies suggest that there is a dynamic equilibrium of cell states within
tumours, whereby CSCs can differentiate into terminally differentiated cells, but also
terminally differentiated cells (non-CSCs) can de-differentiate into a CSC state (cell plasticity)
(Chaffer, Brueckmann et al. 2011, Gupta, Fillmore et al. 2011). In addition, the CSC model
assumes that microenviromental cues trigger CSCs to elicit their intrinsically determined
potentialities for survival, growth and differentiation (Koren and Bentires-Alj 2015).
By contrast, the clonal evolution relies on Darwinian evolutionary rules and genetic
instability. Although most tumours arise from a single cell due to an initiating genetic event
(driver mutation), cancer cells acquire additional, stochastic, genetic aberrations during
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tumourigenesis and tumour evolution that can be inherited to progeny cells (Stratton 2013).
Such tumour cells with increased robustness may form clones that become dominant
through the occurrence of additional favorable mutations providing survival and
proliferation advantages (Greaves and Maley 2012). In addition to genetic events, epigenetic
mechanisms such as DNA methylation, histone modifications, nucleosome positioning and
miRNAs may confer to substantial increase in fitness of a given clone and thereby to its
clonal expansion (Martelotto, Ng et al. 2014). Although the two models were initially
thought to be mutually exclusive, they are now perceived as potentially complementary. A
unified model suggests that CSCs may evolve and change in frequency because of clonal
genetic evolution during tumour progression (Kreso and Dick 2014).
Apart from genetic evolution, cell plasticity and differentiation state of the cell-of-origin the
tumour microenvironment can also lead to breast cancer diversity. Interactions between
cancer cells and their non-cancerous microenvironment (stromal cells, blood vessels and
immunocompetent cells) contribute to tumour progression (Bissell and Hines 2011, Quail
and Joyce 2013) (Figure 1.3).

Figure 1.3: Factors of breast cancer initiation, progression and heterogeneity. The combination of the
differentiation state of the cell-of-origin and the tumour-initiating genetic event (A), cell plasticity (B), genetic
evolution (C) and tumour microenvironment contribute to breast cancer initiation, progression and
heterogeneity (Koren and Bentires-Alj 2015).
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1.2.2 Breast cancer stem cells (BCSCs)
Accumulating evidence suggests that breast cancer is driven, spread and recurred after
conventional therapy by a small subpopulation of undifferentiated cell, termed breast
cancer stem cells (BCSCs) (Fillmore
and Kuperwasser 2008, VelascoVelazquez, Homsi et al. 2012). Taken
in

consideration

the

CSCs

and

genetic evolution concepts discussed
above, BCSCs can originate from:
newly transformed MaSCs through
the acquisition of genetic mutations;
normal progenitor cells which gain
survival and proliferation advantages
by

favorable

mutations;

or

differentiated epithelial cells that
dedifferentiate into a cancer stem
cell-like phenotype. At any case a
small fraction of cells with stem cell

Figure 1.4: Origin of breast cancer stem cells (BCSCs). BCSCs
can arise from mammary stem cells that acquired genetic
mutations (A); progenitor cells that accumulated multiple
oncogenic hints and gained survival advantages (B);
differentiated cells that can be de-differentiated (C). (Sin
and Lim 2017)

like properties within the tumour can
initiate, propagate and maintain the tumour (Sin and Lim 2017) (Figure 1.4).
BCSCs were initially identified by the work of Al-Hajj back in 2003. A CD44+CD24−

/low

subpopulation isolated from patients was able to form heterogeneous tumours upon serial
transplantation in immunocompromised mice (Al-Hajj, Wicha et al. 2003). CD44 is a cell
surface glycoprotein that binds hyaluronan and is implicated in cell-cell and cell-ECM
interactions. Studies have implicated CD44 in breast cancer cell adhesion, migration,
invasion and metastasis (Afify, Purnell et al. 2009). Furthermore, CD44 has an important role
in cell proliferation and tumour angiogenesis (Gotte and Yip 2006). Similar to CD44, CD24 is
another glycosylated cellular adhesion protein. Low expression of CD24 in breast CSCs was
shown to increase their growth ability and metastatic potential (Schabath, Runz et al. 2006).
Numerous other cell surface markers (summarized in Table 1) have been used to
successfully isolate BCSCs in both cell lines and tumour samples. In addition to cell surface
markers, expression-based methods have been developed to obtain BCSCs populations.
Aldehyde dehydrogenase (ALDH) is a detoxifying enzyme catalyzing the oxidation of
intracellular aldehydes and oxidizing retinol to retinoic acid during the early differentiation
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of stem cells. Ginestier and co-workers identified a subpopulation of CD44+CD24- cells with
high ALDH activity, capable of propagating tumour, by injection of as little as 20 cells in
immunodeficient mice (Ginestier, Hur et al. 2007). Isolating cell subpopulations based on
protein expression profiles of either cell surface markers or ALDH activity requires functional
validation of the isolated fractions to confirm their tumourigenic capacity. Pece et al used a
reciprocal method to isolate CSCs and then identify new markers. By taking advantage of the
slow cycling rate of stem cells, they labeled the cells from normal human mammary gland
with the lipophilic fluorescent dye PKH26, and label retaining stem like cells were then
selected in mammosphere conditions. Gene expression profiling of PKH26+ cells, revealed a
novel combination of stem cell markers (CD49f+DLL1hiDNERhi) that exhibited a >500-fold
higher frequency of mammosphere initiating cells (Pece, Tosoni et al. 2010).
BCSCs share common signalling pathways, molecular networks and cell fate regulators that
fine tune stemness and cellular commitment with MaSCs. The main pathways shared are
Hedgehog, Notch, JAK-STAT, NF-kB, and Wnt (Celia-Terrassa 2018). For instance, Notch,
Hedgehog, and Wnt pathways have been implicated in resistance to therapy and an
increased number of BCSCs during and after treatment (Karamboulas and Ailles 2013,
Peitzsch, Kurth et al. 2013). In addition to signalling pathways, transcription factors that
regulate MaSC fate are similarly significant for BCSCs regulation. For example, one of the
master regulators of stem cell state, SOX2, has been found to be expressed in basal like
breast carcinomas implying a less differentiated phenotype (Rodriguez-Pinilla, Sarrio et al.
2007).

Table 1. Markers used to enrich for breast cancer cells
Markers
Details
+

-/low

+

+/

h

neg

+

-

CD44 /CD24

-

Lin

ALDH /CD44 CD24
CD44 /CD24 /EpCAM

low

CD44 /CD24 CD133

CD49f
CD61
+

hi

CD44 CD49f CD133/2
-/low

EpCAM

/CD49f

h

hi

Isolated from human breast cancer specimens; Form
tumours in immunocompromised mice.
High activity of ALDH; As few as 20 cells can form
tumour in immunodeficient mice.
Isolated from human breast cancer cell lines; As few
as 100 cells can form tumours.
Isolated from Brca1 deficient mouse mammary
tumours; Form tumours in immunocompromised
mice; High expression of stem cell related genes.
Isolated from MCF7 cell line; Form tumours in
immunodeficient mice.
Isolated from mouse mammary tumourigenesis
models; Enriched for tumour-forming capacity
Isolated from independent ER-negative patient
tumours and xenografts; Form triple negative
tumours and ER-negative/HER2-positive tumours.
Analysis of human breast cancer tissues by dual
immunohistochemistry and immunofluorescence;
Associated with poor clinical prognosis.
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1.2.3 Inter- and intra- tumoural heterogeneity of breast cancer
All the above factors and the ways that they interact, cause biological spatial and temporal
heterogeneity that has important implications for understanding basic molecular
mechanisms in cancer cell emergence and progress, as well as prognosis and therapy. Breast
tumours exhibit striking phenotypic and functional heterogeneity during the multistep
course of tumourigenesis (Bertos and Park 2011). In fact, this variability is mirrored in each
of the “hallmarks of cancer” defined by Weinberg and Hanahan namely sustaining
proliferation signalling, mutational frequencies of oncogenes and tumour suppressors,
invasiveness, metastatic potential, energy metabolism, immune destruction and response to
cytotoxic therapies (Hanahan and Weinberg 2011). Extensive heterogeneity can be
manifested not only between tumours among different patients (inter-tumoural) but also
within individual tumours (intra-tumoural) (Figure 1.5) (Skibinski and Kuperwasser 2015).
Intra-tumoural heterogeneity refers to the dynamic and evolving coexistence of cancer cell
subpopulations with different genetic, phenotypic or behavioral properties within a primary
tumour, and between a primary tumour and its metastasis. In fact, intra-tumour
heterogeneity can be manifested as histologic and genetic variations across different areas
within a single tumour (spatial heterogeneity), or during the course of disease progression
(temporal heterogeneity) (Martelotto, Ng et al. 2014).

Figure 1.5: Inter- and intra- tumoural heterogeneity of breast cancer. Inter-tumour heterogeneity refers to
genetic phenotypic and behavioral differences between tumours of distinct patients. Intra-tumour heterogeneity
refers to the genetic variation across different regions (spatial heterogeneity) of a single tumour, or between the
primary tumour and its metastasis (temporal heterogeneity) (Pareja, Marchiò et al. 2017).

For many decades, breast malignancies have been studied and stratified based on their
histopathological features and the presence or absence of selected biomarkers, mainly
hormone receptors and cytokeratins. Since the early 2000s, global gene expression analyses
using high-throughput technologies led to the classification of breast cancers into discrete
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molecular subtypes and shaped the current understanding of inter-tumour heterogeneity.
Based on their molecular gene expression profiling at least six intrinsic molecular subtypes of
breast cancer have been defined: luminal A, luminal B, HER2-enriched, basal-like and
claudin-low tumours, as well as a normal breast-like group (Prat and Perou 2011). The
Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) devised a
classification of breast cancer according to their genomic driver events into ten integrative
clusters (IntClusts) with prognostic implications (Curtis, Shah et al. 2012). The mutational
landscapes of breast cancers as well as the mutational heterogeneity along with the ER
status further dissect breast cancer into different subgroups. Epigenetic, miRNA-based,
microenviromental (i.e. presence/activation status of local immune cells, hypoxia,
angiogenesis, ECM composition), macroenviromental (i.e. systemic hormone levels) and
longitudinal (i.e. circulating tumours cells, metastasis) features add more layers of
complexity to inter-tumoural heterogeneity (Bertos and Park 2011).
Tumour heterogeneity arises from genetic, non-genetic and stochastic events (Marusyk,
Almendro et al. 2012, De Sousa, Vermeulen et al. 2013) (Figure 1.6). Undoubtedly, the
phenotypic diversity of breast cancer cells reflects the cellular hierarchy present in the
healthy mammary gland. Different not mutually exclusive processes have been suggested to
contribute to breast cancer heterogeneity: differentiation state of the cell-of-origin, cancer
cell plasticity, genetic evolution of cancer and tumour microenvironment (Koren and
Bentires-Alj 2015). Collectively, breast cancer heterogeneity stems from multiple sources.
Heterogeneity enhances the robustness of tumours challenging the diagnosis, prognosis and
therapies. Accordingly, further understanding of the molecular and cellular mechanisms
governing tumour heterogeneity is demanding.

Figure 1.6: Schematic representation of factors that determine intra and inter-tumoural heterogeneity (De
Sousa, Vermeulen et al. 2013).
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1.3 The PML gene and protein structure: Functional and structural characteristics
The Promyelocytic Leukemia (PML) gene locus was initially described in the early 1990’s at
the chromosomal translocation breakpoint t(15;17) that characterizes most of the Acute
Promyelocytic Leukemia (APL) cases (de The, Lavau et al. 1991, Kakizuka, Miller et al. 1991).
In APL, the t(15;17) translocation encodes for an oncogenic fusion protein between PML and
retinoic acid receptor-a (RARa), PML-RARa, which alters the functions of both parental
proteins (Figure 1.6). PML-RARa fusion is a gain-of-function protein that represses RARadepended transcription and disrupts PML nuclear bodies, leading to myeloid differentiation
block, enhanced self-renewal of early myeloid progenitors and resistance to apoptosis (de
The and Chen 2010).
The PML gene is not evolutionarily conserved since PML expression is limited to higher
eukaryotes and is absent from lower eukaryotes and plants (Borden 2008). However, PML is
expressed and conserved in all mammals (Cheng and Kao 2012). The human PML gene
consists of nine exons and alternative splicing of C-terminal exons gives rise to multiple PML
isoforms (Fagioli, Alcalay et al. 1992). Interestingly, the first three exons, encodes three
cysteine-rich zinc-binding domains: a RING finger (R), two B-box (B) and a α-helica coiled-coil
domain (CC), forming the RBCC/TRIM motif at the N-terminal domain (418aa) that classifies
PML in the superfamily of TRIM proteins (Borden 2008). According to the original
nomenclature defined by Jensen et al. (2001), there are seven main PML isoforms (PMLIPMLVII). However, evidences suggested that all these isoforms have a/b/c variants due to
alternative splicing of exons 4, 5 and 6. Therefore, many more variants than the initial seven
described exist. All of the PML isoforms share a common N-terminal end containing the
RBCC motif while they differ in the central or in the C-terminal region. The variable C-termini
of PML isoforms might provide different binding interfaces determining the different
interacting partners and, thus, the functional specificity of each isoform (Nisole, Maroui et
al. 2013). Several motifs have been identified in PML isoforms C-terminal end. Most of the
PML isoforms (PMLI-PMLVI) bear a nuclear localization signal (NLS), thus they are
predominantly localized in the nucleus. Conversely, PMLVII lacks a NLS and is therefore
exclusively cytoplasmic. A nuclear export signal (NES) was identified in PML I (amino acids
704–713/exon 9) implying that this isoform may shuttle between nucleus and cytoplasm.
PML can be SUMO conjugated on 3 target lysines (K65, K160 and K490) (Kamitani, Kito et al.
1998).
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A.

B.

Figure 1.7: Α. Chromosomal translocation t(15;17) in Acute Promyelocytic Leukemia (APL). Structure of the
promyelocytic leukemia (PML) and retinoic acid receptor-α (RARα) proteins, together with the PML–RARα fusion
protein (de The and Chen 2010). Β. PML isoforms and their organization domain. Alternative splicing of Cterminal exons results to seven main PML isoforms. The RBCC/TRIM, the NLS, and the SIM motif are

represented (Hoischen, Monajembashi et al. 2018).

1.4 Mechanisms of PML regulation
PML and PML-NBs are sensors of cellular stress and environmental cues. Therefore, the
steady-state expression level of PML in normal tissues differs according to the tissue, the cell
type, as well as the differentiation and activation stage (Bernardi and Pandolfi 2007). The
abundance of PML protein is tightly controlled by transcriptional, post-transcriptional and
post-translational mechanisms.
1.4.1 Transcriptional Regulation
First and foremost, PML is regulated in a cytokine dependent manner at the transcriptional
level. Both type I and II interferons (IFNs) have been reported to induce PML transcription
through activation of the Janus kinase/signal transducer and activator of transcription
(JAK/STAT) pathway (Chelbi-Alix, Pelicano et al. 1995, Stadler, Chelbi-Alix et al. 1995, Kim,
Lee et al. 2007). IFN stimulated transcription factors such as signal transducers and
activators of transcription (STATs) and IFN-regulatory factors for example IRF3 and IRF8 bind
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on their cis-elements in the PML promoter, including IFN-stimulated response elements
(ISRE -GAGAATCGAAACT-) and gamma activated sites (GAS -TTTACCGTAAG-) (Stadler, ChelbiAlix et al. 1995). Another cytokine, tumour necrosis factor α (TNF-α) also induces PML
transcription by promoting STAT1-dependent transactivation of the PML promoter (Cheng,
Liu et al. 2012). Furthermore, interleukin 6 (IL-6) enhances PML expression through NF-κΒ
and JAK/STAT signalling pathways (Hubackova, Krejcikova et al. 2012). Besides cytokine
dependent upregulation, PML expression is also induced by p53 in response to oncogenes
and DNA damage.

In addition, RAS-induced p53 and its homolog p73 activate PML

transcription (Lapi, Di Agostino et al. 2008). Moreover, β-catenin and plakoglobin activate
PML promoter in a LEF/TCF-independent manner in p53-negative cells (Shtutman, Zhurinsky
et al. 2002). Negative regulation of PML transcription has been reported for Stat3 and Stat6
during mammary gland development (Li, Ferguson et al. 2009). In contrast, Martin-Martin et
al. suggest that high PML expression in TNBC is promoted at least partly by STAT3 (MartinMartin, Piva et al. 2016). Finally, a recent study supports that HIF1A is responsible, at least in
part, for transcriptional upregulation of PML under hypoxic conditions in TNBC (Ponente,
Campanini et al. 2017)
1.4.2 Post-transcriptional regulation
Besides transcriptional regulation, PML expression is also controlled by post-transcriptional
mechanisms. As aforementioned, PML is subjected to extensive alternative splicing that
generates multiple PML isoforms with unique 3’ UTRs. PML mRNA translation is enhanced in
mTOR/eIF4E- and PML 5′-UTR-dependent manner (Scaglioni, Rabellino et al. 2012).
Moreover, it has been suggested that the 5’ UTR of human PML mRNA bears an internal
ribosome entrance site (IRES) that is activated in response to TNFα to increase PML protein
synthesis (Hsu, Guan et al. 2016). Interestingly, it has been shown that mir-1246 directly
targets PML mRNA and downregulates its expression (Yamada, Tsujimura et al. 2014).
1.4.3 Post-translational regulation
Besides transcriptional and post-transcriptional regulation, PML undergoes several critical
post-translational modifications (PTMs) in response to various cellular stimuli that modulate
its stability, localization, PML-NB assembly and partner association (Schmitz and Grishina
2012). All known PML post-translational modifications influence regions of the protein that
are common to most of the isoforms.
1.4.3.1 SUMOylation
Post-translational addition of Small Ubiquitin-like modifier (SUMO) proteins has been
extensively linked to PML normal functions and PML-NBs assembly. Mechanistically, PML
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SUMOylation can either be mediated non-covalently through the SUMO binding domain or
covalently by an E1, E2 and E3-ligase enzymatic cascade (Shen, Lin et al. 2006). It has been
shown that PML can be modified by SUMO1, SUMO2, SUMO3 and SUMO5 at different
residues resulting in distinct functional outputs (Kamitani, Kito et al. 1998, Liang, Lee et al.
2016). According to systematic mutational analysis three lysine residues K65, K160 and K490
have been identified as the major SUMOylation sites of PML (Kamitani, Kito et al. 1998).
PML is mono-SUMOylated by SUMO-1 (Lallemand-Breitenbach, Jeanne et al. 2008), whereas
SUMO 2 and 3 poly-sumoylate PML (Tatham, Geoffroy et al. 2008).
Taken that SUMOylation is crucial for protein-protein interactions, PML SUMOylation
facilitates the recruitment and sequestration of SIM-containing protein partners within the
PML-NB inner core preserving the formation and integrity of the bodies (Sahin, Ferhi et al.
2014). PML SUMOylation can regulate both negatively and positively PML protein levels
since it can trigger the ubiquitination-mediated degradation (Lallemand-Breitenbach, Jeanne
et al. 2008, Percherancier, Germain-Desprez et al. 2009) or prevent PML from the
phosphorylation-induced degradation depending on the extracellular or intracellular stimuli
(Reineke, Lam et al. 2008).
1.4.3.2 Phosphorylation
Phosphorylation of PML is a crucial regulatory mechanism that controls PML protein stability
and PML-NB formation, in response to extracellular stimuli and stress conditions (Cheng and
Kao 2012). Multiple PML sites can be phosphorylated by a spectrum of kinases in a context
dependent manner. The presence of growth factors (e.g. IGF1, EGF) activates ERK2 which in
turn phosphorylates PML facilitating the interaction with Pin1. Pin 1 isomerizes phosphoPML leading to its ubiquitination-mediated degradation (Lim, Tran et al. 2011). Likewise,
hypoxic induced CDK1/2 phosphorylates PML and promotes PML poly-ubiquitination and
degradation in a Pin1 isomerization associated way (Reineke, Liu et al. 2010). PML
phosphorylation by CK2 triggers its PIAS1-mediated proteasomal degradation without
associated isomerization (Scaglioni, Yung et al. 2006). Mitogenic and oncogenic signalling
stimulates BMK1 which phosphorylates PML at S403 and T409 and prompts its degradation
(Yang, Deng et al. 2010). Unlike, ERK2, CDK1/2, BMK1 and CK2 that induce PML degradation,
DNA damage-stimulated HIPK2 phosphorylates PML at S8 and S38, leading to its subsequent
SUMOylation and stabilization (Moller, Sirma et al. 2003).
1.4.3.3 Ubiquitination and acetylation
PML ubiquitination regulates PML protein abundance by mediating its own degradation
through the proteasome pathway. To date, at least seven E3 ligases have been reported to
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ubiquitinate PML including RNF4, UHRF1, E6AP, KLHL1, KLHL20 and SIAH1/2 (Guan and Kao
2015). For instance, upon As2O3 treatment induces PML SUMOylation, which in turns
recruits the E3 ligase RNF4 that ubiquitinates PML at K160 resulting in its degradation
(Lallemand-Breitenbach, Jeanne et al. 2008).
Hayakawa et al showed that PML acetylation at K487 and K515 by p300 is enhanced after
trichostatin A (TSA), a HDAC inhibitor. Moreover, the increased PML acetylation was linked
to increased SUMOylation implying that PML acetylation may be a prerequisite for
subsequent SUMOylation (Hayakawa, Abe et al. 2008).
Accumulating evidence suggest that there is crosstalk among PML’s PTMs, which dictates its
activity. As aforementioned, PML have to be SUMOylated so that the RNF4 ligase can be
recruited to ubiquitinate PML (Lallemand-Breitenbach, Jeanne et al. 2008). Pin1 binding and
Pin1-mediated protein isomerization is promoted by PML phosphorylation by CDK1/2 (Lim,
Tran et al. 2011) or ERK2 (Reineke, Liu et al. 2010). Likewise, CK2 induced phosphorylation
facilitates proteasome and ubiquitination-mediated degradation of PML (Scaglioni, Yung et
al. 2006). Moreover, acetylation at K487 and SUMOylation at K490 are mutually exclusive,
proposing a negative crosstalk between these two modifications (Guan, Lim et al. 2014).

1.5 PML Nuclear bodies (PML-NBs): Structure, dynamics and function
The PML protein is the core building block of donut-shaped sub-nuclear compartments (0.21μm) tightly bound to the nuclear matrix termed PML Nuclear Bodies (PML-NBs). Their size
ranges between 0.2 to 1 μm while their number is typically 5-30 per nucleus, depending on
the cell type, cell-cycle phase and differentiation stage. Although, the PML protein is the
main component of the bodies it has to be appreciated that the cellular PML protein pool is
not only NB-bound but also diffused in the nucleoplasm (Bernardi and Pandolfi 2007).
PML-NBs are proteinaceous hubs since an ever-growing number and diversity of structural
and functional proteins reside in or are recruited transiently into them. Immuno-electron
microscopy reveals that the PML protein forms the spherical outer shell of the bodies,
whereas the cargo proteins reside in the inner core of the structures. To date almost 170
proteins have been identified to functionally interact with PML directly or indirectly (Van
Damme, Laukens et al. 2010). The interacting partners comprise transcription factors and
cofactors, DNA repair proteins, viral proteins and post translational modifiers including
ubiquitinases/deubiquitinases,

kinases/phosphatases,

sumo

ligases/sumo1

specific

peptidases and deacetylases. Interestingly, all these disparate partners share a common
feature. They can be SUMOylated and they bear one or more SIMs. The shuttling of such
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diverse protein constituents makes PML-NBs highly dynamic and heterogeneous entities. It
is noteworthy that specific PML isoforms assemble morphologically and dynamically
different PML-NBs when they are individually expressed in Pml null cells implying that PMLNBs composition is dictated by PML isoforms.
PML-NBs dynamically change in terms of morphology and biochemical composition under
normal conditions and profoundly in response to various cellular stresses. Live imaging
experiments using FRAP and FRET demonstrated that PML is a stable component of the NBs
compared to the interacting partners that are mobile and they are transiently retained in the
bodies. Although PML is the most stable constituent of the NBs, the fact that it can be
exchanged from the nucleoplasm to PML-NBs or between PML-NBs implies that it is as well
dynamic component of the bodies. According to a study monitoring labeled GFP-SP100 and
GFP-PML, PML-NBs are relatively static, whereas some foci labeled only by GFP-SP100 are
smaller and more dynamic than typical PML-NBs. Even though PML-NBs themselves are not
very mobile it is well established that they can undergo significant changes during cell-cycle
progression and in response to various stresses via fusion and fission mechanisms (Bernardi
and Pandolfi 2007). Analyses of the PML-NBs during the cell cycle showed that their number
and biochemical composition change dynamically throughout the different cell cycle phases.
G0 arrested cells contain few PML-NBs but the numbers increase in G1 phase as well as in S
and G2. During S phase chromatin that is replicated retracts from PML-NBs, the bodies
become distorted and fragmented into smaller entities by fission mechanisms. When cell
proceeds to mitosis and chromatin begins to condense, PML-NBs accumulate into larger and
fewer aggregate. These mitotic aggregates differ in their biochemical composition and
dynamic properties compared with interphase PML-NBs and, therefore, are termed mitotic
accumulations of PML protein (MAPPs) (Dellaire, Ching et al. 2006, Dellaire, Eskiw et al.
2006). The majority of MAPPs do not interact with metaphasic chromatin, but some remain
associated with condensed chromatin. Interestingly, MAPPs contribute to the reformation of
the nuclear envelope during the telophase/G1 transition since they have been found to
associate with nuclear membranes and nucleoporins. In addition, during this phase, SP100
and DAXX, two crucial PML-NBs structural proteins, re-enter the nucleus and promote NB
assembly. Taken together, it has been proposed that MAPPs facilitate the formation of new
PML-NBs in G1 phase and that they are responsible for the redistribution of PML protein
from the cytoplasm to the nucleus after mitosis (Bernardi and Pandolfi 2007).
The fact that PML deletion results in a loss of PML-NBs and that in APL cells PML-NBs are
disrupted indicates the requirement of PML for PML-NBs’ integrity (Lallemand-Breitenbach
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and de The 2010). The N-terminal end of PML protein is indispensable and sufficient to
target PML proteins to the NBs, since it contains the RBCC/TRIM configuration that enables
homo-multimerization and formation of macromolecular complexes. Until recently it was
suggested that PML-NBs biogenesis depends on PML SUMOylation and non-covalent
intermolecular PML SUMO-SIM interactions. Nevertheless, PMLVI that lacks the SIM, a PML
mutant missing the SIM as well as a PML mutant missing all 3 SUMO acceptor lysines and its
SIM, are still capable of forming morphologically normal NBs. Therefore, Sahin et al
proposed a revised stepwise model for PML-NBs biogenesis (Figure 1.8).

Figure 1.8 Stepwise assembly of PML-NBs. PML-NBs nucleation is initiated by oxidation-induced PML crosslinking via covalent disulfide bonds that triggers PML oligomerization via the RBCC domain. UBC9 ligase is
recruited by the PML mesh and promotes PML polySUMOylation which allows multiple interactions with SIM
carrying partners. SUMO-conjugated PML and SIM containing proteins can bind to the preassembled aggregates
to form a normal PML body based on self-organization (Hoischen, Monajembashi et al. 2018).

Initially the outer empty shell of the body is formed by reactive oxygen species (ROS)regulated disulphide-linked PML multimers that become associated with the nuclear matrix.
Subsequently, the PML-NB mesh acts as a docking surface for partner proteins recruitment
via non-covalent SUMO/SIM interactions (Sahin, Ferhi et al. 2014). Taken together, PML-NBs
assembly and structural integrity depends on the following mechanistic properties:
oxidation-driven PML cross-linking via intermolecular disulfide bonds, the RBCC-mediated
oligomerization of PML, the poly-SUMOylation of PML via UBC9 on the three major target
lysines, the non-covalent interaction of SUMO-conjugated PML with SIM-containing partners
and specific sequences in distinct PML protein isoforms (Figure 1.8).
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PML-NBs biogenesis model was recently evolved according to the biophysical mechanism of
liquid–liquid phase separation processes which suggests that above a specific concentration
threshold biomolecular condensates, may form liquid-like droplets driven by multivalent
macromolecular interaction (Banani, Lee et al. 2017, Shin and Brangwynne 2017). Banani et
al, showed that the polySUMO/polySIM interactions in PML-NBs result in phase-separated
liquid droplet structures in living cells (Banani, Lee et al. 2017). Hence, PML-NBs can be
characterized as condensed liquid droplets, membrane less nuclear compartments
assembled by the reversible and highly controlled liquid-liquid phase transitions (Uversky
2017).
Not surprisingly, PML is involved in diverse, major cellular processes such as apoptosis,
senescence, DNA repair, angiogenesis, migration, stress-responses and others. Several nonmutually

exclusive

PML-NBs

modes of functions that can be
ascribed

to

the

biochemical

environment within the phaseseparating PML-NBs that allows
the

dynamic

exchange

of

compounds between the body
and the nucleoplasm, have been
suggested to explain how PMLNBs can be implicated in so many
distinct

biological

processes

(Banani, Lee et al. 2017). Firstly,
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may

sequestering
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Figure 1.9: Structure and function PML-NBs. PML-NBs are
described as shell-like sub-nuclear structures formed by
SUMOylated PML protein and PML body interacting proteins.
More than 170 proteins reside permanently or transiently to PMLNBs. Accordingly, PML has been reported to control diverse cellular
functions by accumulating, sequestering and modifying proteins in
the bodies (Hoischen, Monajembashi et al. 2018).

proteins) in normal conditions
(buffering cellular concentration
of proteins). In addition, PML-NBs can function as “catalytic platforms” where proteins are
recruited to be post-translationally modified. Finally, PML-NBs may provide the sub-nuclear
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environment for specific nuclear functions such as transcriptional regulation and chromatin
organization (Bernardi and Pandolfi 2007, Hoischen, Monajembashi et al. 2018) (Figure 1.9).

1.6 PML: a multifunctional protein. Regulation of cellular processes and signalling
pathways by PML.
1.6.1 PML-promoted apoptosis
The apoptotic function of PML is clearly reflected from the observation that both Pml null
murine and PML knockdown human cells are defective for the induction of apoptosis
triggered by multiple and diverse apoptotic stimuli such as type I and type II IFNs, FAS,
tumour necrosis factor, ceramides, ionizing radiations (Wang, Ruggero et al. 1998, Crowder,
Dahle et al. 2005) and transforming growth factor (TGF)-b (Jin, Wang et al. 2013). PML is
implicated in both p53 dependent and p53 independent apoptotic pathways.
PML functions as p53 transcriptional coactivator by regulating its expression and activity via
multiple mechanisms: increasing its acetylation and phosphorylation after its recruitment to
the PML-NBs (Pearson, Carbone et al. 2000, Moller, Sirma et al. 2003); sequestering and
inhibiting p53’s principle negative regulator the mouse double minute 2 homolog, MDM2
(Kurki, Latonen et al. 2003), and promoting p53 deubiquitination and thus its stabilization
through the herpes-virus-associated ubiquitin-specific protease, HAUSP (Li, Chen et al.
2002).
PML’s involvement in p53 independent apoptotic pathways stems from its interaction with
other promoting apoptosis proteins. For instance, death activated protein-like kinase
DLK/ZIPK, Daxx, the nuclear proapoptotic protein THAP1 and the prostate apoptosisresponse factor PAR-4 which antagonizes NF-κB associate with the PML-NBs. The
mechanism by which apoptosis is induced remains unclear, but is likely to involve the
mitochondrial pathway (Krieghoff-Henning and Hofmann 2008).
1.6.2 PML-mediated senescence
Several studies have clearly demonstrated that PML mediates cellular senescence. The first
report for PML’s implication in senescence came from the observation that PML is
transcriptionally activated upon overexpression of the oncogenic Ras‑V 12, leading to
increased size and number of PML-NBs accompanied by premature cell senescence via p53
acetylation in a CBP-dependent mechanism and its subsequent activation (Ferbeyre, de
Stanchina et al. 2000). Interestingly, only PML IV isoform overexpression activates and
triggers senescence in primary cells (Bischof, Kirsh et al. 2002). PMLIV promotes cellular
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senescence through regulation of the tumour suppressive pathways p53/p21 and p16/Rb.
Although all PML isoforms are able to bind and recruit p53 to PML-NBs, PML IV ability to
stabilize p53 is not due to a specific recruitment of p53, but rather of crucial p53 modifiers.
Actually, a spectrum of p53 regulators are recruited to NBs to modulate p53 stabilization
and activation via acetylation and phosphorylation (Pearson, Carbone et al. 2000, Langley,
Pearson et al. 2002, Moller, Sirma et al. 2003, Pan, Zhu et al. 2009, Rokudai, Laptenko et al.
2013). Apart from p53, PMLIV triggers senescence through an RB-dependent mechanism
(Mallette,

Goumard

et

al.

2004).

PML

overexpression

leads

to

increased

hypophosphorylated pRb and enhances pRb activity via a HDAC-dependent manner (Khan,
Nomura et al. 2001). Moreover, PML facilitates the localization of Rb/E2F proteins into PML
bodies, inhibiting the E2F-depedent transcriptional program and thus leading to senescence
(Vernier, Bourdeau et al. 2011). In addition, PML-NBs have been associated with chromatin
reorganization during senescence, since heterochromatin proteins including HIRA, HP1, and
ASF1 transit via NBs to establish senescence-associated heterochromatin foci (SAHF) thereby
repressing proliferation-associated genes and promoting permanent cell cycle arrest (Narita,
Nunez et al. 2003, Zhang, Poustovoitov et al. 2005, Ye, Zerlanko et al. 2007). Moreover, it
has been reported that PML represses TBX2 transcription promoting senescence induction
(Martin, Benhamed et al. 2012).
1.6.3 PML, DNA repair and Alternative Lengthening of Telomeres (ALT)
DNA repair is another central cellular process that PML is implicated. PML functions as a
DNA damage sensor since it becomes phosphorylated after genotoxic stress and PML-NBs
increase in number and size in an ATM- and ATR-dependent manner (Dellaire and BazettJones 2004, Dellaire, Ching et al. 2006). DNA repair complexes involved either in the repair
of DNA double-strand breaks or single-strand breaks colocalize dynamically at the PML-NBs
(Wu, Lee et al. 2000, Bischof, Kim et al. 2001, Carbone, Pearson et al. 2002). In addition, PML
stabilizes the DNA damage response protein TopBP1 in the bodies and forms a huge repair
complex containing Rad50, Brca1, ATM (ataxia telangiectasia mutated), Rad9 and BLM (Xu,
Timanova-Atanasova et al. 2003). Moreover, PML-NBs release RPA to the putative DNA
damage sites and promotes DNA repair upon radiation (Barr, Leung et al. 2003).
Furthermore, PML-NBs may promote DNA damage response in later phases of DNA repair or
perhaps in specific repair pathways. For example, there are evidence that PML-NBs could
mediate homologous recombinational repair of chromosomal DNA double-strand breaks
since PML-NBs accumulate HR proteins (Yeung, Denissova et al. 2012) and associates with
telomeres in ALT (Alternative lengthening of telomeres) cells. Some immortalized human cell
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lines maintain their telomere length in a telomerase-independent manner referred as
alternative lengthening of telomeres. Although the exact molecular mechanism of ALT
remains obscure, it is probably mediated by homologous recombination of telomeric DNA
sequences (Muntoni and Reddel 2005). In ALT cells, PML co-localizes with DNA
recombination and repair associated proteins including such as BLM (Bloom syndrome
protein), RAD50, RAD51 and RPA (replication protein A), together with telomeric DNA and
the telomeric-repeat binding factors TRF1 and TRF2 and forms bodies that are termed ALT
associated PML bodies (APBs) (Yeager, Neumann et al. 1999, Grobelny, Godwin et al. 2000,
Wu, Lee et al. 2000, Yong, Yeo et al. 2012, Osterwald, Deeg et al. 2015). APBs play a
functional role in telomere length maintenance by facilitating homologous recombination,
either by promoting the assembly or the stability of recombination complexes, or by creating
a permissive chromatin microenviroment for recombination (Chung, Osterwald et al. 2012).
1.6.4 PML as a transcriptional co-factor
Several lines of evidence suggest that PML is involved in gene expression regulation.
Chromatin immunoprecipitation (ChIP) experiments have demonstrated that PML is
enriched to promoter regions (Chuang, Huang et al. 2011, Vernier, Bourdeau et al. 2011,
Martin-Martin, Piva et al. 2016, Ponente, Campanini et al. 2017). However, it remains
ambiguous whether the recruited PML on the promoters is diffused nucleoplasmic PML or
structural PML of NBs. PML can function both as transcriptional co-activator or co-repressor.
For example, during TNFα-induced apoptosis the NF-κB subunit RelA/p65 is sequestered in
the PML-NBs thereby inhibiting its transcriptional activity (Wu, Xu et al. 2003). Likewise, PML
sequesters Sp1 to NBs and disrupts the transactivation of its target promoters (Li, Zou et al.
2014). In addition to sequestering transcriptional activators, PML also forms transcriptionally
repressive complexes as these one with the co-repressors c-Ski, N-CoR, and mSin3A and
HDAC1, which are required for tumour-suppressor Mad-mediated transcriptional repression
(Khan, Nomura et al. 2001).
Similarly, to transcriptional repression, PML can activate gene expression through
sequestration of transcriptional cofactors. For instance, DAXX is recruited in the PML-NBs
thereby DAXX target genes, such as Pax3, are derepressed (Li, Leo et al. 2000). Other than
recruitment of cofactors, PML can facilitate transcriptional activation by stabilizing the
transcriptional factor complex. PML activates p53 induced transcription as it protects
homeodomain-interacting protein kinase 2 and CBP from ubiquitination-mediated
degradation (Shima, Shima et al. 2008). Likewise, PML facilitates major histocompatibility
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complex class II transcription by preventing the class II transactivator from proteasomal
degradation (Ulbricht, Alzrigat et al. 2012).
Besides modulating the availability or activity status of transcription factors and co factors
PML-NBs may regulate transcription indirectly by participating in chromatin remodeling
processes and establishing the appropriate chromatin state for gene expression. Kumar et al
demonstrated that SATB1 (special AT-rich sequence binding protein) interaction with PMLNBs results in the organization of the MHC class I locus into distinct higher-order chromatinloop structures thus promoting the coordinated expression of a subset of MHC-I genes
(Kumar, Bischof et al. 2007). Previous work of our lab showed that IFN gamma (IFNγ)mediated MHCII gene induction generates a spatial epigenetic memory that involves the
locus relocalization in proximity to PML-NBs. This leads to accelerated induction upon
restimulation that is maintained through several cell generations (Gialitakis, Arampatzi et al.
2010). Finally, PML has been implicated in chromatin reorganization during senescence as
PML-NBs redirect RB-E2F complexes into heterochromatic regions and inhibits E2F activation
(Vernier, Bourdeau et al. 2011).
1.6.5 PML controlling stem cell function
The role of PML in regulating stem cell properties rapidly emerged the last decade. A
number of findings link PML with crucial pluripotency regulators. Oct3/4 has been reported
to be expressed preferentially adjacent to PML-NBs in mouse embryonic stem cells
(ESCs)(Aoto, Saitoh et al. 2006). In addition, Oct4 and Nanog are associated with PML in a
transcriptional repressive complex in ESCs (Liang, Wan et al. 2008). Importantly, it has been
shown that PML facilitates Oct4 transcriptional activation by maintaining an open chromatin
conformation of the Oct4 promoter region in mouse embryonal carcinoma cells (Chuang,
Huang et al. 2011). Interestingly, the morphology and the composition of PML-NBs in
human ESCs differs compared to the differentiated cells as they are fewer, larger and lack
SUMO-1, sp100 or Daxx (Butler, Hall et al. 2009). However, the functional output of the
altered PML-NBs structure in stem cells is unclear.
Recent

findings

demonstrated

that

PML

is

a

critical

mediator

of

ESC

pluripotency (Hadjimichael, Chanoumidou et al. 2017). PML was highly expressed in ESCs, to
regulate the expression of many stemness factors and promote cell proliferation.
Interestingly, PML appears important for naïve pluripotent state preservation. Furthermore,
PML influences cell fate decision in favor of endoderm at the expense of mesoderm. PML
involvement in pluripotency regulation is also supported by its requirement for successful
iPSC generation (Hadjimichael, Chanoumidou et al. 2017).
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The breakthrough regarding the function of PML in stem cell maintenance came from the
work of Ito et al. that linked hematopoietic stem cell maintenance with fatty acid oxidation
(FAO) activation by PML (Ito, Bernardi et al. 2008). HSCs remain in a quiescent state and
respond to environmental cues by entering the cell cycle, dividing and giving rise to multipotent progenitors. Interestingly, the PPAR-FAO signalling pathway is crucial for HSCs
maintenance and asymmetric cell division control. In vivo and in vitro experiments revealed
that loss of PML or PPARD, as well as mitochondrial FAO inhibition, resulted in symmetric
commitment of HSC daughter cells, while PPAR-δ agonists promotes asymmetric divisions
(Ito, Carracedo et al. 2012). Collectively, the PML-PPAR-FAO signalling axis controls the cell
fate decision between self-renewal and HSCs differentiation (Figure 1.9).
Further evidences for PML’s impact on cell stemness beyond the hematopoietic system
derived from studies on normal tissue development. It has been demonstrated that PML is
required for normal mammary gland development and lineage commitment of bi-potent
luminal progenitor cells since Pml deletion in mice results in delayed differentiation of
alveolar cells and reduced ductal development (Li, Ferguson et al. 2009) (Figure 1.9).
Studying the nervous system development unveiled that PML controls the embryonic neural
progenitor cell (NPC) number and differentiation as Pml loss increases the overall number of
NPC and impairs the transition between the two major progenitor types, radial glial cells and
basal progenitors. PML represses the proliferation and associates with the undifferentiated
state of NPCs by favoring RB dephosphorylation through the PP1a phosphatase and thereby
cell cycle arrest (Regad, Bellodi et al. 2009) (Figure 1.10).

Figure 1.10: PML and stem cell regulation. Numerous studies have highlighted the role of PML in controlling
stem cell function in multiple tissues (Salomoni 2009).
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1.6.6 PML’s implication in other/more cellular processes
Another emerging role for PML is the regulation of neoangiogenesis. It was demonstrated
that in response to hypoxia, a condition linked to ischemic lesions and tumour
microenviroment, Pml -/- mice and cells showed increased neoangiogenesis and
vascularization (Bernardi, Guernah et al. 2006). Thus, PML is a negative regulator of
neoangiogenesis. This function is mediated via attenuation of the AKT–mammalian target of
rapamycin mTOR/ hypoxia-inducible factor 1 alpha (HIF1α) signalling. Mechanistically, PML
represses mTOR activity thereby inhibiting mTOR-mediated HIF1α protein synthesis and
angiogenesis (Bernardi, Guernah et al. 2006). It has also been reported that PML stimulated
expression by TNFα and IFNα represses integrin beta1 (ITGB1) expression and thus block
endothelial cell network and migration (Cheng, Liu et al. 2012). Collectively, PML has a
suppressive role in angiogenesis.
An extensive literature has linked PML to viral and bacterial infections. As mentioned above,
PML expression, and hence NB formation, is induced upon inflammation, pinpointing its role
in cellular defense against pathogens. Multiple studies report that viral proteins and nucleic
acids accumulate in the PML-NBs where they can be inactivated by SUMO conjugation or
even being degraded (Sahin, Lallemand-Breitenbach et al. 2014). Apart from its antibacterial or -viral function, PML is also involved in innate and adaptive immunity (Hsu and
Kao 2018).

1.7 The two-faced role of PML in cancer
It is apparent that PML and PML-NBs control functions as diverse as senescence and
angiogenesis, and that this is achieved by distinct biochemical mechanisms. Therefore, it is
not surprising that PML is implicated in the multistep process of tumourigenesis. Over the
past years, a body of in vivo and in vitro studies have unveiled PML’s role in the inhibition of
cell proliferation, cell migration and angiogenesis characterizing PML as a tumour
suppressive factor. The key observations that illustrate PML’s tumour suppressive activity
are summarized as follows: PML activates p53 through acetylation resulting in a positive
feedback loop to promote p53-mediated apoptosis and senescence (Pearson, Carbone et al.
2000, de Stanchina, Querido et al. 2004); p53-independent apoptotic pathways (Ca2+ release
from ER) are also promoted by PML (Wang, Ruggero et al. 1998); PML is transcriptionally
and translationally activated upon overexpression of the oncogenic K-RAS and is necessary
for K-RAS induced cellular senescence (Ferbeyre, de Stanchina et al. 2000, Scaglioni,
Rabellino et al. 2012); PML is a negative regulator of the pro-survival PI3K/Akt/mTOR
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pathway at multiple levels. PML sequesters the tumour suppressor PTEN in the NBs and
inactivates pAKT via the recruitment of the PP2A phosphatase. PML also represses mTOR
activity by inhibiting its interaction with Rheb (Nakahara, Weiss et al. 2014); PML potentiates
the anti-proliferative activity of RB by recruiting the PP1A phosphatase, which
dephosphorylates RB, thereby favoring the association between RB and E2Fs and repressing
E2F transcriptional program (Regad, Bellodi et al. 2009, Vernier, Bourdeau et al. 2011); PML
is phosphorylated by DNA-damage activated kinases ATR/Chk2 and is required for DNA
damage-induced apoptosis (Dellaire, Ching et al. 2006); PML promotes telomere instabilityinduced cell senescence via its interaction with telomeric DNA and telomerase (Oh, Ghim et
al. 2009) and mediates ALT to maintain genome integrity; PML suppresses angiogenesis
(Bernardi, Guernah et al. 2006). It has to be noted that the most studied PML isoform in the
context of tumour suppression is PML-IV because of its involvement in p53, RB and other
anti-proliferative pathways as well as replicative senescence (Gamell, Jan Paul et al. 2014).
The tumour suppressive activity of PML has been validated by a series of studies in
genetically engineered mice. Pml knockout animals do not develop per se tumours but are
tumour prone upon mild oncogenic stimuli (Wang, Rivi et al. 1998). Pml deletion along with
additional oncogenic mutations or tumour suppressor depletion contributes to increased
tumour initiation and progression. In Pten+/− mice background, Pml loss resulted in invasive
colon adenocarcinomas. In addition, PML dosage dictated the number and the size of colonic
polyps (Trotman, Alimonti et al. 2006). In another study using the murine model of KrasG12D
induced non-small cell lung cancer (NSCLC) Pml deficiency increased the tumour burden and
aggressiveness (Scaglioni, Rabellino et al. 2012). Pml knockout mice, treated with 7,12dimethylbenz(a)anthracene (DMBA) and 12-O-tetradecanoylphorbol-13-acetate(TPA) two
potent skin carcinogens presented increased number of papillomas an indication of benign
tumour initiation but did not significantly affect the frequency of tumours undergoing
malignant transformation (Wang, Rivi et al. 1998). Collectively, the in vivo studies suggest
that PML’s contribution to tumourigenesis relies on the specific context in which its deletion
is achieved.
The first observations that PML expression is altered during the process of oncogenic
transformation were reported in the early 90s (Koken, Linares-Cruz et al. 1995, Terris, Baldin
et al. 1995). A subsequent immunohistochemical analysis of PML expression in a wide array
of human tumours of different histological origins by Pandolfi group demonstrated that PML
protein levels were downregulated in numerous cancers compared to the corresponding
normal tissues (Gurrieri, Capodieci et al. 2004). PML expression was completely or partially
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lost in non-Hodgkin lymphomas; prostate, colon and breast adenocarcinomas; lung tumours;
central nervous system tumours; germ cell tumours (Gurrieri, Capodieci et al. 2004);
stomach cancer (Lee, Cho et al. 2007); lung small cells cancer (Zhang, Chin et al. 2000); and
sarcomas of the soft tissues (Vincenzi, Perrone et al. 2010). In addition, PML downregulation
correlated with high-grade tumours and bad prognosis in some tumour types, e.g. breast
and prostate adenocarcinomas (Rego and Pandolfi 2001). Intriguingly, loss of PML protein in
all the above cases did not correlate with gene mutations, loss of heterozygosity or to PML
mRNA levels (Gurrieri, Capodieci et al. 2004). So, despite the presence of a functional gene,
PML protein levels are decreased. Therefore, it is likely that PML protein is posttranslationally degraded through proteasome-dependent mechanisms.
The aforementioned studies consider PML as a tumour suppressor, a notion that is widely
accepted by the scientific community. However, research over the past decade, has radically
changed our view on PML’s implication in oncogenesis. As earlier discussed, PML is involved
in normal tissue development and maintenance of stem cell pools. In addition, latest data
propose that PML regulates self-renewal of CSCs. However, the role of PML in maintaining
leukemia initiating cells (LICs) was early suggested by the observations that the fusion
protein PML-RARa inhibited the differentiation of myeloid precursor cells and promoted
their survival (Grignani, Ferrucci et al. 1993, Wang, Rivi et al. 1998, Welch, Yuan et al. 2011).
In addition, pharmacological degradation of PML-RARa by RA and As2O3 eliminated LICs in
mouse model APL (Nasr, Guillemin et al. 2008). The critical function of PML in the
maintenance of HSCs and LICs came from the study of Ito et al. in disease models of chronic
myeloid leukemia (CML). Contrary to the majority of solid tumours, PML expression was
often elevated in CML patients and correlated with poor clinical outcomes. Pml depletion in
mouse models resulted in both LIC and HSC exhaustion. The same result was achieved by
pharmacological downregulation of PML upon As2O3 treatment. Moreover, Pml null HSCs
presented increased activity of AKT/mTOR. Taken together, this study demonstrated that
PML is indispensable for HSCs and LICs maintenance probably by repressing mTOR activity
(Ito, Bernardi et al. 2008).
Apart from PML’s pro-survival role in LICs, Carracedo et al. while analyzing PML expression in
breast cancer biopsies found that PML was overexpressed in a subset of the cases. Notably,
higher levels of PML mRNA and protein only in tumour and not in stroma cells, were
significantly correlated with triple-negative breast cancer tumour subtype, high tumour
grade, early tumour recurrence, and poor prognosis (Carracedo, Weiss et al. 2012).
Consistent with the function of PML in the HSC compartment, this study showed that PML
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promoted breast cancer cell survival through the PPARδ-FAO pathway. In response to
metabolic stress unleashed by loss of attachment in breast cancer cells PML acted as both a
negative regulator of perixosome proliferator-activated receptor (PPAR) coactivator 1A
(PGC1A) acetylation and a potent activator of PPAR signalling and FAO. Mechanistically, PML
activates FAO through PPAR signalling by inducing the deacetylation of PGC1a by SIRT1 in
the PML-NBs. In addition, they showed that PML promoted ATP production and inhibited
anoikis in 3D basement membrane breast culture models, whereas the effect was reversed
upon pharmacological inhibition of FAO (Carracedo, Weiss et al. 2012).
PML in normal cells has a central role in stress response upon numerous environmental
stimuli. Its versatile function along with the complex signalling microenviroment provided by
PML-NBs and their interacting partners make PML as a key mediator of cell fate decisions,
i.e., self-renewal vs. differentiation, adaptation vs. apoptosis or senescence. In vitro and in
vivo data supports PML’s pro-apoptotic and pro-senescence activity. However, Pml deletion
is not adequate to increase the rate of spontaneous cancers in mice. Instead, Pml ablation in
cooperation with other oncogenic lesions can increase carcinogenesis. Furthermore, PML
expression is required to maintain self-renewal in CML and to evade anoikis in TNBC,
implying that PML may provide
a

selective

pro-survival

advantage in certain settings.
Taken together, the simple and
well-established
PML

is

a

notion

typical

that

tumour

suppressor is not supported by
the available data. The emerging
concept is that PML has a dual
activity in cancer regulation
acting as a tumour suppressor
or

as

pro-oncogenic

factor

depending on the cell context
(Figure

1.11).
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Figure 1.11: PML may act as a pro-apoptotic or pro-survival factor.
Summary of the main tumour-suppressive and pro-survival functions of
PML (Martin-Martin, Sutherland et al. 2013).

microenviromental

milieu as well as the PML’s interacting partners may dictate the Janus role of PML in cancer.
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1.8 PML contribution in normal mammary gland development and breast cancer
The study of PML deficiency in the hematopoietic and neuronal system unveiled the impact
of PML on normal tissue development and maintenance of stem cell pools. Analogous
research on the murine mammary gland showed that PML is required for normal growth and
expansion of the mammary epithelium by regulating bi-potent luminal progenitors cells (Li,
Ferguson et al. 2009). The mammary gland develops through three distinctive stages:
embryonic, pubertal and gestational (postnatally). Several phases of significant cellular
growth, differentiation and death occur throughout the course of mammary gland
development (MGD). The STAT family of proteins, key transcription factors activated by
cytokine signalling and controlling various growth, survival and differentiation pathways, is
crucial for normal MGD with distinct activated Stats during each phase of a
pregnancy/lactation/involution cycle (Watson and Khaled 2008).

Stat5 regulates the

differentiation and function of alveolar cells while Stat6 promotes alveolar lineage
expansion. Opposing to Stat5/6 activities, Stat3 induces the cell death of alveolar cells to
terminate alveolar development at the end of lactation. Li et al demonstrated that PML
expression is tightly controlled during MGD with the highest levels and larger PML-NBs in
virgin mammary tissues and the lower, almost undetectable, during gestation and lactation.
PML expression increases again during the early stages of involution to reach pregestation
expression levels. Interestingly, Pml expression pattern negatively correlates with the
activation pattern of Stat5, Stat6 and Stat3 suggesting that Stats may transcriptionally
suppress Pml expression throughout MGD. Indeed, in vitro and in vivo models confirmed the
interplay between Stat proteins and PML expression. Firstly, treatment of mammary
epithelial cells with a potent activator of Stat3 signalling, oncostatin M (OSM), resulted in
downregulation of PML expression. Likewise, treatment of the same cells with either
prolactin to trigger Stat5 activation, or IL-13 to induce Stat6 led as well in PML
downregulation. Conversely, PML expression is upregulated in mammary glands from Stat3
and Stat6 knockout mice, thus corroborating the in vitro observations.
In order to study the possible role of PML in MGD, Li and co-workers analyzed the effect of
Pml deletion on virgin glands where mammary ductal elongation is in progress. Pml deficient
mice display significant smaller ducts with a reduced number of branches per duct.
However, the cellular organization of the ducts was not altered. Together, these findings
pinpoint a function of PML in the regulation of mammary gland morphogenesis and ductal
maturation.
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Next the authors aimed to determine whether PML deletion influences the differentiation of
distinct progenitor cell populations within the developing gland. Recent studies have defined
the hierarchy of mammary epithelial cell lineage commitment with the identification of
markers that characterize discrete subpopulations of progenitor cells, which are able to
grow in vitro and differentiate into specific subsets of functionally diverse epithelial cells. For
example, the expression levels of Sca1, a marker which positively correlates with the ERα,
divides the luminal progenitors into two discrete sub-populations. The Sca1- cell fraction was
notably reduced in Pml null glands, whereas the Sca1+ subpopulation was slightly increased.
In addition, unsorted total epithelial cells from Pml knockout mice present higher colony
forming efficiency compared to controls, which possibly stems from the increased Sca1 +
progenitor pool. Collectively, these results highlight that PML is a regulator of MDG
potentially through interplay with Stat proteins and its ability to maintain distinct progenitor
subpopulations. These findings are consistent with data obtained from the hematopoietic
and neural systems since in all three cases, PML deficiency promotes stem/progenitor cell
proliferation.
As PML is required for normal MGD is not surprising that its aberrant expression is linked to
breast cancer. Like in numerous solid tumours it has been reported that PML expression is
completely or almost completely lost in primary breast cancer tissue samples and correlates
with progression to lymph node metastasis, something that is in line with the general
perception of PML as a tumour suppressor factor. Nevertheless, as discussed above PML was
recently found overexpressed in biopsies of aggressive breast cancers, particularly of the
triple-negative subtype, where it was suggested to exert a pro-survival metabolic function by
promoting ATP production and cell survival, along with maintenance of breast cancer
initiating cells and tumour aggressiveness through the PPARδ-FAO pathway (Carracedo,
Weiss et al. 2012). Follow up experiments from the same group demonstrated that PML fine
tunes tumour initiating capacity in aggressive breast cancers by positively regulating the
expression of the stem cell gene SOX9 (Martin-Martin, Piva et al. 2016). In addition, they
showed that STAT3 positively regulates PML expression in TNBC (Martin-Martin, Piva et al.
2016), which disagree with the transcriptional regulation of PML by STAT3 during normal
MGD mentioned earlier (Li, Ferguson et al. 2009). Another recent study suggests that PML
acts as a prometastatic factor in TNBC through transcriptional regulation of HIF1A target
genes. Ponente et al showed that in TNBC context HIF1A induces PML expression, and PML
in turn cooperates with HIF1A to control the expression of a number of HIF1A target
metastasis-related genes, thus promoting cell migration, invasion, and metastasis in cell and
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mouse models. Moreover, in vivo PML deletion in TNBC mouse models as well as
pharmacological inhibition of PML with arsenic trioxide, delays tumour growth and impairs
metastatic dissemination (Ponente, Campanini et al. 2017). The pro-oncogenic function of
PML in triple negative and basal-like breast cancer which share common characteristics with
breast stem and progenitor cells is not unexpected taken in consideration that PML is
implicated in the maintenance of mammary stem and progenitors cell pools.
The detailed function of PML in mammary gland development and its dual role in breast
cancer pathogenesis demands further investigation. It has been shown that PML functionally
interacts with the chromatin organizer SATB1 which expression’s is correlated with
aggressive breast cancer cells, tumour growth and metastasis (Kumar, Bischof et al. 2007,
Han, Russo et al. 2008). In this respect, PML function in the mammary gland in normal and
pathological conditions could be mediated via SATB1. Another speculation is that cell fate
decisions of the mammary gland could be dictated by the relative STAT/PML concentrations
and the complexes that arise since STATs fine tune the different phases of MGD as well as
PML expression and at the same time PML it has been reported that PML bind directly to
STATs and selectively modulates their activities (Kawasaki, Matsumura et al. 2003). At any
case, it is undisputed that PML and PML-NBs integrate incoming signals from different
pathways to promote cell fate decisions and the coordinated MGD.

1.9 Pharmacological manipulation of PML
The dual function of PML in tumourigenesis raises a significant challenge for novel
therapeutic approaches that target PML. Most of APL cases (more than 90% of the patients)
are treated and cured with regimens combining retinoic acid (RA) and arsenic trioxide (de
The and Chen 2010). The mechanism of action of arsenic trioxide relies on its ability to
directly bind PML through oxidation-triggered disulfide bond formation. This leads to PML
and PML-RARα SUMOylation and its subsequent degradation via the ubiquitin- proteasome
pathway (Lallemand-Breitenbach, Jeanne et al. 2008, Lallemand-Breitenbach and de The
2010). Thereby, the differentiation block is overcome, and senescence program is restored in
APL cells. The efficient degradation of PML in APL and the high percentage of remission
consist convincing evidence that PML is a potent druggable target. In depth understanding
of PML upstream regulators and PML interactors in different cancer types is demanding to
define targets for the design of specific anticancer therapies. Depending on the cellular
settings, restoration or enhancement of tumour suppressive PML activities, or targeted
elimination of aberrantly functioning PML, may favor the clinical outcome.
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As discussed earlier in most of the analyzed malignancies PML downregulation occurs at the
post-translational level. Interestingly, PML expression was restored upon proteasome
inhibitor treatment in selected cancer cell lines with undetectable PML levels (Gurrieri,
Capodieci et al. 2004), suggesting a rationale for restoration of PML expression at the
protein level. Thus, molecular pathways that mediate PML degradation as well as enzymes
that post-translationally modify PML and its stability are potential targets for its restoration.
Inhibition of the negative regulators of PML’s stability including CK2, BMK1, KLHL20 and
E6AP by specific inhibitors restores the tumour suppressive function of PML through the
induction of apoptosis and senescence. Combinatorial approaches with DNA damaging drugs
and cytokines that induce PML expression might provide better outcome (Wolyniec, Carney
et al. 2013, Gamell, Jan Paul et al. 2014).
Upon the recent findings that PML has a pro-oncogenic activity in hematopoietic stem cells
and in breast cancer cells through activation of PPAR signalling and the FAO transcriptional
program, targeting PML for degradation may represent a novel therapeutic strategy.
Accordingly, the use of PML-targeting drugs that promote its proteasomal degradation could
be of remarkable importance in the treatment of CML and breast cancer. In addition, PML
downregulation could be achieved by enhancing levels or activity of the E3 ubiquitin ligase
RFN4, which is involved in the ATO-induced PML degradation (Tatham, Geoffroy et al. 2008).
Concurrent targeting of FAO or the use of PPAR antagonists with low doses of ATO may have
synergistic effect on TNBC and CML (Wolyniec, Carney et al. 2013, Gamell, Jan Paul et al.
2014).

1.10 Forkhead box proteins
Forkhead box (FOX) proteins constitute a superfamily of transcription factors defined by the
presence of an evolutionary conserved DNA-binding domain (DBD) named the forkhead box
or winged helix domain. Based on the sequence homology of their DBD and other functional
sequences outside the core forkhead motifs, 50 FOX genes have been identified in human
genome, divided into 19 subgroups (FOXA to FOXS) (Kaestner, Knochel et al. 2000, Jackson,
Carpenter et al. 2010). The FOX transcription factors orchestrate the coordinated spatiotemporal expression of a broad range of genes critical for embryonic development and
homeostasis of adult tissues. Despite the highly conserved DBD, FOX protein members
participate in a wide spectrum of biological processes by regulating diverse transcriptional
networks that are involved in cell cycle progression, proliferation and differentiation,
senescence, survival, apoptosis as well as metabolism (Myatt and Lam 2007).
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The pleiotropic roles of FOX proteins arise from their ability to integrate multiple cellular and
environmental cues and to function both as transcriptional activators and repressors. FOX
factors can activate the transcription of target genes via various mechanisms (Lam, Brosens
et al. 2013). They can act as classical transcription factors by binding to forkhead response
elements (FHREs) in promoters and recruiting co-activators such as the histone
acetyltransferase CBP/p300, which facilitates the assembly of the basal transcriptional
machinery (Wang, Marshall et al. 2009). In addition, FOX proteins may be pioneer factors
that interact with condensed chromatin to promote the binding of other transcription
factors. For example, ER binding at distal sites requires FOXA1 as a pioneer factor in breast
cancer (Carroll, Liu et al. 2005). Finally, FOXs can also function as co-factors that cooperate
with other transcription factors and chromatin remodeling proteins to activate transcription.
For instance, binding of FOXM1 to mitotic gene promoters requires the pioneering activity of
BMYB transcription factor (Down, Millour et al. 2012). Besides activating transcription, FOX
proteins can also act as transcriptional repressors primarily through the recruitment of
HDACs (Lam, Brosens et al. 2013). Moreover, association with the DNA methyltransferase
DNMT3B is another mechanism of FOX-dependent transcription repression (Carr, Kiefer et
al. 2012).
FOX proteins are dynamically controlled by PMTs (phosphorylation, acetylation,
SUMOylation, ubiquitination) that dictate their DNA-binding and transcriptional activity as
well as their subcellular localization and stability (Myatt and Lam 2007, Calnan and Brunet
2008). Besides PMTs, different FOX members interact with specific co-factors, which can
influence their transcriptional activity. Finally, the cell-specific expression of FOX factors is an
additional level of their complex regulation. Given the vital role of FOX proteins in cellular
and tissue homeostasis, their deregulation because of genetic events and/or alterations in
PMTs is strongly associated with cancer initiation and progression, as well as drug resistance
(Myatt and Lam 2007, Golson and Kaestner 2016).

1.10.1 FOXM1: an oncogenic transcription factor
The Forkhead Box M1 (FOXM1) transcription factor belongs to the FOX protein family and
has a key role in embryonic and foetal development, as well as in tissue homeostasis and
regeneration in adults. FOXM1 is widely recognized as a crucial cell cycle regulator. Thus, it is
ubiquitously expressed in actively replicating, immortalized or transformed cells, whereas its
expression is absent from non-proliferating cells (Bella, Zona et al. 2014). The human FOXM1
gene undergoes alternative splicing that leads to three isoforms: FOXM1a, FOXM1b and
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FOXM1c. FOXM1b and FOXM1c function as transcriptional activators, whereas FOXM1a as a
transcriptional repressor (Wierstra 2013). Recently, a novel isoform was identified, FOXM1d
(Zhang, Zhang et al. 2017).
During embryogenesis, FOXM1 activity ensures the coordinated development of both
epithelial and mesenchymal tissues (Ye, Kelly et al. 1997). The pivotal role of FOXM1 in
normal cell growth is highlighted by Krupczak-Hollis et al, who showed that mice lacking
FOXM1 are embryonic lethal because of defective liver and heart expansion (Krupczak-Hollis,
Wang et al. 2004). FOXM1 fine tunes a network of G1/S and G2/M transitions, and M phaseassociated genes such as CDC25B, Cyclin B (CCNB1), Aurora B kinase (AURKA), polo-like
kinase 1 (PLK1), survivin (BIRC5) and centromere protein A (CENPA), CENPB and CENPF.
Accordingly, loss of FOXM1 results in reduced DNA replication, mitotic spindle defects and
chromosome missegragation, and is homozygous lethal in mouse models (Laoukili, Kooistra
et al. 2005, Wang, Chen et al. 2005, Wonsey and Follettie 2005). Besides cell cycle
progression, FOXM1 also controls genes implicated in angiogenesis, cell migration and
invasion, epithelial- mesenchymal transition (EMT), stem cell expansion and renewal,
senescence and DNA repair (Bella, Zona et al. 2014) (Figure 1.12).

Figure 1.12: Functional roles of FOXM1. FOXM1 regulates crucial processes in both development and tumour
progression including cell cycle progression, cell proliferation, stem cell expansion and self-renewal, DNA damage
repair, angiogenesis, cell migration and epithelial to mesenchymal transition (Bella, Zona et al. 2014).

Aberrant FOXM1 expression is a hallmark of various malignancies and is related to high
tumour aggressiveness (Laoukili, Stahl et al. 2007, Koo, Muir et al. 2012, Wierstra 2013).
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Although mouse models confirm the oncogenic role of FOXM1 (Lam, Brosens et al. 2013)
and FOXM1 upregulation occurs during the early stages of tumourigenesis, FOXM1
overexpression is not itself an initiating tumour event (Golson and Kaestner 2016). In
addition to FOXM1’s involvement in the onset of cancer, deregulated FOXM1 is also linked
to tumour progression, metastasis, angiogenesis and drug resistance. FOXM1 functions, its
downstream targets and its effect on tumour progression are summarized in Table 2.

Skp2, Cks1, Cdc25B, PLK1,
CCNA2,CCNB, BIRC5, CENPA,
CENPB,CENPF, AURKB,
BUB1B,KIF20A,NEK2,MYC,TOP2A

Aberrant proliferation

Stem cell-like self-renewal properties

Oct4/K15/POU5F1, SOX2, Klf4,c-Myc
VEGF, uPA, uPAR
MMP-2, MMP-9 CAV1, uPA,
uPAR,ACP5
ZEB1, Vim, Snai-2, CDH2,
Twist,Slug, Anxa1

Promotion and sustenance
of the CSC phenotype.
Tumour angiogenesis
Tumour invasion and
metastasis.
Cancer cell migration,
invasion and
metastasis.
enhanced DNA repair
mechanism; Resistance to
cellular senescence and
genotoxic drugs

Regulation of blood vessel formation
Cell migration and invasion
Epithelial to mesenchymal transition

Cellular Senescence and DNA damage
response

Bmi-1, NBS1, XRCC1,
BRCA2,CHEK1, BRIP1,EXO1,
PLK4, POLE2, RFC4 and RAD51

Cancer progression

Cell cycle and proliferation

Cancer initiation

Table 2. FOXM1 functions, FOXM1-dependent genes and its effect on cancer
Normal functions
Target gene effectors
Effect on tumour
progression

It was shown that FOXM1 controls the differentiation of mammary luminal epithelial
progenitors by repressing the key regulator of luminal differentiation, GATA-3 (Carr, Kiefer et
al. 2012). Similarly to other tumour types, FOXM1 expression is upregulated in mammary
tumours (Wonsey and Follettie 2005). Moreover, FOXM1 overexpression correlates with
poor patient outcome and high tumour grade (Bektas, Haaf et al. 2008). Overall, FOXM1 is
implicated in all steps of breast cancer tumourigenesis and drug resistance (Saba, Alsayed et
al. 2016).
FOXM1 expression is tightly controlled transcriptionally by a multitude of transcription
factors that are activated by different kinds of signalling inputs. For instance, FOXM1 is
directly regulated by the E2F family transcription factors, Rb and p53. Furthermore, FOXM1
is subject to positive autoregulatory feedback loop since FOXM1 itself binds and
transactivates FOXM1 promoter (Wierstra 2013). FOXM1 transcriptional activity is heavily
regulated post-translationally by several modifications. Phosphorylation of FOXM1 is the
major modification for its transcriptional activation (Laoukili, Stahl et al. 2007). SUMOylation
is another modification that fine tunes FOXM1 activity. However, the effect of SUMOylation
on FOXM1 is still controversial as Schimmel et al, reported that it is required for FOXM1
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activity during G2 to M phase (Schimmel, Eifler et al. 2014), while Myatt et al claim that
FOXM1 SUMOylation attenuates its activity (Myatt, Kongsema et al. 2014).

1.10.2 The FOXO subgroup
The “O” subclass of FOX transcription factors in mammals consists of four members: FOXO1,
FOXO3, FOXO4 and FOXO6. FOXO proteins are widely expressed presenting tissue specific
preference. This expression pattern implies that although there is a certain level of
redundancy among the FOXO members, they perform cell type-specific functions (Biggs,
Cavenee et al. 2001, Ma, Matkar et al. 2018). FOXO factors are implicated in a plethora of
cellular processes ranging from cell cycle, apoptosis, redox homeostasis, metabolism and
longevity.
Diverse environmental and cellular signals, such as insulin, insulin-like growth factor (IGF-1),
other growth factors, neurotrophins, nutrients, cytokines and oxidative stress regulate
FOXOs by modulating their protein levels, subcellular localization, DNA-binding and
transcriptional activity (Calnan and Brunet 2008). In response to insulin/growth factor
signalling, FOXO transcriptional activity is negatively regulated by the PI3K-PKB/AKT
pathway. Upon PI3K induction, PBK/ΑΚΤ is activated and phosphorylates nuclear FOXOs at
three conserved sites. The phosphorylated residues induce the binding of the 14-3-3
chaperone proteins, which sequesters FOXOs in the cytoplasm and simultaneously blocks
their relocation into the nucleus, leading to their degradation via the ubiquitinationmediated proteasome pathway and the downregulation of FOXO-dependent transcriptional
program (Tzivion, Dobson et al. 2011). Besides AKT, a number of other protein kinases such
as glucocorticoid-induced kinase (SKG), extracellular signal-regulated kinase (ERK), casein
kinase-1 (CK1) and IkB kinase (IKK) phosphorylate FOXO proteins promoting their nuclear
exclusion. Conversely, in the absence of growth factor signalling or upon cellular stress c-Jun
N-terminal kinase (JNK), mammalian sterile 20-like kinase 1 (MST1), AMP-activated protein
kinase (AMPK) and lemur tyrosine kinase-3 (LMTK3) can phosphorylate FOXOs at specific
residues, resulting in nuclear translocation and the stimulation of their target genes (Wang,
Yu et al. 2016). Moreover, FOXOs are also subject to other PMTs including
acetylation/deacetylation, methylation or ubiquitination that dictate their activity and
stability (Calnan and Brunet 2008, Webb and Brunet 2014). In addition to the combinatorial
output of PMTs, FOXOs transcriptional activity and function is regulated via protein-protein
interactions with specific FOXO-binding partners (van der Vos and Coffer 2008, Daitoku,
Sakamaki et al. 2011) (Figure 1.13).
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Figure 1.13: Regulation and functions of FOXO transcription factors. FOXO transcriptional activity is negatively
regulated by the PI3K-PKB/AKT pathway. In addition, other post-translational modifications control FOXOs
activity. Upon activation, FOXOs can bind various transcription co-factors to regulate the transcription of target
genes implicated in apoptosis, cell cycle, redox homeostasis, metabolism, growth factor signalling and
angiogenesis (Hornsveld, Dansen et al. 2018).

FOXO transcription factors were primarily associated with tumour suppression, since
activation or ectopic expression of FOXO repressed cell cycle in fibroblasts and various
cancer cell lines (Hornsveld, Dansen et al. 2018). FOXO-dependent cell cycle arrest is
mediated through repression of cyclin D1/D2 as well as the upregulation of cell cycle kinase
inhibitors (CKI) expression including p27kip1 (CDKN1B), p21cip1 (CDKN1A), p16INK4a and others,
which inhibits the cyclin/CDK complexes and thus cell cycle progression and cell
proliferation. The tumour suppressive function of FOXOs is further supported by their ability
to induce apoptosis in both normal and cancer cells. FOXOs can stimulate the expression of
both extrinsic and intrinsic pro-apoptotic genes such as BIM, FASL, TRAIL, TNFR, BMF and
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BCL2. Interestingly, knockout of only one of the FOXO members in mice results in
developmental defects but not to cancer incidence. However, conditional triple knockout of
Foxo1/Foxo3/Foxo4 in adult mice led to lymphomas, while combination of double knockout
Foxo1/Foxo3 or Foxo1/Foxo4 had mild effect on tumour incidence. Accordingly, the
knockout studies suggest that individual FOXO members are redundant and can act as
tumour suppressors. Although FOXOs are generally reported to suppress cell proliferation
and tumourigenesis, recent studies support that FOXOs may also sustain tumour cell growth
as well as induce drug resistance. The emerging picture about the role of FOXOs in
tumourigenesis is that FOXOs can function as both tumour suppressors and supporters
depending on the context in which they are activated (Hornsveld, Dansen et al. 2018).
It has been reported that FOXM1 is a FOXO3 downstream target as FOXO3 antagonizes
FOXM1 transcriptional activity through various mechanisms: displacing FOXM1 from its
binding sites; directly inhibiting FOXM1 expression; chromatin condensation via HDACs
recruitment thereby preventing the access of transcription factors, including FOXM1 (Lam,
Brosens et al. 2013). Accordingly, FOXO3 and FOXM1 compete for binding to similar DNA
sequences and share a number of downstream target genes such that genes activated by
FOXM1 are often repressed by FOXO3 (McGovern, Francis et al. 2009, Karadedou, Gomes et
al. 2012, Yao, Fan et al. 2018) (Figure 1.14).

Figure 1.14: FOXM1 and FOXO3 are transcriptional antagonists. Α. FOXO3 antagonizes FOXM1 transcriptional
activity through displacement from the forkhead response elements (a); chromatin condensation (b); direct
binding on FOXM1’s promoter (Lam, Brosens et al. 2013). B. FOXO3 and FOXM1 exert opposing functions in the
regulation of cancer-related processes, important for cancer progression, including tumourigenesis, cell
proliferation, metastasis, angiogenesis, and chemoresistance (Yao, Fan et al. 2018).
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2. Study objectives
Recent advances in molecular biology have a dramatic impact in understanding the
molecular and cellular mechanisms that govern breast cancer. However, therapy resistance
and disease recurrence because of dynamic genetic and epigenetic intra and inter tumoural
heterogeneity are significant hurdles to successful treatment of breast cancer. Identifying
the molecular regulators and networks that fuel breast tumour diversity is imperative for
breast cancer diagnosis, prognosis and therapeutics.
Because of its dual function in tumourigenesis and its peculiar biochemical nature the role of
PML and PML-NBs remains ambiguous. PML pharmacological targeting has been already
proved critical to the eradication of Acute Promyelocytic Leukemia (APL). The two-faced
activity of PML in tumourigenesis adds another layer of complexity in its pharmacological
manipulation. Therefore, understanding the discriminating mechanisms of PML pro-survival
or tumour suppressive functions and the cell specific contexts that dictate these activities is
crucial.
The aim of this study is to understand PML’s network (direct and indirect targets) as well as
the genetic and epigenetic mechanisms that it employs to regulate cell proliferation and selfrenewal pathways in breast cancer. The specific goals of this project are to: examine the
impact of PMLIV overexpression on the cell proliferation of different type breast cancer
cells; analyze the transcriptomic profile of PMLIV overexpressing breast cancer cells; validate
differentially expressed targets upon PMLIV overexpression and establish their functional
significance; determine PML’s interactome in breast cancer cells; investigate the effect of
PMLIV on BCSCs.
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3. Material and methods
3.1 Plasmids
PMLIV and PMLIII expression vectors have been previously described (Gialitakis, Arampatzi
et al. 2010). For the co-immunoprecipitation and co-localization studies PMLIV and PMLIII
were subcloned into dsRED monomer (Clontech). For the generation of stable cell line, the
myc tagged PMLIV insert (described above) were first cloned into the bidirectionaldoxycycline (dox) inducible pBIG plasmid. Next, the region that carries the GFP-tet-PML was
excised and reinserted into ClaI-SalI backbone of the pLenti GFP PURO (Addgene #17448)
(Campeau, Ruhl et al. 2009) to generate the double GFP-PML doxycycline inducible vector
(toPMLxGFP). GFP-NLS was constructed by cloning the SV40-NLS sequence on pEGFP-C
(Clontech). GFP-FOXM1 was generated by inserting the FOXM1 coding region from
pCW57.1-FOXM1c (Addegene #68810) (Barger, Zhang et al. 2015) into pEGFP-C (Clontech).
The GST-FOXM1 fragments used for the GST-pull down assays have been previously
described (Chen, Muller et al. 2013) and were generous gifts from A.D. Sharrocks (University
of Manchester, Manchester, UK). The FOXM1 promoter was amplified using the following
primers F: 5’-CGGTCTATTATATCCGAAGG-3’ and R:5’-GTTCCGCTGTTTGAAATTG-3’ in genomic
DNA. The amplified DNA was the digested with restriction enzymes SacI and HindIII and
subcloned into PGL3-basic reporter vector. The FOXO3 expression plasmid was gift from
E.Lam and was fused into dsRED monomer plasmid (Clontech). The RFP-SUMO1 and SUMO2
expression plasmids were kindly provided from E.Lam.
Short hairpin sequences that we used: shFOXM1: CTCTTCTCCCTCAGATATA, shFOXO3:
GGAGCTTGGAATGTGACAT. Sub cloning of the specific shRNAs into PLO.1 vector was done
introducing AgeI and EcoRI in the 5’-end of top and bottom shRNA oligos, respectively.
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3.2 Transfections and lentivirus production
Transient transfections were performed using the calcium phosphate DNA precipitation
method, Lipofectamin 2000 (Thermo scientific) or FUGENE (Promega) according to the
manufacturer’s instructions.
Lentiviral vectors were obtained by HEK-293T transfection with calcium phosphate. Cells at
60% confluency were transfected with the corresponding vectors (20μg for 100mm dish),
the packaging (12μg PAX for 100mm dish) and envelope (6μg PMD2G for 100mm dish). The
next day the medium was change and 48-72h after transfection the supernatant was
collected.

3.3 Cell culture and generation of stable cell line
Human breast cancer cell lines: MDA-MB-231, T47D as well as HEK293T and Cos-7 (obtained
from ATTC) were cultured in DMEM, supplemented with 10% FBS and Gentamycin in 5%
CO2 and at 37oC. Tumourspheres were grown in DMEM-F12 1:1 (Gibco) medium containing
B27 (1:50), bFGF (20ng/ml), EGF (20ng/ml) and 0.2% methylcellulose, in ultralow attachment
plates. For the generation of doxycycline inducible cell lines first a pLenti CMV rtTA3 Blast
(w756-1) (Addgene #26429) was introduced into recipient cells that where selected by
blasticidin. Next, the dox inducible toPMLxGFP was introduced. Independent pools of clones
were tested, and a representative pool was further used.

3.4 RNA extraction and quantitative reverse transcription PCR (qRT-PCR)
Total RNA was extracted using TRIzol reagent (Invitrogen)/Nucleozol (Macherey-Nagel).
Subsequently, 2μg RNA was reversely transcribed to cDNA by M‐MuLV Reverse
Transcriptase (Biolabs) supplemented with RNase inhibitor (Biolabs) according to the
manufacturer’s protocol. Relative abundance of each transcript was measured by
quantitative real time PCR using SYBR Green I (Invitrogen). Relative mRNA expression was
calculated after normalization against β-actin levels. Primer sets used for real qPCR analysis
are listed in Table 3.1.
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Table 3.1: The sequences of primers that were used for qPCR mRNA analysis:
PML
ACTIN B
FOXM1
CCNB1
TOP2A
NFYA
PCNA
MCM6
BRCA1
FANCD2
CCND1
CDH13
p21
LIN-9
Bim
RICTOR
SOD2
HDAC9
IL23R
HLA-DQA
JHDM1D
ICAM3

F: 5' CCCTGGATAACGTCTTTTTCG 3'
R: 5' GGAGCTGCTCGCACTCAAAGC 3'
F: 5' CCTGTACGCCAACACAGTG 3'
R: 5' ATACTCCTGCTTGCTGATCC 3'
F: 5' ATTGGACCAGGTGTTTAAGCC 3'
R: 5'GGTAGCAGTGGCTTCATCTT 3'
F: 5′-GCAAGCAGTCAGACCAAAAT-3′
R: 5′-CATGAACCGATCAATAATGG-3′
F: 5'-TCAAACGGAATGACAAGCGA-3'
R: 5'-ATGGGCTGCAAGAGGTTTAG-3'
F: 5'-TCAATTCAGGAGGGATGGTC-3'
R: 5'-ACGGTGGTATTGTTTGGCAT-3'
F: 5'-TTTCCTGTGCAAAAGACGGA-3'
R: 5'-CCGTTGAAGAGAGTGGAGTGG-3'
F: 5'-TGGTGACCCAAGTACAGCTA-3'
R: 5'-CCGCACGTCCATCTTATCAA-3'
F: 5'-TGTCTCCACAAAGTGTGACCA-3'
R: 5'-GCACGGTTTCTGTAGCCCAT-3'
F: 5'-GACTCACCCAACATGTGCCT-3'
R: 5'-AAATGCAACCATCAGTGCCAG-3'
F: 5'-CCTCGGTGTCCTACTTCAAA-3'
R: 5'-TGTAGATGCACAGCTTCTCG-3'
F: 5'-AACGACAAGCTACGCTATGA-3'
R: 5'-TTCTGCCATATCTTCCGCAT-3'
F: 5'-CCGCTCTACATCTTCTGCCTTAGTC-3'
R: 5'-AACCTCTCATTCAACCGCCTAGTT-3'
F: 5'-ATTCGAACCTCCCTCGCAA-3'
R: 5'-GAAAGGCATTTCCACAGCAG-3'
F: 5'-ATCATCGCGGTATTCGGTTC-3'
R: 5'- TCAGAAGGTTGCTTTGCCAT-3'
F: 5'-TGGATCTGACCCGAGAACCT-3'
R: 5'-CTCGCACTTCTTTTGCTTCA-3'
F: 5'-CTGGACAAACCTCAGCCCTA-3'
R: 5'-CTGATTTGGACAAGCAGCAA-3'
F: 5’-GGTGGACAGTGACACCATTT-3’
R: 5’-TGGATTCTTCAGCGTGATGG-3’
F: 5'-GAAAGCTGCCTTGCAATCTG-3'
R: 5'-TCCACCTTCGGGACCTTAAT-3'
F: 5'-TCTGATGTGTCCCTCACAGC-3'
R: 5'-AAAGATGATTGGGGAGGGAG-3'
F: 5'-TGCTGTTGACATTGACCTGT-3'
R: 5'-ATTTCATCGGCACTTGGGAA-3'
F:5’-TCTTGCACAGGAACAGTAGC-3’
R:5’-TGGAGCCTTCCTTCAAACAC-3’
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SPAG5
MMP1
JAG1
DNER
SOX4
CD24
EpCAM
SOX2
HEY1
ALDH1A3
NOTCH1
CDH1
ΖΕΒ1
VEGFA

F:5’-GAGCAACTACAGAGCCTGAC-3’
R:5’-CTACTCGGGTGAAAGCACTC-3’
F:5’-GGGCTTTGATGTACCCTAGC-3’
R:5’-ACTTCCGGGTAGAAGGGATT-3’
F:5’-TATACGTTGCTTGTGGAGGC-3’
R:5’-CCATGCAAGTTTTGTTGCCA-3’
F:5’-AGGGACCTCGTTAATGGCTA-3’
R:5’-ATCTCACAGTTTGCTCCCAC-3’
F:5’-TATCCCTTAACCTGCCACCA-3’
R:5’-TGGTGGCAGGTTAAGGGATA-3’
F:5’-TGCTCCTACCCACGCAGATT-3’
R:5’-GGCCAACCCAGAGTTGGAA-3’
F:5’-TTCTAAGAAAATGGACCTGACA-3’
R:5’-TTCCCTATGCATCTCACCCA-3’
F:5’-CAGGAGTTGTCAAGGCAGAGA-3’
R:5’-CCGCCGCCGATGATTGTTA-3’
F:5’-GCATTCCCGAAATCCCAAAC-3’
R:5’-GCTTTTGAGAAGCAGGGATCT-3’
F:5’-GCCCTGGAGACGATGGATAC-3’
R:5’-CTCATGCCTGGTGAAGCACA-3’
F:5’-TGCCCTCATGGACAACCAG-3’
R:5’-AGAACCACGGGCTCCTCGAAC-3’
F:5’-CTCACACACCCCCTGTTGGT-3’
R:5’-GTGAATTCGGGCTTGTTGTC-3’
F:5’-CCCAGTTACCCACAATCGTG-3’
R:5’-AGGGCTGACCGTAGTTGAGTA-3’
F:5’-TGCAGATTATGCGGATCAAACC-3’
R:5-TGCATTCACATTTGTTGTGCTGTAG-3’

3.5 cDNA Microarrays analysis
Total RNA was isolated from control and PMLIV OE cells using TRIzol (Invitrogen). The gene
expression profile of cells was determined by GeneChip® Human Transcriptome Arrays 1.0,
according to the manufacturer’s instructions. The raw data were processed to extract the
representative intensities from each probe set using Affymetrix Transcriptome Analysis
Console software. A threshold of fold change >1.5 and p≤ 0.05 was used to identify
differentially expressed genes between the two conditions. Functional analysis was
performed using the online tool g:Profiler (Reimand, Arak et al. 2016) as well as RNEA
(Chouvardas, Kollias et al. 2016). Microarray datasets have been deposited in GEO under
accession number GSE119583.
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3.6 Overlap analysis for gene lists
In order to determine whether PMLIV OE affects the same subset of genes that are
differentially expressed upon FOXM1 knockdown in MDA-MB-231 cells, siFOXM1 datasets
were retrieved from GEO (GSE25741, Platform ID : GPL6947). Using the GEO2R tool, a list of
relative expression values was extracted for siFOXM1 versus siLuc (control). Subsequently
the same cut-offs used for PMLIV OE analysis (Fold change>1.5 and p-val. ≤0.05) were
applied to generate a list of differentially expressed genes (DEGs) for the FOXM1 KD dataset.
The lists of PMLIV OE and FOXM1 KD DEGs were categorized into overexpressed and underexpressed genes. The degree of overlap between PMLIV OE and FOXM1 KD DEGs was
assessed by two Jaccard similarity indexes, one for each of the over- and under-expressed
gene lists. The Jaccard similarity index is defined as the intersection over the union of the
two sets. The significance of the calculated Jaccard indexes was resolved by permutation
analysis. For that reason, 10000 randomized gene lists with the same size as the PMLIV OE
DEG were generated using a custom Perl script. Successively, the 10000 corresponding
Jaccard indexes were calculated for overexpressed and under-expressed genes. After
computing the mean and standard deviation of the Jaccard indices of the permutated lists,
the initial, calculated Jaccard index was compared to the mean of this distribution based on
z-score.
The same approach was used for the overlap analysis of PMLIV OE and constitutively
activated FOXO3 DEGs. The FOXO3 datasets were retrieved from GEO (GSE113479, Platform
ID: GPL24915). The statistical significance of the triple overlap sets (PMLIV OE, FOXM1 KD,
FOXO3 activation) was assessed using the R package “SuperExactTest” (Wang, Zhao et al.
2015) which calculates the statistical distributions of multi-set intersections based on
combinatorial theory.
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3.7 Western blot analysis
Whole cell lysates were prepared using RIPA cell lysis buffer (25 mM Tris pH 7.6, 150 mM
NaCl, 1% NP-40, 1% Deoxycholate, 0.1% SDS, 1 mM PMSF) containing protease inhibitor
cocktail (Complete, Sigma) and protein concentration was determined by Bradford assay.
Equal amounts of cell lysates were subjected to SDS-PAGE, followed by immunoblotting.
Blots were developed with the ECL method (Thermo Scientific). The antibodies used in this
study are listed below: β-ACTIN (sc-47778, Santa Cruz), PML (sc-5621, Santa Cruz), PML (sc377340, Santa Cruz), pRB (9309, Cell signaling), p-pRB (9308,Cell signaling), p53(sc-6243,
Santa Cruz), p21 (sc-397, Santa Cruz), FOXM1 (sc-502, Santa Cruz), FOXM1 (sc-376471, Santa
Cruz), TBP (ab28175), GFP (9996, Cell signaling) RCFP (Anti-KillerRed) (AB961,Evrogen),
CCNB1 (sc-752, Santa Cruz), PLK1 (4513, Cell Signaling), CCND1 (sc-8396, Santa Cruz), AURKA
(3092,Cell signaling), RAD51(sc-8349,Santa Cruz), β-TUBULIN (2146, Cell signaling), FOXO3
(2497, Cell signaling), FOXO3 (ab12162, Abcam).

3.8 Protein immunoprecipitation
IP of in vivo interacting protein complexes was performed using the MDA-MB-231 PMLIV OE
cell line or HEK293T cell extracts prepared by RIPA cell lysis buffer as described above. 200μg
of protein extracts were incubated with primary antibody overnight at 4°C. The following
day, 20μl of protein G beads were added to each sample after washing with IP buffer (25
mM Tris-HCl pH 7.6, 150 mM NaCl), and reactions were incubated at 4°C for 3 additional
hours. Non-specific proteins were washed away three times with NETN buffer (10 mM TrisHCl pH 8.0, 250 mM NaCl, 5 mM EDTA, 0.5% NP-40, 1 mM PMSF). SDS sample buffer was
added and the samples were boiled prior to SDS-PAGE analysis. Input lanes represent 10% of
the lysate used for the immunoprecipitation.
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3.9 GST pull-down assay
GST-FOXM1 fusion constructs were expressed in BL21-Star™ (DE3) pLysS cells and crude
bacterial lysates were prepared by sonication in cold lysis buffer (50 mM Tris-HCl pH 8.0, 100
mM NaCl, 1 mM EDTA,pH 8.0, 2% NP-40, 1mM DTT, 1mM PMSF). To test the interaction
between FOXM1 and PMLIV, GST-fusion proteins were freshly purified by glutathioneSepharose beads (GE Healthcare), washed two times with lysis buffer and one time with
GST-Wash buffer (300mM KCl, 20mM HEPES pH7.9, 0.1% NP40, 5mM MgCl2) and
resuspended in 200μl GST-interaction buffer (150 mM KCl, 20 mM HEPES pH 7.9, 0.1% NP40,
5mM MgCl2) and mixed with 200μg of HEK-293T cell lysate overexpressing mRED-PMLIV.
The binding reaction was incubated for 3h at 4°C. Beads were washed three times with GSTWash buffer (600mM KCl, 20mM HEPES pH7.9, 0.1% NP40, 5mM MgCl2) and resuspended in
SDS sample buffer. Samples were subjected to SDS-PAGE and analyzed by immunoblotting.

3.10 Measure of FOXM1 protein turnover
The turnover rate of endogenous FOXM1 in MDA-MB-231 was determined using
cycloheximide (CHX) (Sigma) for protein synthesis inhibition. PMLIV was induced for 12h and
then CHX was added to the culture media to a final concentration of 100μg/ml. Cells were
harvested at the indicated time points, and equal amounts of cell lysates were subjected to
SDS-PAGE and analyzed by immunoblotting.

3.11 Blue silver coomassie colloidal blue staining and silver nitrate staining protocols
(compatible for Mass Spectometry)
For the coomassie blue staining the following protocol was used: Gels were incubated in
fixation solution (30% Methanol, 10% Acetic Acid) for 1h followed by 4 washes (15min each)
with distilled water. Gels were incubated with the staining solution (0.12% Coomassie Blue
G-250, 10% ammonium sulfate 10%, phosphoric acid, 20% methanol) overnight and the next
day the gels were destained with distilled water until the desired contrast was achieved.
For the silver nitrate staining gels were fixed for 20min in 50% v/v Methanol and 5% v/v
Acetic Acid solution, washed with 50% v/v Methanol for 10min and with distilled water
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overnight. Subsequently, gels were sensitized with 0.02% w/v Sodium thiosulphate for 1min
and washed 2 times (1min) with distilled water. Next, the gels were stained with 0.1% w/v
silver nitrate for 20min, washed 2 times (1min) with distilled water and developed with 2%
w/v sodium carbonate, 0.04% v/v formaldehyde until the solution turned yellow. The
reaction was stopped with 2 washes (10min) with 5% v/v acetic acid. Stained gels were
stored in 1% v/v acetic acid.

3.12 Chromatin immunoprecipitation assay (ChIP)
A total of 3 × 107 MDA-MB-231 cells were fixed in 1% formaldehyde for 10 min at room
temperature. Formaldehyde was subsequently quenched with 0.125 M glycine for 5 min,
and the cells were washed twice with ice-cold PBS. Cells were lysed in lysis buffer (50 mM
HEPES [pH 7.5], 140mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton-X-100
and 1 mM PMSF) on ice for 20 min. Cells were pelleted, resuspended in lysis buffer, pass
through 0.5ml syringe and centrifuge for three successive times. After the last centrifugation
pellet was resuspended in 2ml shearing buffer (0.05M Tris [pH 8.0], 0.3% SDS, 0.01M EDTA
and 1 mM PMSF) for 30x106 initial cell number and sonicated to an average length of 500
bp, as verified by agarose gel electrophoresis. Immunoprecipitation was performed with the
equivalent of 30x106 cells per sample diluted 5 times with ChIP dilution buffer (10 mM Tris–
HCl pH 8.0, 0.01 M EDTA, 100 mM NaCl, 0.01% SDS, 1% TritonX-100, 1mM PMSF) to which
2–10 μg of each antibody were added and rotation followed at 4°C overnight. The antibodychromatin reactions were precipitated with BSA pre-blocked protein G agarose beads for 3 h
by rotation. Unbound chromatin was removed by three washes in RIPA buffer (50mM
HEPES-KOH pH.7.5, 500mM LiCL, 1mM EDTA pH 8, 1% NP-40, 0,7% Na-Deoxycholate) once
with TE, pH 8.0. Immunoprecipitated chromatin was reverse cross-linked in 1% SDS, 50mM
Tris-HCl pH 8.0, 10mM EDTA pH 8.0 by overnight incubation at 65°C. Following the reverse
cross-linking samples were trated with 100mg/ml RNAse A and subsequently with 20mg/ml
proteinase K at 55°C for 3 h. DNA was purified with phenol/chloroform extraction and
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precipitated with ethanol and glycogen precipitated. Enrichment of specific sequences in the
immunoprecipitated DNA was measured by real-time PCR with SYBR green I and expressed
as a percentage of input DNA. The primer sets that were used are provided in Table 3.2.
Table 3.2: The sequences of primers that were used for qPCR after ChIP:
FOXM1 promoter
TOP2A promoter
p21 promoter
CCNB1 promoter

F: 5'-CGGTCTATTATATCCGAAGG-3'
R: 5'-CTTTTCAAAGCTCGGCTTTA-3'
F: 5'-CGCCTCCCTAACCTGATTGG-3'
R: 5'-CTGACTCGCTCTCACCGTCT-3'
F: 5'-CCAGAAAGGGGGCTCATTCTAA-3'
R: 5'-CGTTGGTGCGCTGGACACA-3'
5′-GGAGCAGTGCGGGGTTTA-3′
5′-CGACCAGCCAAGGACCTACA-3′

3.13 Clonogenic assay
2.000 cells were seeded into six-well plates and incubated overnight. The next day
doxycycline was added in the medium to induce PMLIV expression. Cells were cultured for
10 days and doxycycline was renewed in every change medium. Colonies were fixed with 4%
Paraformaldehyde (PFA) for 10 min at RT and then washed with phosphate buffered saline
(PBS). Subsequently, colonies were stained with 0.5% crystal violet for 1h and then plates
were washed with tap water.

3.14 Cell cycle analysis
For cell cycle analysis, 100.000 cells from each sample were trypsinized, washed with PBS,
treated with RNAse A for 30 min at 37OC and stained with propidium iodide (PI-Sigma)
according to the manufacturer’s protocol. The analysis was conducted using a FACS Calibur
analyser. The cell cycle profile was further analysed using the ModFit LT software.

3.15 Luciferase assay
Cells were co-transfected with the corresponding luciferase reporter, lacZ reporter as
control for transfectibility and the following day of transfection PMLIV was induced.
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Luciferase activity was determined 48h upon transfection with ELISA reader (495nm) and
was normalized using β-galactosidase reporter assay.

3.16 Immuno-fluorescence and live microscopy
Cells for immunostaining were cultured on glass coverslips and fixed in 4% PFA/1X PBS for 12
min at room temperature, permeabilized with 0.5% Triton X-100/1X PBS for 15 minutes and
rinsed repeatedly with 1X PBS. Subsequently, samples were blocked with 1% BSA/1X PBS for
1h and then were incubated with primary antibodies overnight/1h. Following washes with
PBS, secondary antibody was added to the samples for an hour. Secondary antibody was
washed again three times with PBS and cells were then counterstained with DAPI (Sigma)
and mounted on microscope slides. Samples were analyzed with a Zeiss Axioscope 2 Plus
microscope equipped with a Bio-Rad Radiance 2100 laser scanning system and Lasersharp
2000 imaging software.
Cells for live microscopy were grown in Lab-Tech chambers, transfected as mentioned above
and 48h post-transfection were examined within 1h at room temperature with a Zeiss
Axioscope 2 Plus microscope. Fluorescence recovery after photobleaching (FRAP) analysis
was done using a standard region of interest (ROI) and monitoring close to saturation of
recovery. After subtracting the background, fluorescent intensities were normalized against
a companion unbleached ROI in the same cell.

3.17 Statistical analysis
Statistics were determined using the XLSTAT software. Values were presented as the mean
+SD.

3.18 Ethical Approval for the Use of Animals
The NSG mice were purchased from Jackson Laboratory. All experiments were conducted in
accordance with the Laboratory Animal Care and Ethics Committee of IMBB. Animal work
was approved by the IMBB Institutional Animal Care and Ethics Committee.
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Chapter 4: PMLIV targets crucial
transcriptional factors to regulate
tumour growth of breast cancer cells
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4.1 PMLIV suppresses the proliferation and self-renewal of triple negative breast
cancer cells
To study the molecular mechanisms underlying the involvement of PML in cell proliferation
and self-renewal pathways in breast cancer, a transgene expressing PMLIV isoform upon
doxycycline treatment was stably integrated in MDA-MB-231 cells (MDA-MB-231 tetPMLIV) ,
a claudin-low, triple negative, aggressive breast cancer cell line. To assess the efficiency of
PML induction in the stable cell line, we measured its expression levels before (control) and
after doxycycline treatment (PMLIV OE). PMLIV mRNA and protein levels were markedly
increased when doxycycline was added to the cells. Moreover, immunostaining for PML
revealed an intense PML-NBs morphology and size difference between PMLIV
overexpressing and control cells (Figure 4.1A). In agreement with previous studies in HeLa
and breast cancer cells (Mu, Le et al. 1997, Le, Vallian et al. 1998), the cell proliferation rate
of MDA-MB-231 PMLIV overexpressing (OE) cells decreased compared to the control cells,
indicating that PMLIV practically arrests breast cancer growth in vitro (Figure 4.1B). The antiproliferative function of PMLIV was also confirmed by clonogenicity assay, since PMLIV
induction resulted in dramatically fewer and smaller colonies, suggesting that PMLIV
represses colony formation of MDA-MB-231 cells (Figure 4.1C). We also examined whether
PMLIV affects the self-renewal capacity of MDA-MB-231 cells growing as 3D tumourspheres.
PMLIV overexpression significantly decreased sphere formation efficiency of MDA- MB-231
cells, implying that PML inhibits the self-renewal of BCSCs (Figure 4.1D). Based on the
inhibitory effects of PMLIV overexpression on cell growth rate, clonogenicity and selfrenewal capacity, we next assessed the impact of PMLIV on cell cycle progression after 1 and
5 days of PMLIV induction. At day 1 of PMLIV OE, there was an increase in cell fractions in
the G1 phase with a concomitant decrease of cells in S phase. The effect was even more
pronounced after 5 days of PMLIV OE, with a dramatic reduction of S phase cells
accompanied by a slight decrease in cells in G2/M (Figure 4.1E). Furthermore, p21 protein
level, but not p53, was up-regulated upon PMLIV OE, whereas ppRB was decreased with no
significant change in total pRB (Figure 4.1F).
Taken together, our findings suggest that PMLIV induction represses the growth, selfrenewal and cell cycle progression of triple negative breast cancer cells.
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Figure 4.1: PMLIV induction results in growth and cell cycle arrest of triple negative breast cancer cells. A.
Assessment of PMLIV overexpression before and after doxycycline treatment in MDA-MB-231 cells. i. Relative
mRNA expression levels (fold change) of PML in control and PMLIV overexpressing (OE) cells. Error bars indicate
+SD in three independent experiments (n=3). ii. PML protein levels of control and PMLIV OE cells. β-actin was
used as a loading control. Immunofluorescence staining for PML in control and PMLIV OE MDA-MB-231 cells
(Scale bar, 15μm). B. Cell growth of control and PMLIV overexpressing (PMLIV OE) MDA-MB-231 cells. Data
represent the mean +SD of three independent experiments (n=3). C. Clonogenic assays of MDA-MB-231 cells
evaluated at day 10 post PMLIV induction. White arrows indicate colonies of PMLIV OE cells. D. Tumoursphere
forming efficiency (TFE%) of control and PMLIV OE MDA-MB-231 cells. For the tumoursphere forming assay 1000
cells/ml were seeded in triplicate. TFE was calculated as (# of spheres per well/# of seeded cells per well) x100, at
day 8 of culture. Results are presented as mean + SD of three independent experiments (n=3). E. Cell cycle
analysis of control and PMLIV OE cells stained with propidium iodide (PI) and analyzed using flow cytometry
assayed at day 1 and 5 post PML induction. F. Western blot analysis of control and PMLIV OE cells for cell cycle
regulators. β-actin was used as a loading control.

4.2 PMLIV-elicited gene expression profile of MDA-MB-231 cells
To further dissect PML’s role in breast cancer growth, we performed genome-wide
expression analysis on PMLIV OE and control cells. Using a pValue ≤ 0.05 and fold change cut
off of 1.5, transcriptomic profiling revealed that 2714 genes were differentially expressed
when PMLIV was induced, with 1687 being overexpressed and 1027 under-expressed (Figure
4.2A). Selected genes from both groups implicated in different biological processes (cell
cycle, DNA replication and repair, chromatin modification and immune response) were
validated by qPCR (Figure 4.2B). As expected PML expression was upregulated in our
dataset, validating our experimental design. Immune and inflammation-related genes, such
as IL23R, HLA, TNFRSF9 were also significantly upregulated upon PMLIV induction in
agreement to the well-established PML’s role in inflammatory responses and anti-viral
function (Hsu and Kao 2018). Gene ontology (GO) and KEGG pathway functional enrichment
analysis using the g:Profiler software (Reimand, Arak et al. 2016) demonstrated that cell
cycle and especially mitotic-related biological processes and pathways were overrepresented when PMLIV was overexpressed corroborating with the cell cycle arrest
phenotype that we observed upon PMLIV induction and the known anti-proliferative
function of PML reported in the literature (Figure 4.2C). In fact, genes involved in the cell
cycle phase progression and transitions (eg. CDKs, CCNBs, PLKs, AURKA/B), spindle
organization (SPAG5, ASPM), cytokinesis (KIF protein members), chromosome segregation
(TOP2A, BRCA1, CENPE, CENPF) were under-expressed after PMLIV forced expression. We
also performed functional analysis using the Regulatory Network Enrichment Analysis
(RNEA) software (Chouvardas, Kollias et al. 2016). The data obtained from RNEA were in
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agreement with the previous analysis, but they provided us further insight into the GO
categories and KEGG pathways that were significantly enriched either in overexpressed or in
under-expressed genes. Importantly, overexpressed genes upon PMLIV induction were overrepresented in immune and inflammation-related GO terms and KEGG pathways, whereas
DNA and RNA processes-associated GO categories and pathways were enriched in underexpressed genes (Figure 4.2D).
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Figure 4.2: Changes of global gene expression upon PMLIV induction in MDA-MB-231 cells. A. Volcano plot
depicting the distribution of differentially expressed genes after PMLIV OE (fold change>1.5, p≤0.05). B.
Validation of microarrays analysis. Relative mRNA levels (fold change) of selected differentially expressed genes
upon PMLIV OE. Error bars indicate +SD of three independent experiments (n=3). C. Functional enrichment
analysis of the differentially expressed genes upon PMLIV induction performed using g:Profiler. Scatter plots
showing significantly enriched GOs (left panel) and KEGG pathways (right panel). D. Bar charts depicting GO
categories (left panel) and KEGG pathways (right panel) that are significantly enriched in overexpressed and
under-expressed genes upon PMLIV forced expression in monolayer MDA-MB-231 cells (RNEA analysis).
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4.3 PMLIV targets and interacts with the transcription factor FOXM1
The functional analysis further revealed the enrichment of transcription factors that regulate
cell proliferation such as E2F, NFY, CREB and members of the Forkhead transcription factor
family (Figure 4.3A). Among them FOXM1, was itself suppressed in both mRNA and protein
levels after PMLIV forced expression (Figure 4.3B).
Of note, comparison of our data with published genome-wide expression data of FOXM1
knockdown (KD) in MDA-MB-231 cells (Park, Jung et al. 2012) showed differentially
expressed genes upon PMLIV OE, to significantly overlap with FOXM1 targets, implying a
functional regulatory relation between them. Sixty-one overexpressed and 53 underexpressed genes were common in the PMLIV OE and siFOXM1 datasets (Figure 4.3C).
Interestingly, the common under-expressed genes of PMLIV OE and FOXM1 KD were cell
cycle-related, whereas the common overexpressed were immune system processes-related
(Figure 4.3D). This analysis shows that PMLIV opposes both FOXM1 positively and negatively
regulated genes, since enrichment for common genes between PMLIV OE under-expressed
and siFOXM1 overexpressed datasets and vice versa was not statistically significant. Besides
the bioinformatic comparison between our PMLIV OE transcriptomic data and FOXM1 KD
published data, we also studied the effects of FOXM1 KD by short hairpin RNA (shRNA) in
combination with PMLIV OE in MDA-MB-231 cells. Concurrent FOXM1 KD and PMLIV OE
resulted in significant decrease of FOXM1 mRNA and protein levels compared to either
PMLIV OE or FOXM1 KD alone. The same trend was noticed for the FOXM1 targets, TOP2A
and CCNB1 (Figure 4.3E). Collectively, PMLIV induction had an additive effect on FOXM1
depletion corroborating that FOXM1 is targeted by PMLIV.
Το further explore the functional relation between PMLIV and FOXM1 emerging from our
transcriptomic data and comparative bioinformatic analysis, we examined the PML-FOXM1
association in vivo by co-immunoprecipitation experiments. Cell lysates from HEK293T cells
transiently

co-transfected

with

GFP-FOXM1

and

mRED-PMLIV

were

used

for

immunoprecipitations to test whether FOXM1 interacts with PMLIV. The results showed that
FOXM1 co-immunoprecipitated with PMLIV and vice versa, suggesting that PMLIV and
FOXM1 physically interact when both proteins were ectopically expressed (Figure 4.4A). To
further confirm this, we performed co-immunoprecipitation assays on the endogenous
FOXM1 protein in MDA-MB-231 PMLIV overexpressing cells. Consistently, FOXM1 coimmunoprecipitated with PML affirming that FOXM1 interacts with PML (Figure 4.4B).
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Figure 4.3: PMLIV targets FOXM1. A. Scatter plot illustrating the significantly enriched transcription factors when
PMLIV was overexpressed (g:profiler analysis). B. FOXM1 relative mRNA expression (fold change) and protein
levels upon PMLIV induction. Error bars indicate mean +SD from three independent experiments (n=3). C. i. Venn
diagram depicting the overlap between PMLIV and FOXM1 targets in MDA-MB-231 cells. FOXM1 knockdown
datasets were retrieved from GEO (GSE25741). ii. The top 10 GO categories (g:Profiler) of under-expressed and
overexpressed genes commonly affected by PMLIV OE and FOXM1 KD. D. Western blot analysis for FOXM1
expression levels in MDA-MB-231 cells upon concurrent FOXM1 KD and PMLIV induction (left panel). Relative
mRNA levels (fold change) of FOXM1 downstream targets, CCNB1 and TOP2A, when PMLIV was overexpressed
and FOXM1 was KD. Results are represented as mean +SD from three independent experiments (n=3).
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All known human PML isoforms share an identical N-terminal region, which contains a
RBCC/TRIM motif responsible for homo-multimerization and the

formation of

macromolecular complexes. The variations in C-termini provide different docking sites for
PML’s interacting partners and mediate its functional specificity (Nisole, Maroui et al. 2013).
To examine if the FOXM1-PML interplay is isoform specific and which PML domain is
responsible for this association, we transiently co-transfected HEK293T cells with GFPFOXM1 and either PMLIV full length or PMLIV N-terminal or PMLIV C- terminal deletions of
PMLIV or the PMLIII that carries a different carboxyl-terminal region. The results
demonstrated that FOXM1 interacted strongly with PMLIV full length and with PMLIV C-end,
weaker with PMLIV N-end, and hardly with PMLIII (Figure 4.4C). These data suggest that
FOXM1 specifically interacts with PMLIV and that FOXM1 could be one of the main PML’s
interacting partners accounting for the PMLIV isoform specificity of anti-proliferative
function.
Having confirmed that PMLIV physically associates with FOXM1, we next examined if they
interact directly in vitro using GST pull-down assays. The quality and quantity of GST-FOXM1
fusion proteins were both checked with Coomassie brilliant blue staining. We observed that
GST-FOXM1 451-748aa was partially degraded no matter the repeated experiments and the
different bacterial expression strains that we used. PMLIV bound to FOXM1 1-367aa which
contains the DNA binding domain (DBD) of FOXM1 with stronger affinity compared to the
FOXM1 1-235aa and the 235-490aa, which correspond to the negative regulatory domain
(NRD) and part of DBD, respectively. Despite the poor quality of the 451-748 region, it seems
that the c-terminal FOXM1 part did not contribute to the interaction (Figure 4.4D).
However, further experiments with intact protein of the 451-748aa region are required to
clarify PMLIV interaction with the c-terminus of FOXM1.
PML-NBs act as storage or catalytic platforms for numerous proteins providing a
microenvironment for potential mutual regulation between PML and its interacting
components. In consequence, FOXM1 could be regulated by PML in PML-NBs. To test
whether FOXM1 co-localizes in PML-NBs, we co-transfected Cos-7 cells with GFP-FOXM1 and
mRED-PMLIV and we examined their distribution using confocal microscopy. GFP-FOXM1
displayed diffused nuclear pattern but was also localized in distinct foci, while PMLIV-mRED
formed discrete nuclear speckles typical of PML-NBs. The overlay of the images
demonstrated that FOXM1 co-localizes in PML-NBs. GFP-NLS and GFP-FOXM1 were used as
controls. Our previous co-immunoprecipitation assays suggest that PML-FOXM1 interaction
is isoform specific, as FOXM1 strongly associates with PMLIV and scarcely with PMLIII. These
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results were further supported by the co-localization experiments as we noticed that GFPFOXM1 did not colocalize with PML-NBs formed by PMLIII mRED overexpression (Figure
4.4E). To examine the dynamics of the observed PML-FOXM1 association, we carried out
fluorescence recovery after photobleaching (FRAP) experiments. FOXM1 showed much
faster recovery compared to the structural nuclear body components PMLIV and PMLIII,
indicating that their interaction is dynamic and that FOXM1 is one of PML-NBs cargo
proteins and not a constitutive component of PML-NBs (Figure 4.4F).
Taken together, the above findings show that FOXM1 interacts with specific PML isoforms
and that the interaction is primarily mediated via PML’s C-terminal and FOXM1’s DBD
domains, respectively. Moreover, FOXM1 co-localizes in PML-NBs. Therefore, PML-NBs could
directly recruit and modulate FOXM1 activity and/or affect its expression. Since FOXM1 is an
auto-regulatory protein, it is most likely that PML interferes with both its expression and
function.
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Figure 4.4: FOXM1 physically interacts with PMLIV. A. Co-immunoprecipitation (co-IP) was performed with a
GFP, FOXM1 or PML antibody on lysates from transfected HEK293T cells. Inputs (1/10 of IP) and
immunoprecipitates were blotted and probed for PML or FOXM1. B. Co-IP of PML and FOXM1 on lysates of MDAMB-231 PMLIV OE cells. C. Co-IP of PML and FOXM1 on lysates from transfected HEK293T cells with the indicated
constructs. D. GST-pull down assay using the indicated GST-FOXM1 fusion proteins and total cell extracts from
PMLIV transfected HEK293T cells. Interacting PMLIV revealed by Western blotting. E. Subnuclear localization of
GFP-FOXM1 and mRED-PMLIV or mRED-PMLIII in Cos-7 cells. GFP-FOXM1 and GFP-NLS in Cos-7 cells served as
controls. F. FRAP experiment with transiently expressed GFP-FOXM1, mRED-PMLIV or mRED-PMLIII.
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4.4 PMLIV induction downregulates FOXM1 expression and its recruitment to
target genes
To further investigate the hypothesis that FOXM1 is a downstream signalling target of PML
in breast cancer, we studied the effect of PMIV induction on FOXM1 protein and mRNA
expression levels over a 48 h time course. There was a significant decline in FOXM1 protein
levels as early as 8 h after PMLIV ectopic expression, supporting that FOXM1 could be one of
the primary cellular targets of PML. In agreement, FOXM1 mRNA was also reduced after 4 h
of PMLIV overexpression (Figure 4.5A). In addition, chromatin immunoprecipitation (ChIP)
assays showed decreased AcH3 modification and FOXM1 recruitment on the FOXM1
promoter upon PMLIV induction, corroborating FOXM1 suppression at mRNA level.
Consistent with the above, the reduction of FOXM1 expression was mirrored by the downregulation of FOXM1 targets, including cyclin B1, Polo-like kinase, Rad-51, and AURKA
(Figure 4.5B). Using ChIP we demonstrated that FOXM1 protein abundance directly
correlated with its low recruitment to target promoters, such as CCNB1 and TOP2A.
Interestingly, PML was enriched on these promoters (Figure 4.5C).
To investigate whether PML interferes with the FOXM1 auto-regulatory loop, we transiently
expressed a cytomegalovirus (CMV) promoter-driven FOXM1 in MDA-MB-231 cells and we
examined the effect of PMLIV on the endogenous and ectopic FOXM1 protein levels.
Western blot analysis showed that endogenous FOXM1 was significantly downregulated
upon PMLIV induction, whereas the protein level of ectopic FOXM1 did not change,
supporting the notion that FOXM1 is primarily suppressed by PMLIV through a gene specificpromoter transcriptional mechanism and not through protein or mRNA stability modulation
(Figure 4.5D). Next, we transiently transfected a luciferase reporter driven by a part of
FOXM1 promoter (PGL3 FOXM1 promoter) into MDA-MB-231 cells and induced PMLIV
expression. The luciferase assay results showed that FOXM1 promoter activity was
repressed after PMLIV OE (Figure 4.5E).
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Figure 4.5: PMLIV is a potent FOXM1 repressor. A. i. Western blot analysis of MDA-MB- 231 PMLIV OE cells for
PML and FOXM1 protein levels during a time course of 48 h PMLIV induction. β-actin was used as a loading
control. ii. FOXM1 relative mRNA level (fold change) upon PMLIV forced expression. Error bars indicate mean +
SD of n=3 independent experiments. iii. ChIP-qPCR analysis for FOXM1 promoter with antibodies against AcH3
and FOXM1 in control and PMLIV OE cells. Factor occupancy is expressed as % of input chromatin. Error bars
represent mean + SD of n=3 independent experiments. B. Western blot analysis of MDA-MB-231 PMLIV OE cells
for FOXM1 downstream targets during a time course of 48h PMLIV induction. C. ChIP-qPCR analysis for the
CCNB1 and TOP2A promoters with antibodies against FOXM1 and PML before and after PMLIV OE in MDA-MB231 cells. Factor occupancy is expressed as % of input chromatin. Error bars indicate mean + SD of n=3
independent experiments. D. Western blot analysis for FOXM1 expression on lysates of MDA-MB-231 PMLIV OE
cells transfected with FOXM1 under the control of the CMV promoter or empty vector. E. Luciferase assay using
luciferase reporter driven by FOXM1 promoter to monitor its transcriptional activity in control and PMLIV OE
MDA-MB-231 cells. PGL3 plasmid was used as control. Reporter gene activity was expressed as a ration of
luciferase activity to LacZ.
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In addition, inhibition of protein synthesis by cycloheximide (CHX) treatment did not
substantially shortened the half-life of endogenous FOXM1 in PMLIV OE compared to the
control cells, suggesting that the PMLIV-mediated FOXM1 repression is predominantly
independent of protein stability (Figure 4.6A). We also studied whether FOXM1 is
downregulated through protein degradation by the ubiquitin–proteasome pathway and
tested the effect of the proteasome inhibitor MG132 treatment on the expression of
endogenous FOXM1 before and after PMIV induction in MDA-MB-231 cells. Treatment with
MG132 did not prevent the downregulation of FOXM1 protein levels by PMLIV OE, indicating
that the downregulation of FOXM1 expression upon PMLIV induction is unlikely to be
depended on proteasomal degradation (Figure 4.6B). Myatt et al. suggested that
SUMOylation inhibits FOXM1 activity by promoting its translocation to the cytoplasm and its
subsequent degradation (Myatt, Kongsema et al. 2014). PML not only serves as a platform
for SUMO conjugation but it has also been characterized as a SUMO E3 ligase because of its
TRIM motif that can directly SUMOylate substrates (Chu and Yang 2011). To this end, we
speculated that PML may promote FOXM1 SUMOylation leading to its degradation and
eventually its downregulation. To test this conjecture, we examined FOXM1 protein levels
after SUMO 1 or 2 ectopic expression along with PMLIV OE. In agreement with the literature,
FOXM1 protein levels were downregulated after SUMO 1 or 2 expression. Interestingly, the
combination of PMLIV OE and SUMO 1 or 2 further decreased FOXM1 protein implying that
PMLIV may enhance FOXM1 SUMOylation and subsequent downregulation (Figure 4.6C).
Our findings suggest that PMLIV targets FOXM1 expression predominantly at the
transcriptional level, as PMLIV OE was not able to repress ectopic FOXM1 expression.
However, PMLIV OE together with SUMO 1 or 2 could further decrease exogenous FOXM1
hinting that PMLIV may also promote FOXM1 downregulation via SUMOylation when there
is an appropriate stoichiometry between PMLIV, FOXM1 and SUMO proteins.
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Figure 4.6: PMLIV OE does not affect FOXM1 protein stability. A. MDA-MB-231 control and PMLIV OE cells were
treated with 100μmol/L cycloheximide (CHX) and FOXM1 protein levels were detected by Western blotting.
Densitometry was used to quantify FOXM1 and β-actin levels from which independent background readings were
subtracted. Diagram depicting the relative expression levels of the ratios of FOXM1 to β-actin relative to those at
0 h. Triplicate means and standard deviations are shown. B. Western blot analysis for FOXM1 and MYC in control
and MDA-MB-231 PMIV OE treated with the proteasome inhibitor 10μΜ MG132 (InvivoGen) for 6 h. MYC was
used as a positive control for MG132 treatment. C. MDA-MB-231 tetPMLIV cells were transfected with FOXM1,
RFP-SUMO1 or SUMO-2, and FOXM1 protein levels before and after PMLIV OE was detected by western blot
analysis.

83

4.5 FOXM1 overexpression (OE) does not rescue the PMLIV induced cell cycle
arrest phenotype
Given that FOXM1 is recruited in the PML-NBs and is downregulated upon PMLIV OE, we
speculated that FOXM1 mediates PMLIV’s inhibitory growth arrest in breast cancer cells. To
experimentally test this hypothesis, we transiently expressed FOXM1 in PMLIV
overexpressing cells. Nevertheless, we did not observe reversion of the PMLIV OE phenotype
since there was no significant change of cell cycle markers compared to PMLIV OE (Figure
4.7A). We also used an inducible stable clone of MDA-MB-231 cells which FOXM1 and PMLIV
were concurrently overexpressed. Again, FOXM1 OE could not rescue the PMLIV induced cell
cycle arrest phenotype as FOXM1 targets (Cyclin B1, TOP2A, PLK-1) remained decreased at
mRNA and protein level (Figure 4.7B). The above findings suggest that FOXM1 is not the sole
PMLIV target that controls cell growth. This is not unexpected since PML and PML-NBs
dynamically associate with numerous interacting partners throughout the cell cycle
progression implying that PML may regulate at the same time FOXM1, as well as one of its
upstream regulators (e.g. FOXO3) and/or other key factors that might be essential for
FOXM1 activation or even FOXM1 independent regulators that control cell proliferation.
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Figure 4.7: FOXM1 overexpression does not reverse the PMLIV induced cell cycle arrest phenotype. A. Relative
mRNA level (fold change) of FOXM1 and its downstream effectors, upon transient FOXM1 overexpression and
PMLIV OE in MDA-MB-231 cells. Error bars indicate +SD of three independent experiments (n=3). B. Protein level
and relative mRNA level (fold change) of FOXM1 and selected FOXM1 targets in an inducible stable clone of
MDA-MB-231 cells which FOXM1 and PMLIV were concurrently overexpressed.

4.6 PMLIV overexpression modulates the FOXO3 transcriptional program
The above results identify FOXM1 as a novel PMLIV target. We next investigated whether
PMLIV also affects FOXO3, another FKH transcription factor and an important negative
regulator of FOXM1 (McGovern, Francis et al. 2009). Interestingly, FOXO3 targets were
enriched in our transcriptomic data of PMLIV OE cells (Figure 4.3Α). Moreover, when we
compared our list of differentially expressed genes by PMLIV induction with published
microarray data of differentially expressed genes by constitutively active FOXO3 in MDAMB-231 cells (GSE113479), we observed significant overlap between PMLIV and FOXO3
targets. Three hundred sixty-seven common overexpressed genes were found between
PMLIV OE and FOXO3 datasets, whereas 388 common were under-expressed (among them
FOXM1). The common under-expressed genes of PMLIV OE and constitutively active FOXO3
were significantly enriched in cell cycle and response to DNA damage-related GO terms,
whereas the overexpressed in autophagy and stress response terms (Figure 4.8A).
This analysis indicates that in addition to FOXM1, PMLIV differentially expressed genes
overlap also with a large set of FOXO3 targets as revealed by the transcriptomic data and
further validated by qPCR (Figure 4.8B). FOXO3 targets for validation were selected based on
the literature (Karadedou, Gomes et al. 2012, Lam, Brosens et al. 2013) and our overlap
analysis. Chromatin immunoprecipitation also confirmed FOXO3 potentiation, as FOXO3
recruitment to FOXM1 and p21Cip1 promoters was increased in PMLIV overexpressing cells
compared to the controls (Figure 4.8C). Corroborating the above results, immunofluorescent
staining showed increased nuclear FOXO3 upon PMLIV induction (Figure 4.8D).
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Figure 4.8: PMLIV OE modulates FOXO3 transcriptional program. Ai. Venn diagram illustrating the overlap of
PMLIV and FOXO3 targets in MDA-MB-231 cells and representative common genes. Datasets for constitutively
active FOXO3 were retrieved from GEO (GSE113479). We noticed that 18 genes were common between FOXO3
overexpressed and under-expressed genes. This is due to the different gene isoforms probe sets on the
microarray platform exhibiting different expression patterns between the same conditions. Aii. The top 10 GOs
(g:Profiler) for under-expressed and overexpressed genes commonly affected by PMLIV OE and FOXΟ3
constitutive activation. B. Relative mRNA expression levels (fold change) of known and PML common-FOXO3
targets before and upon PMLIV induction. Error bars indicate +SD of three independent experiments (n=3). C.
ChIP-qPCR analysis for p21

Cip1

and FOXM1 promoters with an antibody against FOXO3 in control and PMLIV OE

MDA-MB-231 cells. Factor occupancy is expressed as % of input chromatin. Error bars indicate mean + SD of n=3
independent experiments. D. Immunofluorescence staining for FOXO3 before and after PMLIV induction in MDAMB-231 cells.
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To study the mechanism by which PMLIV potentiates FOXO3 activity we first analyzed
FOXO3 protein levels before and after PMLIV OE. Total FOXO3 protein levels did not
significantly change, indicating that PML may post-translationally modulate FOXO3 activity
(Figure 4.9A). We next asked, whether FOXO3 also associates with PMLIV. Indeed, FOXO3
immunoprecipitated with PMLIV when both proteins were ectopically expressed in HEK293
cells (Figure 4.9B). Moreover, endogenous FOXO3 interacted with PML in MDA-MB-231 cells
before and after PMLIV induction (Figure 4.9B). These results support that FOXO3 is involved
in protein-protein interactions with PMLIV. This may be direct through a physical interaction
but may also be indirect via modulation of various other PML targets that modify FOXO3
activity. Such a candidate is the AKT kinase that inactivates FOXO3 by phosphorylation and
nuclear exclusion (Brunet, Bonni et al. 1999). Interestingly, PML promotes inhibitory
dephosphorylation of AKT at T308 and S473 by PP2A and PHLPP2 phosphatases, respectively
(Trotman, Alimonti et al. 2006, Chatterjee, Chatterjee et al. 2013). PMLIV OE cells have low
S473 phosphorylation levels but no change of T308p hinting to AKT inhibition by PHLPP2 and
thus increased FOXO3 activity (Figure 4.9C). To determine the total post-translational
modification status of FOXO3 before and after PMLIV OE, we tried to immunoprecipitate
endogenous FOXO3 in MDA-MB-231 and then analyze the PTMs by mass spectrometry (MS).
However, the yield of the immunoprecipitated protein was not enough for MS as we could
not detect a band in the appropriate MW of FOXO3 (Figure 4.9D).
To establish the functional role among FOXO3, FOXM1 and PMLIV, we knocked down FOXO3
by transient lentiviral infection. Efficient knock down was evaluated by Western blot analysis
as depicted in Figure 4.9E. According to the literature FOXO3 is a transcriptional repressor
of FOXM1 (McGovern, Francis et al. 2009). Hence, we expected that FOXO3 KD alone and in
combination with PMLIV OE would increase FOXM1 expression. However, FOXM1 did not
increase neither in protein nor in mRNA level upon FOXO3 KD (Figure 4.9E). We also checked
the mRNA levels of other FOXO3 targets such as VEGFA, p21, BIM and SOD2. We observed
that the PMLIV effect on those targets was dominant over FOXO3 KD, implying that there
might exist a degree of redundancy among FOXOs or that other factors are also involved in
the PML-FOXO3-FOXM1 network.
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Figure 4.9: PMLIV interacts with FOXO3. A. Western blot analysis of FOXO3 protein levels upon PMLIV forced
expression. β-actin was used as loading control. B. Co-IP of PML and FOXO3 on lysates from transfected HEK293T
cells overexpressing PMLIV and FOXO3 (left panel) and from lysates of MDA-MB-231 PMLIV OE cells (right panel).
C. Western blot analysis of MDA- MB-231 PMLIV OE cells for pAKT (S473, T308) and AKT over a 48 h time course
PMLIV induction. β-actin was used as a loading control. D. Endogenous FOXO3 was immunoprecipated in control
and PMLIV OE MDA-MB-231 cells. Subsequently, protein lysates were subjected to SDS-PAGE gel which was
stained with silver nitrate (inputs 1/10 of IP). The red box indicates the appropriate MW of the expended FOXO3
band. E. Western blot analysis of control and PMLIV OE extracts following lentiviral infection with sh-scrambled
control (shSCR) or shFOXO3. Equivalent protein amounts were probed with antibodies against FOXO3, FOXM1
and β-actin. Relative mRNA expression (fold change) of FOXO3 targets following FOXO3 KD and PMLIV OE.
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Immunofluorescence staining of endogenous FOXO3 or FOXM1 in parallel with PML in MDAMB-231 cells showed that in agreement with the bulk Western blot data, cells that
expressed high levels of PML, even in the control state, completely or almost completely lack
FOXM1, whereas cells with low PML expression had higher FOXM1 expression (Figure
4.10A). In contrast, the same or slightly stronger FOXO3 expression corresponded to cells
with high PML levels. Thus, PMLIV interferes with the FOXO3-FOXM1 network not only
through direct interaction with FOXM1 but also through potentiation of FOXO3 that in turn
represses FOXM1 expression. Given that FOXO3 antagonizes FOXM1 dependent
transcription (Lam, Brosens et al. 2013) and that PMLIV OE deregulates FOXM1 and FOXO3
targets, we asked if there is an overlap between PMLIV OE, siFOXM1 and constitutively
active FOXO3 targets. Analysis of common genes of all three datasets showed that 23
overexpressed and 28 under-expressed genes were enriched in IRF3-mediated induction of
type I IFN and cell cycle signatures, respectively (Figure 4.10B). Taken into consideration the
double (PMLIV OE-siFOXM1 and PMLIV OE- constitutively active FOXO3) and the triple
overlaps (PMLIV OE-siFOXM1-FOXO3) it seems that PML regulates both common and
distinct FOXO3-FOXM1 gene subsets (Figure 4.10C).
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Figure 4.10: PML acts as a rheostat for opposing actions on the FOXO3 and FOXM1 transcriptional programs.
A. Immunofluorescence staining for PML and FOXM1 or FOXO3 in control and PMLIV OE MDA–MB-231 cells.
Arrows indicate nuclei with strong or weak PML expression and the corresponding FOXM1 or FOXO3 levels (Scale
bar: 15μm). B. Venn diagrams depicting the common overexpressed and under-expressed genes between PMLIV
OE, siFOXM1 and constitutively active FOXO3 datasets. The common genes were submitted in g:Profiler for
functional enrichment analysis. C. A schematic model illustrating the relationship between PML, FOXO3 and
FOXM1 in breast cancer cells. PMLIV induction results in activation of FOXO3 and inactivation of FOXM1
signalling. Acting on a subset of both common and unique target genes PML promotes divergent pathways that
lead to cell growth arrest as well as to long term survival and stress resistance.
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4.7 PMLIV overexpression alters the transcriptional networks and the epigenetic
landscape of MDA-MB-231 cells
Apart from FOXM1 and FOXO3, other transcription factors over-represented in the
functional analysis of PMLIV OE cells were E2F and NFY (Figure 4.3A). The PML-E2F
connection has been previously described (Vernier, Bourdeau et al. 2011). We were
interested to study PML-NFYA association in vivo by co-immunoprecipitation experiments.
Cell lysates from HEK293T cells transiently co-transfected with Myc tagged PMLIV and GFPNFYA were used for immunoprecipitations to test whether NFYA interacts with PMLIV. The
results showed that NFYA co-immunoprecipitated with PMLIV, suggesting that PMLIV and
NFYA physically interact when both proteins were ectopically expressed (Figure 4.11A). To
further confirm this, we performed co-immunoprecipitation assays on the endogenous NFYA
protein in MDA-MB-231 PMLIV overexpressing cells. PML co-immunoprecipitated with NFYA
affirming their interaction (Figure 4.11A). To further investigate the PML-NFYA interaction,
we coexpressed GFP-NFYA and mRED-PMLIV in Cos-7 cells and we examined their
subcellular localization by confocal microscopy. mRED-PMLIV formed the typical PML-NBs
dots, while GFP-NFYA was localized in distinct foci. The overlay of the images demonstrated
that NFYA co-localizes in PML-NBs (Figure 4.11A). In addition, FRAP experiments showed
that NFYA had much faster recovery compared to the structural nuclear body components
PMLIV, indicating that their interaction is dynamic (Figure 4.11A). Overall, these data provide
a physical basis for the increased recruitment of NFYA to PML bodies after PMLIV induction.
According to the literature, NFY and E2F expression modules are upregulated in high grade
breast tumours and correlate with poor prognosis. Moreover, they share common module
genes that are involved in cell cycle regulation (Niida, Smith et al. 2009). Importantly, our
transcriptomic data reveal that these core NFY, E2F gene targets are deregulated by PMLIV
overexpression. We next examined PMLIV association with the general transcription factor,
TBP. Similarly, to the other transcription factors mentioned above TBP was also co-localized
in PML-NBs (Figure 4.11B). However, FRAP experiments showed that PMLIV had faster
recovery than TBP (Figure 4.11B).
Besides its function as a nuclear regulatory hub for transcription factors, PML may also affect
epigenetic states (Seeler, Marchio et al. 1998, Cho, Park et al. 2011, Ivanauskiene, Delbarre
et al. 2014, Amodeo, A et al. 2017). Previous work of our lab has shown that PML may
epigenetically control memory of past signal induced gene activation to respond more
vigorously to a second stimulation long after the initial response has ceased (Gialitakis,
Arampatzi et al. 2010). The expression level of important epigenetic regulators that are
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responsible for the nucleosome structure (e.g. members of the histone cluster 1 or 2),
histone modifications (e.g. SUV39H1, KDM7A, SIRT1, PHF8) and DNA methylation (e.g. TET2,
DNMT1, HELLS) was deregulated upon PMLIV induction (Figure 4.11C) suggesting that PMLIV
overexpression alters the epigenetic background of MDA-MB-231 cells. Future studies will
determine the significance of these alterations.
Taken altogether, we suggest that PMLIV affects critical transcriptional and epigenetic
regulators so that the cell cycle arrest caused by PMLIV ectopic expression is mediated by
the function of multiple and overlapping transcription factors along with changes in the
epigenetic state of MDA-MB-231 cells.

Figure 4.11: PMLIV interacts with critical transcription factors and changes the epigenetic background of MDAMB-231 cells. Ai. Co-IP of PMLIV and NFYA on lysates from transfected HEK293T cells overexpressing PMLIV and
NFYA (upper panel) and from lysates of MDA-MB-231 PMLIV OE cells (lower panel). Aii. Subnuclear localization of
GFP-NFYA and mRED-PMLIV in Cos-7 cells. Aiii. FRAP experiment with transiently expressed GFP-NFYA and mRED-
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PMLIV. Bi. Subnuclear localization of GFP-TBP and mRED-PMLIV in Cos-7 cells. Bii. FRAP experiment with
transiently expressed GFP-TBP and mRED-PMLIV. C. Heat map of selected differentially expressed epigenetic
regulators upon PMLIV induction in MDA-MB-231 cells.

4.8 MDA-MB-231 proteome upon PMLIV induction
The manifold roles of PML are intrinsically linked to its interacting proteins. Hence, it is
crucial to identify its dynamic interactions. However, the biochemistry of PML interactions is
particularly challenging since PML-ΝΒs are tightly bound to nuclear matrix and lack
phospholipid membrane and thus they are insoluble. In addition, it is difficult to distinguish
between the diffuse nucleoplasmic/cytoplasmic fraction of PML and the PML fraction
assembled to the bodies. Taking into consideration the above technical restrictions and in
order to gain a preliminary picture of PMLIV network in breast cancer we analyzed PMLIV
interactome in MDA-MB-231 cells, using immunoprecipitation and tandem MS.
Initially we checked the efficiency of the immunoprecipitation with the specific anti-PML
mouse monoclonal antibody (G8;Santa Cruz) by western blot. PML was detected in the antiPML immunoprecipitation fraction of both control and PMLIV OE cells but there was
significant accumulation of PML in the immunoprecipitated fraction of PMLIV overexpressing
cells compared to the control (Figure 4.12Α). It has to be mentioned that PML was not
detectable in the input lane of the control state because PML abundance was much higher in
PMLIV OE cells (input) as well as in the immunoprecipitated fractions.
Whole and nuclear extracts from cells before and after PMLIV induction were subjected to
immunoprecipitation with the above mentioned PML antibody, separated by SDS-PAGE and
stained with Coomassie Blue G-250 dye. In the whole lysate of PMLIV OE
immunoprecipitates an intense band in the appropriate MW was observed, whereas it was
much weaker in the control cells. Notably, we did not detect any band in the
immunoprecipitates of the nuclear extracts neither in the control nor in the PMLIV
overexpressing cells (Figure 4.12A). This could be explained by inadequate quantity of the
starting IP material or by interference between the nuclear isolation and IP protocol. So, we
proceeded for the MS with the immunoprecipitates from the whole extracts.
A total of 238 putative PML-interacting proteins were uniquely identified in the PML OE
condition, whereas 357 more were significantly enriched. PML protein itself was among the
top identified proteins validating the efficiency of the specific enrichment, the
immunoprecipitation and the MS results. Our MS data revealed several proteins such as
MAPK14, TOMM70, NUPs, ARID1B, PSMs, RPLF, RNF144 and DHX30 that were comparable
to previously reported PML interactors (https://thebiogrid.org/111384/summary/homo-
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sapiens/pml.html; (Liu, Song et al. 2010). Depleted proteins may result from repression of
their expression or subcellular localization due to PML OE. The functional analysis of the
detected proteins showed that most of them fall into the metabolic process GO term, while
a significant number is assigned to cell cycle GO terms (Figure 4.12B). We also examined the
cellular component ontologies that were over-represented by the identified interactors.
Organelle, intracellular organelle lumen (including nuclear lumen, mitochondrial matrix,
nucleolus, nucleoplasm) and extracellular exosome were significantly enriched terms (Figure
4.12C). The enriched biological processes and cellular components of the identified proteins
corroborate with the inhibition of cell proliferation and cell cycle progression that we
observe upon PMLIV induction.
Although our transcriptomic and biochemical experiments strongly support that FOXM1 is a
novel PMLIV target and that FOXO3 interacts with PMLIV, none of them was detected in the
MS experiment. On one hand, this could be due to the decreased FOXM1 protein levels
upon PMLIV induction. On the other hand, we have demonstrated that FOXM1 co-localizes
in the PML-NBs and that is sequestered in them when PMLIV is overexpressed. However, for
the MS experiment we did not isolate PML-NBs but whole cell extracts lysed with RIPA
buffer which has harsh lysis properties and may disrupt PML-NBs. Therefore, it is possible
that FOXM1-PML interaction was lost during protein extraction. Likewise, FOXO3-PML
interaction could be undetectable for the same reason as we have shown that is weak.
Interestingly, MS identified other Forkhead box members that were enriched after PMLIV
induction and could be putative interactors: FOXE3, FOXP2 and FOXK2. To our knowledge
these factors have not been associated with PML before. Still, since we did not validate the
MS results with co-IP and other biochemical experiments, we cannot be sure about their
interaction and their biological output in relation to PMLIV OE in breast cancer cells.
Overall, the pilot IP-MS experiment gave us important insight into MDA-MB-231 proteome
upon PMLIV OE. Though, we did not verify the MS results with experimental testing and we
cannot come to safe conclusions. Taken into account the technical difficulties to isolate PMLNBs and to distinguish between diffuse and bound PML a more diligent experimental
approach should be applied to characterize PML-NBs composition and interactome after
PMLIV overexpression in MDA-MB-231 cells and validate and determine the significance of
novel interactors detected here.
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4.12: Functional proteomic analysis of MDA-MB-231 cells overexpressing PMLIV. A. Effectiveness of specific
enrichment for PML by immunoprecipitation. Western blot analysis of control and PMLIV OE cells for PML upon
immunoprecipitation with a-PML (upper panel). SDS-PAGE gel of MDA-MB-231 control and PMLIV OE lysates
after PML immunoprecipitation. The gel was stained with Commassie blue and the regions of interest were
subjected to MS. B, C. Functional analysis was done using g:Profiler. The GO terms were summarized and
visualized using REVIGO (Supek, Bosnjak et al. 2011). Scatterplots of biological processes and cellular
compartments (GO terms) that were overrepresented by the identified proteins. The more semantically similar
GO terms are closer in the plot.
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4.9 PMLIV OE inhibits the proliferation of luminal breast cancer cells
Having studied the anti-proliferative effect of PMLIV OE in the triple negative, claudin-low,
MDA-MB-231 cells (basal subtype), we questioned whether PML affects in a similar manner
T47D cells that represent luminal B subtype of breast cancer (ERa+, PR+/-, and HER2-)(Prat,
Karginova et al. 2013). It is worth mentioning that endogenous PML levels are lower in cells
with luminal characteristics compared to basal cells Like in the case of MDA-MB-231 cells,
we generated a stable cell line of T47D cells that overexpress PMLIV upon doxycycline
treatment. PMLIV mRNA and protein levels were markedly increased when doxycycline was
added to the cells. Moreover, immunostaining for PML revealed an intense PML-NBs
morphology and size difference between PMLIV overexpressing and control cells (Figure
4.13A).
Similarly, to MDA-MB-231 cells, PMLIV OE in T47D cells drastically inhibited cell proliferation
and resulted in G1 cell cycle arrest, as indicated by the increased G1 phase population
followed by a decrease in cells in S and G2/M phases (Figure 4.13B, C). The sphere forming
ability of T47D cells was as well decreased upon PMLIV induction, but the inhibition was not
as effective as in MDA-MB-231 cells (Figure 4.13D). Interestingly, FOXM1 mRNA and protein
levels as well as FOXM1’s downstream targets were downregulated in PMLIV overexpressing
T47D cells (Figure 4.13E).
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Figure 4.13: PMLIV induction results in growth and cell cycle arrest of luminal type breast cancer cells. A.
Assessment of PMLIV overexpression before and after doxycycline treatment in T47D cells. i. Relative mRNA
expression levels (fold change) of PML in control and PMLIV overexpressing (OE) cells. ii. PML protein levels of
control and PMLIV OE cells. β-actin was used as a loading control. Immunofluorescence staining for PML in
control and PMLIV OE T47D. B. Cell growth of control and PMLIV overexpressing (PMLIV OE) T47D cells. Data
represent the mean +SD of three independent experiments (n=3). C. Cell cycle analysis of control and PMLIV OE
cells stained with propidium iodide (PI) and analyzed using flow cytometry assayed at day 1 and 5 post PML
induction. D. Tumoursphere forming efficiency (TFE%) of control and PMLIV OE T47D cells. For the tumoursphere
forming assay 1000 cells/ml were seeded in triplicate. TFE was calculated as (# of spheres per well/# of seeded
cells per well) x100, at day 8 of culture. Results are presented as mean + SD of three independent experiments
(n=3). E. Western blot analysis and relative mRNA levels (fold change) of FOXM1 and FOXM1 downstream targets
in control and PMLIV OE cells. β-actin was used as a loading control.

To unravel the molecular mechanisms via which PML operate in luminal breast cancer cells
we performed RNA-seq. Out of 2183 genes that were differentially expressed in the
overexpression of PMLIV, 1032 were overexpressed whereas 1151 were under-expressed
(log2FC≥0.65, p-value≤0.05). Gene ontology and KEGG pathway enrichment analysis of
genome-wide expression profiles upon PMLIV overexpression highlighted cell cycle, cellular
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metabolic and response to type I interferon processes as being significantly overrepresented in PMLIV OE T47D cells (Figure 4.14A).
We were next prompted to compare the transcriptomic profile of MDA-MB-231 and T47D
cells that overexpress PMLIV. The two datasets shared 622 overlapping differentially
expressed genes and not surprisingly, they were mostly cell cycle-related since in both cases,
growth arrest is the dominant effect of PMLIV overexpression (Figure 4.14B). Interestingly,
we noticed the presence of unique GO categories in up-regulated genes of each dataset. For
instance, response to cytokine, NF-kB signalling, and autophagy were enriched in MDA-MB231 PMLIV OE cells, while response to type I interferon, secretion and cell adhesion were
overrepresented in T47D cells. Although, PMLIV induction inhibits the proliferation of both
cell types, it is evident that PML concurrently affects diverse functions depending on the cell
type.

Figure 4.14: PMLIV-elicited gene expression profile of Τ47D in comparison with MDA-MB-231 cells. A.
Functional analysis of differentially expressed genes upon PMLIV induction (log2FC≥0.65, p-value≤0.05) was done
using g:Profiler. The GO terms were summarized and visualized using REVIGO (Supek, Bosnjak et al. 2011). The
scatterplot demonstrates the biological processes that were overrepresented upon PMLIV OE in T47D cells. B.
Venn diagram showing the overlap between differentially expressed genes after PMLIV induction in MDA-MB231 and T47D cells. The common and unique genes were subjected to g:Profiler for functional enrichment
analysis.
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4.10 Discussion
The dual role of PML in cancer under cell specific contexts is intriguing (Mazza and Pelicci
2013). The activity of PML is intrinsically linked to its interacting cofactors. Hence,
understanding the discerning factors and networks that dictate PML’s tumour suppressive or
promoting role is essential not only for elucidating PML biology but also for providing
insights into potential future therapeutics.
In this study, we addressed the role of PML in breast cancer cells. Our results propose that
PMLIV overexpression inhibits the proliferation of breast cancer cells by concurrently
regulating the oncogenic transcription factor FOXM1 and the tumour suppressor FOXO3 that
acts upstream of FOXM1. Forced expression of PMLIV leads to decreased proliferation rate,
clonogenicity and sphere forming efficiency of MDA-MB-231 cells, as well as to deregulated
cell cycle progression. Our data are in line with previous studies intertwining PML with cell
cycle restriction through different mechanisms including regulation of the tumoursuppressor pRB activity by promoting its PP1-dependent de-phosphorylation (Mu, Le et al.
1997, Le, Vallian et al. 1998, Wang, Ruggero et al. 1998, Regad, Bellodi et al. 2009), as well as
p21 induction in p53-dependent (Pearson, Carbone et al. 2000) and p53-independent
manner (Cao, Song et al. 2011).
Our transcriptomic and biochemical data designate for the first time PMLIV as a potent
transcriptional repressor of the critical cell cycle regulator, FOXM1. Importantly, we
demonstrated that PMLIV physically interacts with FOXM1’s DBD and that FOXM1 colocalizes in the PML-NBs. FOXM1 gene promoter activity was effectively repressed upon
PMLIV induction providing evidence for transcriptional regulation of FOXM1 by PMLIV. Many
studies have documented PML enrichment to promoter regions (Chuang, Huang et al. 2011,
Vernier, Bourdeau et al. 2011, Martin-Martin, Piva et al. 2016, Ponente, Campanini et al.
2017), suggesting that PML may be recruited on FOXM1 promoter. However, preliminary
ChIP experiments did not show PML enrichment on FOXM1 promoter (data not shown)
suggesting an indirect mode of function. FOXM1 mRNA and protein levels, as well as its
downstream effectors negatively correlate with PMLIV induction. As expected, FOXM1
occupancy on its target promoters, for example CCNB1 and TOP2A, was reduced after PMLIV
overexpression reflecting its decreased transcriptional activity. Interestingly, PML was
recruited to the above promoters implying that it may be functionally involved in their
regulation. It is well-established that PML and PML-NBs control gene expression via
regulation of the transcriptional activity of transcription factors. It has been described that
PML may function as transcriptional repressor by directly interacting with transcription
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factors for instance Sp1 and Nur77, interfering with their binding to DNA, leading to
repression of their transcriptional programs (Vallian, Chin et al. 1998, Wu, Xu et al. 2002). It
is proposed that PML-mediated transcriptional repression is exerted through sequestration
of transcription factors into PML-NBs (Vallian, Chin et al. 1998, Wu, Xu et al. 2002, Li, Zou et
al. 2014). Likewise, our results indicate that PML regulates FOXM1-mediated gene
expression by sequestering FOXM1 and limiting its accessibility to the target promoters
(Figure 4.15A). Moreover, it is possible that PML fine tunes FOXM1 transcription indirectly
by modulating or sequestering upstream regulators of FOXM1, such as FOXO3, E2F, NFYA,
Rb (Wierstra 2013) (Figure 4.15B).
PML-NBs not only function as catalytic platforms for SUMO conjugation but PML is also
intrinsically linked to SUMOylation because of its TRIM motif (Chu and Yang 2011). FOXM1
transcriptional activity is inhibited by SUMOylation (Myatt, Kongsema et al. 2014). Although,
our data suggest that FOXM1 downregulation upon PMLIV induction is mediated primarily
via transcriptional mechanisms, preliminary findings support the notion that PMLIV may also
reduce FOXM1 protein levels via SUMOylation when there is an appropriate stoichiometry
between PMLIV, FOXM1 and SUMO proteins. As FOXM1 activity is modulated by other PTMs
apart from SUMOylation (Liao, Li et al. 2018) and PML-NBs are PTMs hubs, it is possible that
FOXM1 is directly regulated by various modifiers in the bodies (Figure 4.15C). Taken
together, since FOXM1 is an auto regulatory protein, it is most likely that PML interferes
with both its expression and protein activity through non-mutually excluded modes (Figure
4.15).

100

Figure 4.15: Schematic representation of possible mechanisms via which PMLIV regulates FOXM1. PMLIV may
indirectly regulate FOXM1 expression by FOXM1 sequestration in PML-NBs (A) and/or by sequestration and
modulation of FOXM1 upstream regulators (B). FOXM1 activity can be directly regulated in PML-NBs via different
PTMs (C).

FOXM1 downregulation is consistent with the cell cycle arrest phenotype of MDA-MB-231
cells observed upon PMLIV induction. However, FOXM1 overexpression did not rescue
PMLIV’s inhibitory growth arrest suggesting that PML may concurrently regulate upstream
regulators. Our transcriptomic analysis shows that FOXO3, an upstream FOXM1 repressor,
shares common target genes, including FOXM1, with PMLIV. Indeed, a subset of the FOXO3
transcriptional program is activated following PMLIV OE. Based on our biochemical findings,
we suggest that PMLIV modulates FOXO3 activity via post-translational modifications.
FOXO1, another member of the FOXO family, has been found to be targeted in PML-NBs
where it is deacetylated by Sirt1 and becomes transcriptionally active (Kitamura, Kitamura et
al. 2005). Similarly, FOXO3 could become dephosphorylated and activated in the PML-NBs
upon PMLIV induction in breast cancer cells. Preliminary data imply that FOXO3
dephosphorylation is mediated by PHLPP2 phosphatase. FOXO3 KD did not reverse the
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phenotype of PMLIV overexpressing cells hinting once again that PML’s effect is mediated by
multiple regulators.
Besides the forkhead transcription factors FOXO3 and FOXM1, PMLIV overexpression also
modifies other transcriptional programs, such those of E2F and NFYA, and alters the
epigenetic state of MDA-MB-231 cells. Consistently, we suggest that the cellular processes
critically affected by PMLIV forced expression is mediated by a complex PML orchestrated
transcription factor network along with epigenetic changes.
Although PML was originally perceived to act as a tumour suppressor, recent findings
suggest that PML functions as a tumour promoter in several cancer setups, since PML loss
may compromise tumour growth and metastasis. Caracceddo et al., have shown that PML
promotes PPAR signalling and inhibits anoikis in breast cancer (Carracedo, Weiss et al. 2012).
Follow-up experiments from the same group demonstrated that PML is required for breast
cancer initiating cell function in aggressive breast cancers by positively regulating the
expression of the stem cell factor, SOX9 (Martin-Martin, Piva et al. 2016). Another recent
study showed that in TNBC context HIF1A induces PML expression, and PML in turn
cooperates with HIF1A to control the expression of a number of HIF1A target metastasisrelated genes, thus promoting cell migration, invasion, and metastasis in cell and mouse
models (Ponente, Campanini et al. 2017). Similarly, PML loss was found to promote cell
invasion in normal neural progenitors and glioma via regulation of the migration inhibitor
SLIT2 (Amodeo, A et al. 2017). Missilori et al., found that PML depletion activated autophagy
response and protected against apoptotic insults in mouse fibroblasts and NB4 leukemia
cells (Missiroli, Bonora et al. 2016). In addition, other reports showed that PML loss protects
from hydrogen peroxide induced cell death (Giorgi, Ito et al. 2010, Reineke, Liu et al. 2010).
These studies suggest that apart from growth arrest and death signalling, PML may also
exert pro-survival functions in distinct cellular backgrounds. Although concurrent genetic
and epigenetic factors are not easily recognized in these effects especially in the context of
clinical data sets, yet some conditions such as hypoxia and nutrient depletion are obvious
factors that elicit PML’s tumour promoting properties. Pertinent to the above studies, our
work shows that high PML levels may affect simultaneously diverse pathways by targeting
the regulatory axis, FOXO3-FOXM1 that interlinks cell proliferation (FOXM1) to apoptosis,
cell cycle arrest and pro-survival signalling (FOXO3). The context depended effects of PMLIV
in breast cancer are also highlighted by our preliminary data from T47D PMLIV OE
transcriptomic profiling, that shows distinct deregulated GO terms compared to MDA-MB231 cells.
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Isoform specific activities of PML are not fully understood. Single PML isoform
overexpression in PML depleted background (Geng, Monajembashi et al. 2012, Hands,
Cuchet-Lourenco et al. 2014) and isoform-specific antibodies (Fogal, Gostissa et al. 2000,
Condemine, Takahashi et al. 2006) have been used to define the role of specific PML
isoforms. PML has been studied in PML KO mice and primary cells lacking PML expression
(Wang, Rivi et al. 1998). Isoform-specific PML KD are limited (Kumar, Bischof et al. 2007,
Maroui, Pampin et al. 2011, Ohsaki, Kawai et al. 2016, Chen, Feng et al. 2018) highlighting
the different biological output of distinct PML isoforms in certain cell types. To investigate
PML’s function in breast cancer We focused on the PMLIV isoform since it is the most well
studied PML isoform in terms of tumour suppression because of its implication in apoptosis,
senescence and DNA damage (Nisole, Maroui et al. 2013). We had also established a MDAMB-231 cell line with inducible PMLI expression but we did not observe any relevant
phenotype in cancer related contexts. In fact, the present study revealed that PMLIV
interaction with FOXM1 and its recruitment in PML-NBs is isoform specific, implying that
FOXM1 could be one of the main PML’s interacting partners that confer to PMLIV’s specific
anti-proliferative effect.
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Chapter 5: PMLIV effect on breast
cancer stem cells
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The involvement of PML in regulating stem cells and CSCs has been proved in different
contexts (Salomoni 2009, Ito and Ito 2013). To study PML’s role in BCSCs we cultured the tetPMLIV MDA-MB-231 cell line in non-adherent, serum-free conditions and we used cell
enrichment approaches for CSC biomarkers.

5.1 PMLIV-elicited gene expression profile of MDA-MB-231 tumourspheres
The effect of PMLIV OE on the self-renewal capacity of MDA-MB-231 cells was examined by
assessing the sphere forming efficiency (SFE %) of serially passaged cells cultured as
tumourspheres. PMLIV induction reduced sphere formation of MDA-MB-231 cells on
passage 1 (P1) indicating that PML inhibits the self-renewal of BCSCs. Although, on passage 2
the SFE% of both the control and PMLIV OE cells dropped dramatically, probably due to
culture conditions, the impact of PMLIV OE was still evident (Figure 5.1A).
In order to evaluate the effect of PML on the tumourigenic potential of MDA-MB-231 cells
we injected with 10.000 or 1000 control or PMLIV OE cells after 3 days of doxycycline from
monolayer and sphere culture, respectively, into nonobese diabetic severe combined
immunodeficient gamma (NSG) mice. Although all the groups formed tumours, the volume
of tumours isolated from mice that received PMLIV OE cells was smaller, providing an
indication for the tumour suppressive role of PMLIV in vivo (data not shown).
To further investigate PML’s role in BCSCs and self-renewal pathways, gene expression
analysis was performed on PMLIV OE and control cells cultured as tumourspheres. Using
standard cut-off parameters (absolute log2(FC)>=1.5 and p-value<=0.05) differentially
expressed genes were defined, with 371 being overexpressed and 195 under-expressed
(Figure 5.1B). Representative genes from both groups involved in different biological
processes (cell cycle, DNA replication and repair, chromatin modification, stem cell
maintenance and cell adhesion) were validated by qPCR (Figure 5.1C). GO terms and
pathway categories whose genes were over-represented among the deregulated genes were
determined by RNEA. Top ranked functional categories of the analysis corroborated with the
inhibition of cell proliferation and self-renewal capacity upon PMLIV OE, observed in sphere
culture conditions. For example, mitotic cell cycle, DNA repair, cell division GO terms and cell
cycle, DNA replication and pyrimidine metabolism KEGG pathways were highly enriched in
under-expressed genes (Figure 5.1D). The overexpressed genes were classified into immune
and inflammation-related KEGGs such as antigen processing and presentation, Graft versus
host disease and NOD−like receptor signalling pathway, in line with the known function of
PML in antiviral defense and immune response. In addition, ATP binding cassette (ABC)
transporter family, a common marker of CSCs, was overrepresented in overexpressed genes
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upon PMLIV induction, implying that PML may affect a subpopulation of CSCs functioning as
a CSC promoter factor (Figure 5.1D). Interestingly, at the enriched GO terms and KEGG
pathways of overexpressed genes we found unexpected functions affected in the system
studied such as olfactory receptor (OR) activity. Olfactory receptors show broad ectopic
expression apart from the olfactory epithelium. The functional output of ectopically
expressed ORs remains poorly understood although it has been demonstrated that ORs are
implicated in cell-cell recognition, migration, proliferation, apoptotic cycle and exocytosis
and that they are overexpressed in different cancer tissues (Flegel, Manteniotis et al. 2013,
Massberg and Hatt 2018). In addition, it has been shown that OR gene activation requires
demethylation by LSD1 (Lyons, Allen et al. 2013). Taken together, a speculation for the
overrepresented OR GOs in our dataset, could be that PMLIV OE facilitates somehow their
transcription through demethylation mechanisms. However, we did not validate and study
ORs differential expression after PMLIV OE in our system since it was not of our interest and
we cannot conclude about the biological significance of their overexpression upon PMLIV
induction.
Comparing the gene expression profile of MDA-MB-231 PMLIV OE cells cultured in
monolayer and tumoursphere conditions we conclude that the two conditions share
common deregulated genes and pathways mainly associated with cell cycle regulation, while
they differ in stem cell-related pathways. Overall, PMLIV OE may have the same effect (eg.
inhibition of cell proliferation) on the bulk cell population of monolayer and tumoursphere
MDA-MB-231 cells but may distinctly affect subpopulations of CSCs (eg. overexpression of
ABC transporters; telomere maintenance).
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Figure 5.1: Changes of global gene expression upon PMLIV induction in MDA-MB-231 tumourspheres. A.
Tumoursphere forming efficiency (TFE%) of control and PMLIV OE MDA-MB-231 cells for passage 1 and 2. For the
tumoursphere forming assay 1000 cells/ml were seeded in triplicate. TFE was calculated as (# of spheres per
well/# of seeded cells per well) x100, at day 8 of culture. Results are presented as mean + SD of three
independent experiments (n=3). B. Volcano plot depicting the distribution of differentially expressed genes after
PMLIV OE (fold change>1.5, p≤0.05). C. Validation of microarrays analysis. Relative mRNA levels of selected
differentially expressed genes upon PMLIV OE. Error bars indicate +SD of three independent experiments (n=3).
D. Functional enrichment analysis of the differentially expressed genes upon PMLIV induction performed using
RNEA. Bar charts depicting GO categories (left panel) and KEGG pathways (right panel) that are significantly
enriched in overexpressed and under-expressed genes upon PMLIV forced expression.

107

5.2 PMLIV effect on slow cycling cells
The expression profile of PMLIV OE MDA-MB-231 tumourspheres as well as the in vivo
experiment gave us preliminary hints about PML’s function in BCSCs. However, it is difficult
to study and distinguish the infrequent tumour-initiating stem cells from cells that comprise
the tumour bulk. Thus, we first performed cell enrichment experiments for functional and
immunophenotypical CSC biomarkers to obtain stem-like populations and then we examined
the effect of PMLIV induction on the isolated subpopulations.
The first approach that we used to isolate CSCs was based on the ability of the quiescent
cells to retain the lipophilic fluorescent dye, PKH26. Among the bulk cancer cell population,
the quiescent/slowly dividing CSCs retain the PKH26 dye, while the proliferating population
of the progenitors progressively loses it by dilution. Hence, the PKH-positive (PKHPOS) cell
fraction represents a stem-like subpopulation, whereas the PKH-negative (PKHNEG) terminally
differentiated cells (Pece, Tosoni et al. 2010). The MDA-MB-231 PMLIV inducible clone was
labeled with PKH26 and seeded in suspension to allow tumoursphere growth (passage 1).
Using fluorescence-activated cell sorting (FACS) we obtained three subpopulations: bulk,
high and low PKH fluorescence (PKHHIGH and PKHNEG) cells. Subsequently, cells were replated
in suspension to grow (passage 2) and when the cells recovered from sorting and formed
spheres, PMLIV was induced for 2 days (Figure 5.2A). Cells were collected and 10000 control
or PMLIV OE cells from each group subpopulation were injected into NSG mice, while a small
amount was kept for RNA extraction to check the levels of selected markers. Pece et al. have
analyzed the transcriptional profile of PKHPOS and PKHNEG subpopulations and found that
among the differentially expressed genes, JAG1, DNER, DLL1/DELTA and SOX4 were enriched
in PKHPOS cells, whereas HEY1 in PKHNEG. So, we examined the expression levels of JAG1,
DNER and SOX4 to confirm the purity of the isolated subpopulations immediately after
sorting (t=0) as well as before the animal injection. At t=0 SOX4 mRNA level was similar to
the three groups, while DNER and JAG1 was lowest in the PKHHIGH fraction (Figure 5.2B). The
cells that were injected to mice had higher SOX4 levels in bulk and PKHLOW cells but lower in
PKHHIGH. PMLIV OE decreased SOX4 mRNA of the bulk and PKHLOW cell fraction and did not
affect it in PKHHIGH cells. DNER expression was comparable to the three subpopulations and
there was no change upon PMLIV induction. The only difference that we observed was in
PKHHIGH subpopulation, where DNER mRNA levels remarkably increased after PMLIV OE.
JAG1 expression level was high in the bulk and PKHHIGH fractions. When PMLIV was
overexpressed JAG1 reduced in the bulk but slightly increased in the PKHHIGH subpopulation
(Figure 5.2C).
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The xenograft formation data from the isolated subpopulations were similarly inconclusive
as the mRNA analysis. All the groups formed tumours but the mice that had received the
bulk subpopulation had better general condition than the PKHHIGH or PKHLOW groups. No
significant change of the tumor growth at the primary site was observed between the
PKHHIGH and the PKHLOW mice as well as between the control and the PMLIV OE groups. In
addition, most of the mice (11/15) had metastases mainly to lymph nodes and liver (Figure
5.2D).
Our results are not in line with the literature, since the selected markers were not enriched
in the PKHHIGH subpopulation and their expression level was high in the bulk fraction. So, we
did not obtain cell subsets with the reported stem-like PKHHIGH signature (Pece, Tosoni et al.
2010). This study points to the problem of extrapolating results from normal or ERB2
transformed mammary cells to human-breast derived cell models that harbor multiple
genetic and epigenetic aberrations. In spite of that, we found that PMLIV OE differentially
affected the expression levels of the selected markers SOX4, DNER and JAG1 implying that
PML influences stem-like factors.
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Figure 5.2: Isolation and functional characterization of PKH
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and PKH

subpopulations of MDA-MB-231

cells in relevance to PMLIV OE. A. Schematic representation of the experimental setup and the gated parameters
that we followed to isolate PKH

HIGH

and PKH

LOW

subpopulations. B. Relative mRNA level of selected markers in the

isolated cell fractions. C. Relative mRNA level of selected markers in the isolated cell fractions before and upon
PMLIV induction. D. Photos showing the metastatic foci that were formed in the recipient NSG mice upon
subcutaneous injection at the right flank of PKH

HIGH

/PKH

LOW

/ or bulk subpopulations. The white arrow in the left

panel indicates metastasis in the ipsilateral axillary lymph node, while in the right panel in the liver.

5.3 EpCAM/CD24 sorted MDA-MB-231 subsets are variable for stemness,
tumourigenicity and have distinct gene signatures and responses to PMLIV OE
Besides using the dye retention strategy to isolate subpopulations with stem-like features,
we also tried to purify BCSCs based on their EpCAM (Epithelial cell adhesion molecule)
expression (Fillmore and Kuperwasser 2007). MDA-MB-231 tetPMLIV cells were stained and
sorted for EpCAM resulting in EpCAMhigh , EpCAMlow and bulk subsets. The EpCAMhigh
subpopulation had higher SFE% in passage 1 and 2, compared to the EpCAMlow and bulk
fractions indicating that EpCAMhigh cells have high self-renewal capacity and possess stemlike properties. The induction of PMLIV led to decreased SFE of all three subpopulations,
which was further reduced during passage 2 (Figure 5.3A).
According to the literature, the cell surface immunophenotype CD44+/CD24-/low
characterizes tumor-initiating cells (Al Hajj, 2003; Azzam 2013). Other studies have used the
EpCAM marker in combination with CD49f (Prat, Karginova et al. 2013) or CD24 (Fillmore
and Kuperwasser 2007). Use of CD49f did not give significant results. We then chose to sort
the MDA-MB-231 tetPMLIV cells for EpCAM and CD24 to further dissect the tumor initiating
potential in relation to the action of PML. By two parallel dichotomous sortings 4 distinct
subpopulations were derived: EpCAMlow/CD24low, EpCAMhigh/CD24low, EpCAMlow/CD24high and
EpCAMhigh/CD24high (Figure 5.3B). The different cell subsets obtained were cultured for 4 days
as monolayers, with or without doxycycline and next were analyzed for their clonogenicity
by sphere formation, tumorogenicity by xenograft formation and transcriptional signatures
and response to PMLIV OE. The EpCAMhigh/CD24low subpopulation was the most aggressive in
vitro as well as in vivo, since it presented the highest SFE and tumourogenicity (Figure 5.3C,
D). Based on the cell surface markers CD44/CD24/EpCAM, Fillmore and Kuperwasser
characterized using a different cell line characterized three different mammary epithelial
states: stem-like (CD44hiCD24negEpCAMlo), basal (CD44hiCD24negEpCAMneg) and luminal
(CD44loCD24hiEpCAMhi) (Fillmore and Kuperwasser 2007, Fillmore and Kuperwasser 2008,
Gupta, Fillmore et al. 2011) and found that the tumor initiating subset is the CD44+/CD24/low

/ESA+. Interestingly, the four different cell subsets that we isolated and theoretically
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represented discrete mammary differentiation states had distinct gene signatures in terms
of epithelial differentiation (EpCAM,CD24,CDH1), EMT (MMP1, ZEB1), proliferation and stem
markers (KLF4,NOTCH, ALDH1) that changed when PMLIV was induced (Figure 5.3E).
Taken into consideration all the experimental approaches that we used to isolate BCSCs, the
most promising was the EpCAM/CD24 sorting. Using these two surface markers we were
able to isolate cells with variable self-renewing in vitro and in vivo tumorigenicity activities.
We found that the EpCAMhigh/CD24low subpopulation (pop.1) showed the highest stem-like
activity, which is consistent with the literature that characterizes the CD44hiCD24negEpCAMlo
subset as stem-like. The most inefficient subpopulation was negative for both proteins.
These results are in agreement with Fillmmore et al. (Fillmore and Kuperwasser 2008) and
further extend understanding of the diversity of cancer stem phenotypes. Analysis of the
sorted cells 7 days post sorting showed that the EpCAMlow phenotype was stable whereas
the CD24low cells fast reverted to CD24neg, suggesting a hierarchy in the transition from
CD24pos to CD24neg cells (data not shown). A notable difference between in vitro sphere and
tumor xenograft growth patterns was that the EpCAMneg/CD24lowcells that had high SFE yet
they grew slowly in mice indicating that distinct stem cell like subpopulations and the in vivo
potential are not always faithfully measured by standard in vitro assays.
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Figure 5.3: EpCAM/CD24 sorting results in MDA-MB-231 cell subpopulations with distinct functional properties
and responses to PMLIV OE. A. Tumour sphere forming efficiency of EpCAM

HIGH

and EpCAM

LOW

subpopulations

during 4 passages in control and PMLIV OE cells. B. Flow cytometry dot plot of EpCAM and CD24 expression in
MDA-MB-231 cells and the 4 subsets that we obtained following double EpCAM/CD24 sorting. C. Propagation of
tumourspheres for 4 passages starting from each isolated cell subpopulation. D. The tumour growth was
measured for each subpopulation injected in NGS mice within 70 days. E. Heat maps display differences in the
mRNA expression of selected markers upon PMLIV OE for each EpCAM/CD24 sorted subpopulation.

5.4 Discussion
Current views emphasize on the cancer stem cell or tumour initiating cell origin of many
neoplasias. CSCs share common properties with embryonic and adult stem cells and in
particular, the ability to self-renew and to generate a phenotypically heterogeneous
progeny. Although the CSC concept does not challenge the causative role of gene mutation
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principle in cancer, it focuses on key questions of carcinogenesis i.e. cell of origin; clonal
evolution and cell hierarchy; heterogeneity; metastasis and dormancy; resistance to therapy
(Batlle and Clevers 2017). Consequently, CSCs are prominent targets for novel therapeutics
approaches.
PML has been identified as an important regulator of leukemia initiating cells since
proteolytic targeting of PML led to their elimination because of exhaustion (Ito, Bernardi et
al. 2008). In addition, a recent report suggests that in a subset of breast cancer, PML sustains
the function of breast cancer initiating cells and in turn their metastatic dissemination
capacity (Martin-Martin, Piva et al. 2016). The ability of PML to control the progenitor cell
pool is not limited to the pathological conditions but also applies during normal
hematopoietic, mammary gland and neocortex differentiation has been shown (Salomoni,
Ferguson et al. 2008). Hence, these findings have intriguing implications for a role of PML in
fine tuning adult normal and cancer stem cell dynamics.
In our attempt to define PML’s impact on BCSCs we used different experimental approaches.
The data from the tumoursphere culture that enrich for stem and progenitor cells suggest
that PMLIV inhibits the self-renewal of MDA-MB-231 cells. The transcriptomic profiling of
PMLIV OE tumourspheres further confirmed the growth arrest but also gave us insight on
stem/progenitor-related pathways that were upregulated upon PMLIV induction such as
ABC transporters, activation of MAPK activity, determination of bilateral symmetry and
response to oxidative stress implying that PML may affect diverse stem cell functions. We
next tried to isolate BCSCs exploiting their quiescent property. The isolated subpopulations
were not highly purified since selected stem-like factors based on Pece study (Pece, Tosoni
et al. 2010) were not enriched in the slow cycling fraction. However, it is worth noting that
PMLIV OE effect on the expression levels of selected stem-like factors was distinct in the
isolated fractions. Finally, when we isolated MDA-MB-231 subpopulations according to their
EpCAM/CD24 status we obtained cell subsets that their functional properties (sphere
formation and tumourigenicity) correlated to the literature (Fillmore and Kuperwasser 2008,
Gupta, Fillmore et al. 2011). Remarkably, each subpopulation had distinct gene signature
and response to PMLIV OE.
Collectively, our preliminary findings support that PMLIV has disparate effect on mammary
cell populations which is consistent with previous studies (Li, Ferguson et al. 2009, Li, Rich et
al. 2009). Taking into consideration all the reports about PML’s involvement in stem and
cancer stem cells it is conceivable that PML functions differently in cycling cells compared to
quiescent cells. These discrepancies may be attributed to cell cycle regulation by PML (Li,
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Rich et al. 2009) but also to stemness-controlling genes, such as SOX9, fine-tuned by PML
(Martin-Martin, Piva et al. 2016). Our results are consistent with this notion since PMLIV
targets both cell cycle related genes and stemness genes. However, in order to clarify PML’s
role in BCSCs we should optimize our experimental techniques to obtain more purified stem
like populations.
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Chapter 6: General conclusions
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Our study provides new insights into the multilevel regulation of tumour growth in breast
cancer by PML through a large and complex transcriptional network (Figure 6.1). We report
that inducible PMLIV expression inhibits cell proliferation as well as self-renewal, and
impairs cell cycle progression of breast cancer cell lines in a reversible way. The genome
wide analysis that we performed, revealed potential PMLIV target genes in breast cancer
cells. Our transcriptomic and biochemical data designate for the first time PMLIV as a potent
repressor of FOXM1, by regulating its gene expression and protein activity. In addition,
PMLIV interferes with another component of FOXM1 network, FOXO3. PMLIV modulates
FOXO3 transcriptional activity via protein-protein interactions, to promote cell survival and
stress resistance. By the concurrent activation of FOXO3 and inactivation of FOXM1
signalling, PMLIV promotes divergent pathways that lead to cell growth arrest and at the
same time favor long term survival and stress resistance. These contrasting activities may be
essential in different cancer contexts that carry or evolve to different genetic and epigenetic
background and may provide a mechanistic basis for the seemingly dual role of PML as
tumour promoting or suppressing factor. Hence, we provide evidence for a novel and
potentially targetable PML-FOXO3-FOXM1 axis that may be of benefit in particular settings.
In the second part of this study, although our data are not conclusive, we provide hints on
the functional role of PML in BCSCs. We demonstrated that distinct breast cancer cell
compartments respond differently in PMLIV induction.
Collectively, our findings expand our understanding on the transcriptional networks that
govern breast cancer and may have important implications for therapeutic interventions.
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Figure 6.1: PMLIV favors growth inhibition and pro-survival processes in breast cancer via a complex,
transcriptional network.
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