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ABC: ATP-binding cassette

AC: anthracycline (doxorubicin) + cyclophosphamide
ACM: anthracycline (doxorubicin) + cyclophosphamide + metformin
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AMPK: AMP-activated protein kinase

AR: androgen receptor
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Abstract

The DNA-Damage Response (DDR) mediates DNA-damage sensing and repair.
Protein Phosphatase 2A (PP2A) is a major phosphatase in eukaryotes and plays a
critical role in countless cellular processes. Among them, PP2A has been shown to
modulate the DDR, although many aspects of this regulation remain to be better
characterized. PP2A integrates metabolic sensing with the DDR in yeast. Through a
pharmacological and genetic approach, our group found that the combination of
metformin (the most commonly used drug for type 2 diabetes) with glucose starvation
increased PP2A activity. In Triple Negative Breast Cancer (TNBC) cell lines and
patient-derived tumors, metformin and glucose starvation enhanced the efficacy of
low-dose, DNA-damaging chemotherapy. We demonstrated that PP2A, over-activated
by metformin and glucose starvation, attenuated the DDR triggered by chemotherapy,
thus preventing the cell cycle arrest necessary for DNA repair and increasing genomic
fragmentation, which finally led to cell death. We showed that metformin and glucose
starvation increased PP2A recruitment on the chromatin; this could stabilize PP2A
catalytic subunit and increase its phosphatase activity. In mouse models of TNBC,
metformin and cycles of intermittent fasting (which lowered blood glucose) increased
the efficacy of low-dose chemotherapy and induced tumor regression. Targeting the
DDR is considered an attractive therapeutic opportunity, based on the intrinsic
genomic instability of tumor cells. Here we provide a metabolic strategy to mitigate

the DDR at multiple levels, which is safe, tolerable and immediate.



Introduction

1. Tumor metabolism

1.1 The hallmarks of tumor metabolism.

Aberrant metabolism is considered one of the hallmarks of cancer, which are features
unique to the tumor but also putative targets for novel therapies (Hanahan &
Weinberg, 2000, 2011). The first insights on tumor metabolic alterations date back
nearly a century ago: Otto Warburg and colleagues observed that tumor slices exposed
to high concentrations of glucose and oxygen converted the surplus pyruvate in
lactate, missing the bioenergetic benefits of coupling glycolysis with the tricarboxylic
acid (TCA) cycle (WARBURG, 1956). Now it’s well established that the Warburg effect
is a regulated metabolic state, rather than an adaptation to mitochondrial defects, and
may be advantageous during a time of increased biosynthetic demand. Indeed, even
though aerobic glycolysis is disadvantageous in terms of adenosine 5'-triphosphate
(ATP) production, it facilitates the uptake and incorporation of nutrients into biomass
and the reducing potential in the form of the cofactor NADPH (Cairns et al., 2011;
Vander Heiden et al., 2009).

Aerobic glycolysis is one of the hallmarks of cancer metabolic reprogramming
(Pavlova & Thompson, 2016), which is defined as the up- or down-regulation of
conventional metabolic pathways as a consequence of oncogenic drive from within
(activation of oncogenes and loss of tumor suppressors) and environmental pressure
from without (hypoxia, pH, vascularization and nutrient availability) (reviewed in
Cairns et al., 2011; DeBerardinis & Chandel, 2016). Metabolic reprogramming is one
of the first steps necessary for malignant transformation and, as the tumor progresses,

it must address three fundamental needs of the tumor cell, i.e., meeting bioenergetic
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requirements, ensuring the biomass required to sustain a high proliferation rate and
maintaining an appropriate redox balance. These will be discussed in detail in the
following paragraphs, with references to the oncogene(s) which govern pathway-
specific reprogramming.

Following Warburg's observations, it was thought that glycolysis was the process that
produced the most ATP in cancer cells; now it is known that the greatest amount of
ATP is produced by mitochondrial respiration, unless there are mutations in
mitochondrial enzymes (for instance, fumarate hydratase, FH), but even then,
alternative ways to circumvent the obstacle have been described (Guzy et al., 2008;
Lussey-Lepoutre et al., 2015; Mullen et al., 2012; L. Zheng et al., 2015). Even in
condition of low availability of oxygen and nutrients, cancer cells do not give up on
mitochondrial respiration and have evolved alternative methods to supply the TCA
cycle with precursors (mainly Acetyl-CoA from fatty acid oxidation and glutamine)
(Fan et al., 2013; Mayers et al., 2014) (Figure 1). If the nutrient scarcity persists,
conservative mechanisms are implemented such as: use of opportunistic ways for
nutrient acquisition (Kamphorst et al., 2013; Nieman et al., 2011), inhibition of
mammalian target of rapamycin (mMTORC1) and consequential initiation of autophagy
(J. Y. Guo et al., 2011; Strohecker & White, 2014) and activation of adenosine 5’
monophosphate (AMP)-kinase (AMPK), which curbs anabolic processes in favor of
catabolic processes (for instance, fatty acid oxidation) (reviewed in Hardie et al.,
2016). This is due to a certain flexibility of tumor cells and adaptability to change in

nutrient availability (metabolic plasticity) (Jia et al., 2019).
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Figure 1: metabolic plasticity allows cancer cells to adapt to changes in nutrient availability.

Metabolic pathways in cancer cells under nutrient availability and deprivation. Adapted from

DeBerardinis & Chandel, 2016.

In addition to glucose, to sustain high replicative rate, tumors need huge amounts of
proteins, lipids, and nucleic acids. Many pathways necessary for the production of
macromolecules are branched from glycolysis, hence the advantage of a high
glycolytic rate even in presence of oxygen (Figure 2): the pentose phosphate pathway
(PPP), the hexosamine synthesis pathway, the glycogenesis and the serine biosynthesis
(reviewed in Hay, 2016). Tumor cells maximize the yield from glycolysis by: i)
trapping glucose in glycolysis through the over-expression of glucose channel (GLUT-
1) and hexokinase 2 (HK2) (Mathupala et al., 2001; Robey & Hay, 2006; J. E. Wilson,
2003); ii) mitigating the last step of glycolysis (conversion of phospho-enol-pyruvate
to pyruvate) to diverge as many metabolites as possible to the branches (Israelsen &
Vander Heiden, 2015); iii) maximizing the conversion of pyruvate to lactate through
lactate dehydrogenase A (LDHA), which is then secreted (Doherty & Cleveland, 2013;

Valvona et al., 2016); the NAD+ formed in the process is used in the first steps of
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serine synthesis for the production of essential amino acids. Sill, cancer cells have
enough pyruvate to enter the TCA cycle, further facilitated by glutamine from outside
(Hensley et al., 2013). Lactate itself promotes tumorigenesis: it increases extracellular
vascular endothelial growth factor A (VEGFA) (Fukumura et al., 2001; Shi et al., 2001),
is used by stromal cells to produce pyruvate then internalized by tumor cells and
inhibits tumor-infiltrating lymphocytes (Fischer et al., 2007).

Cancer cells acquire amino acids from the extracellular environment, which keeps
mTORCT activity high, thus promoting protein synthesis and ribosome biogenesis
(reviewed in Laplante & Sabatini, 2012). Non-essential amino acids are synthesized
from glutamine-derived glutamate; glutamine can itself be exported in exchange for
essential amino acids.

Acetyl-CoA (derived mainly from glucose but also from glutamine) and NADPH (from
the PPP) are needed for fatty acid synthesis (DeBerardinis et al., 2007; Fan et al., 2014).
The transcription factors sterol regulatory element binding protein 1 and 2 (SREBP-1
and 2), contributed by mTORCT, regulate genes involved in fatty acid synthesis
(Horton et al., 2002; T. R. Peterson et al., 2011). Lipids and fatty acids can be also
internalized from the extracellular environment with the contribution of the
phosphoinositide 3-kinases (PI3K) signaling pathway.

The synthesis of nucleotides requires NADPH, glutamate, TCA cycle-derived
oxaloacetate and precursors from the PPP and from the one carbon/folate metabolism.
Little is known about the contribution of oncogenes, but mTORCT appears to play an

important role (Ben-Sahra et al., 2013).
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Figure 2: metabolic changes and enhanced metabolic flux in glucose metabolism from

normal to cancer cells.

1,3BPG, 1,3-bisphosphoglycerate; 2PG, 2-phosphoglycerate; 3PG, 3-phosphoglycerate; a-
KG, a-ketoglutarate; Ac-CoA, acetyl-CoA; ALDO, aldolase; DHAP, dihydroxyacetone-

phosphate; ENO, enolase; F1,6BP, fructose-1,6-bisphosphate; F2,6BP, fructose-2,6-

bisphosphate; F6P, fructose-6-phosphate; FAS, fatty acid synthesis; G3P, glyceraldehyde-3-

phosphate; G6P,glucose-6-phosphate; HK, hexokinase; LDH, lactate dehydrogenase;

GAPDH, glyceraldehyde- 3-phosphate dehydrogenase; GCK, glucokinase; GLUT, glucose
transporter; glycerol-3P, glycerol-3-phosphate; GPI, glucose-6-phosphate isomerase; MCT,

monocarboxylate transporter; OAA, oxaloacetate; PEP, phosphoenolpyruvate;PFK1,

PFKFB,  6-phosphofructo2-kinase/fructose-2,6-bisphosphatase;

phosphofructokinasel;
PCAM1, phosphoglycerate mutase 1; PGK1, phosphoglycerate kinase 1; PK, pyruvate kinase;

PPP, pentose phosphate pathway,; TCA, tricarboxylic acid; TPI, triosephosphate isomerase.
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Pathways or enzymes over-activated or over-expressed in tumors compared with healthy cells

are highlighted in bold. Adapted from Hay, 2016.

From early stage to metastasis, cancer cells have to maintain a proper balance between
(over-)production of ROS and anti-oxidant defenses to prevent high level of ROS from
damaging DNA, proteins and lipids, as exemplified in Figure 3. Tumor cells exhibit
higher ROS levels than healthy tissue due to over-activation of oncogenes and loss of
tumor suppressors. In the early stages of malignant transformation, low levels of ROS
promote tumor progression through activation of the PI3K and mitogen-activated
protein kinase (MAPK) pathways, and the transcription factors hypoxia-inducible
factor 1 (HIF1) and nuclear factor kB (NF-kB). At this stage, the uncontrolled increase
in ROS is buffered by the induction of nuclear factor (erythroid-derived 2)-related
factor 2 (NFR2)-dependent genes and through NADPH produced by the PPP
(DeNicola et al., 2011, 2015; Harris et al., 2015; Ye et al., 2014). As tumor mass
increases, nutrient and oxygen availability decreases; this causes a further increase in
ROS. Under the condition of glucose shortage, the PPP is unable to provide sufficient
levels of NADPH, which is then replenished by one-carbon metabolism. Low levels
of ATP activate AMPK, which, as anticipated, blocks NADPH-consuming anabolic
processes (Jeon et al., 2012; Saito et al., 2015). The detachment from the matrix for
the metastatic phase results in a further increase in ROS, which are buffered primarily
through NADPH by one-carbon metabolism (Jiang et al., 2016; Schafer et al., 2009).
It is important to consider that too high or too low levels of ROS are equally incapable

of sustaining tumor progression.
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Figure 3: tumor cells maintain a favorable REDOX balance.

Balance between ROS production and anti-oxidant defenses in cancer cells correlated with
solid tumor progression. Sources and ROS scavengers are indicated. Adapted from

DeBerardinis & Chandel, 2016.

1.2 Tackling tumor metabolism.

When it comes to metabolism, identifying the perfect molecular target is not easy,
since inhibition of a specific pathway could cause both systemic toxicity and for fast
cycling cells (such as immune cells) (K. Ito & Suda, 2014; Pearce et al., 2013). There
are excellent examples already used in the clinic: antifolates inhibit nucleotide
synthesis and are the standard of many chemotherapy regimens. The glycolytic
enzymes LDHA and HK2 were the first metabolic targets whose inhibition showed
encouraging results in animal models (even though the effects on the immune system
could not be assessed since immune-deficient mice were principally used) (Fantin et
al., 2006; Le et al., 2010; Y.-H. Wang et al., 2014; Xie et al., 2014). Also, serine
metabolism supports tumor growth and may become a drug target (Kim et al., 2015;
Labuschagne et al., 2014).

Metformin (which is the most widely used drug in the world for type 2 diabetes) is a

good example of drug repositioning: from epidemiological data, the use of metformin

16



has been associated with a lower onset of tumors and a longer survival in oncologic
patients (Daugan et al., 2016; Evans et al, 2005; Memmott et al., 2010).
Mechanistically, metformin inhibits mitochondrial complex | in cells expressing
organic cation transporters (OCTS), found in the liver, kidneys and some types of
tumors (Bridges et al., 2014; EI-Mir et al., 2000; Owen et al., 2000). The anti-cancer
effect of metformin is supposed to be due to both a systemic hypoglycemic effect
(consequence of gluconeogenesis inhibition in the hepatocytes), and by direct actions
on the tumor cells; in this contest, metformin works best when combined with
strategies that inhibit glycolysis, the second largest source of ATP (Birsoy et al., 2014;
Elgendy et al., 2019; Griss et al., 2015; Pollak, 2014; Wheaton et al., 2014)].
Metformin has also been shown to be effective in targeting cancer stem cells and
preventing relapse (Janzer et al., 2014; Roesch et al., 2013).

As previously anticipated, one strategy could be to lower the cancer's antioxidant
defenses and allow ROS to irreversibly damage cancer cells. Eliminating NADPH-
producing systems would cause systemic toxicity, except for the two enzymes
Glucose-6-phosphate de-hydrogenase (G6PDH, whose deficiency causes favism and
is compatible with survival) and MTHFD2. Another approach lies in saturating
glutathione (GSH) with high levels of oxidized vitamin C (Y. Ma et al., 2014; Tagde et

al., 2014).

2. Protein Phosphatase 2A

2.1 Protein phosphatases.

In all types of cells, a vast number of processes are carried out through phosphorylation

and de-phosphorylation events, by kinases and phosphatases, respectively. The
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formers have been more extensively investigated during the past decades given the
high number of oncogenes in the kinase family, while the latter have only recently
attracted the scientific interest, not only in cancer research. There are more than 650
kinases and about 190 phosphatases (M. J. Chen et al., 2017; X. Li et al., 2013); this
has led to the mistaken belief that kinases mediated more selective reactions while
phosphatases were more promiscuous. In contrast, the catalytic sites of phosphatases
can associate with different regulatory proteins giving rise to an enormous range of
enzyme complexes. Today we talk about the "phosphatase code" whereby each
specific protein or enzyme complex recognizes a unique and precise motif on the
phosphatase target (M. J. Chen et al., 2017). Phosphatases can be constituted by single
catalytic units or by enzymatic complexes. As with kinases, there are serine,
serine/threonine and tyrosine phosphatases, and they both use water to cleave a

phosphomonoester into a phosphate ion and an alcohol.
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Figure 4: kinase and phosphatase encoding genes in five eukaryotic genomes.

Adapted from Smoly, 2016.
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2.2 Protein Phosphatase 2A: structure.

PP2A is a ubiquitously expressed Ser/Thr phosphatase which is responsible for most
the de-phosphorylation events in eucaryotes. PP2A is not a single protein but rather
an enzymatic complex consisting of a dimeric core (composed by the scaffold A
subunit and the catalytic C subunit) and several regulatory B subunits (grouped in 4
sub-families with at least 15 members) which confer localization and target specificity

(Janssens & Goris, 2001) (Figure 5 - 6).

Regulatory
subunit

Scaffolding subunit

Figure 5: crystal structure of PP2A holoenzyme.

The scaffold A subunit is shown in green, the catalytic C subunit in blue and the regulatory B

subunit in yellow. Adapted from Xu, 2006.

The catalytic C subunit (PP2Ac) has a globular structure, with the C-terminus
containing the binding domain for the scaffold and the regulatory subunits. In
mammals, the existence of two PP2Ac isoforms, a. and B, has been described, encoded
by two different genes, PPP2CA and PPP2CB, respectively, with a sequence identity

of 97% (T. A. Jones et al., 1993); they are both ubiquitous but Ca is the most abundant,
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with expression levels 10 times higher than CB. PP2Ac is evolutionary conserved from
lower organism to mammals (drosophila, plants and yeast). Knock-down (KD) or
knock-out (KO) of the C subunit is (embryonically) lethal.

The 65 KDa scaffold subunit A (PP2Aa) presents a horseshoe shape with 15 tandem
HEAT repeats that give it flexibility when interacting with the catalytic subunit C and
regulatory subunits (Cho & Xu, 2007; Xing et al., 2006; Xu et al., 2006). As the
catalytic, also the scaffold subunit has two isoforms, Ao and A, encoded by two
distinct genes, PPP2R1A and PPP2R1B, respectively; again, the Ao is more abundant
and is present in 90% of all the PP2A assemblies.

The PP2A-B regulatory subunits encompass 26 different transcripts and splicing
variants from four different families: B (B55/PR55), B’ (B56/PR61), B” (PR72/PR48/
/PR130), and B’ (STRN/PR93/PR110). The width of diversity reflects the role of the B
subunits in target and compartment identification and allows the generation of more
than 90 enzymatic complexes (Janssens & Goris, 2001). In mammals, the B family
comprises 55 KDa proteins (PR55a, B, v, 8) encoded by four genes with little sequence
similarity; PR55B and y is highly enriched in the brain, while the others have a more
widespread tissue distribution.

The B’ family comprises five proteins (PR56a, B, v, 3, €) with a molecular weight of 56
KDa. The B’ subunits share 80% similarity and redundancy between their functions
and localization is thought to occur. Studies demonstrated the existence of a shared
consensus motif recognized by the B56 family (LxxIxE) (Hertz et al., 2016; Kruse et
al., 2020), confirming the fact that phosphatases are not as promiscuous as previously
thought, but each family or regulatory subunits has a specific binding preference. The
B is far less studied compared to the B and B’ families and encompasses three

subunits with different tissue distribution; B” subunits have calcium binding motif,
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suggesting that calcium could be a mediator for B” subunits-containing complexes
(Janssens et al., 2003). The B””” family significantly differs from the others families and
includes calmodulin-binding proteins. Striatins (STRN) belong to this family. Based on
the target they recognize, B and B’ family form tumor suppressor complexes, while B”

and B”"" have oncogenic properties.
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PPP2R5A require methylation
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PP2R3A
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PP2R3C
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Figure 6: PP2A “canonical” complexes.

PP2A trimeric holoenzyme composed by the scaffold A, the catalytic C and one of the fifteen

B subunits divided into four families. Adapted from Westermarck & Neel, 2020.

The heterotrimers assembly through a multi-step process described in Figure 7: PP2A
phosphatase activator (PTPA) stabilizes the catalytic subunit while ATP enhances
binding of metal ions (Mn**) necessary for the phosphatase activity (F. Guo et al.,
2014). Then, leucine-carboxyl methyl transferase (LCMT) methylates PP2Ac at
Leu309, which is required for the assembly with B55 and B56 tumor suppressor
subunits; this process is reversed by PP2A methyl-esterase (PME-1) (Sangodkar et al.,
2016). In cancer cells the activity of LCMT is low compared to PME-1, thus leading to

the incorporation of other B subunits (as striatins) that do not require methylation and
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sometimes give rise to complexes with oncogenic activity. Also, endogenous inhibitors
of PP2A (which will be described in detail in the next section) can sequester B55 and
B56 subunits, even when PP2Ac is properly methylated (W. Chen et al., 2004; Fowle

etal., 2019).

—> Tumor suppressive
—> Oncogenic

Figure 7: multistep biogenesis of PP2A tumor suppressor complexes.

PTPA, PP2A phosphatase activator; LCMT, leucine-carboxyl methyl transferase; PME-1, PP2A
methyl-esterase; CIP2A, cancerous inhibitor of PP2A. STRN, Striatins. Adapted from

Westermarck & Neel, 2020.

2.3 Protein Phosphatase 2A: inhibitors.

PP2A is considered a crucial tumor suppressor for the following reasons: i) its
inactivation (with okadaic acid or by endogenous inhibitors) is a necessary step for
tumor transformation, together with the loss of essential tumor suppressors (p53 and
RB), the expression of telomerases, and the activation of oncogenes (Ras) (Junttila et
al., 2007; Sablina et al., 2007); ii) it counteracts the major oncogenic pathways,
including MEK, MYC and AKT (Arnold & Sears, 2006; W. Chen et al., 2004; Mumby,

2007). Not many PP2A genetic mutations have been described and only in certain
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types of tumors (Calin et al., 2000; Kauko & Westermarck, 2018) (e.g., mutation of
B55a in AML blasts (Ruvolo et al., 2011)), thus suggesting that other mechanisms
prevent the activity of PP2A as tumor suppressor. Indeed, a considerable number of
endogenous inhibitors of PP2A have been described from human cells to viruses; some
generically inhibit all holoenzymes, while others are more selective.

PP2A inhibitor 1 (ANP32a) and 2 (SET) inhibit the C subunit alone or complexed either
with the A or the A and the B subunits, indicating no selectivity towards a specific
holoenzyme. Both their activity and cytosol/nucleus retention are governed by
phosphorylation events (Irie et al., 2012; ten Klooster et al., 2007; Yu et al., 2013). SET
is over-expressed in various cancers like chronic myelogenous leukemia and Wilms
tumor. Beyond the cancer field, a potent example of SET aberrant activity is
Alzheimer's disease (AD), in which a strong inhibition of PP2A leads to maintenance
of an hyperphosphorylated Tau protein (H. Wei et al., 2020).

TIPRL (TOR signaling pathway regulator) allosterically inhibits the C subunit alone or
complexed with the A subunit (McConnell et al., 2007; Smetana & Zanchin, 2007).
TIPRL negatively regulates nuclear PP2A involved in the DNA-Damage Response
(DDR), as well in mTORC1 pathway regulation (Nakashima et al., 2013).

Cancerous inhibitor of PP2A (CIP2A) (first described in Junttila et al., 2007) sequesters
the B56 subunits preventing assembly of the holoenzyme (J. Wang et al., 2017). The
over-expression of CIP2A in many tumor types appears to be due to the transcription
factors MYC (A. Khanna et al., 2009), ETS (A. Khanna et al., 2011) and E2F (Laine et
al., 2013). CIP2A increases the stability of MYC (and its phosphorylated form on serine
62) (Junttila et al., 2007; Myant et al., 2015), the signaling of AKT, the anchorage-
independent growth and the activation of the mTORC1 pathway (Puustinen et al.,

2014; Puustinen & Jaatteld, 2014).
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PP2A mitotic inhibitors include: ENSA, ARP-19 and BOD1. All are selective for PP2A
complexes containing B55 subunits and all are activated by major cell cycle kinases
through phosphorylation events (Dupré et al., 2014; Gharbi-Ayachi et al., 2010;

Manchado et al., 2010; Mochida et al., 2010; Porter et al., 2013).

cellular PP2A inhibitors:
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Figure 8: PP2A endogenous inhibitors.

Schematic representation of endogenous PP2A inhibitors, their subunit/holoenzyme
specificity, and the PP2A target they affect. PP2A inhibitor 1 and 2 are regulated by
phosphorylation (yellow), while PP2A mitotic inhibitors are strictly dependent on

phosphorylation (blue). Adapted from Haesen, 2014.

2.4 Protein Phosphatase 2A: functions.

Given the complexity of the holoenzyme and the wide range of substrates, it is not
surprising that PP2A is involved in countless cellular processes, of which, in the
following section, some specific examples are given with a particular focus on the

tumor suppressor role of PP2A.
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First of all, PP2A is essential during embryogenesis and KO of the catalytic (PP2Aca)
subunit is embryonically lethal. Indeed, PP2A controls proliferation and apoptosis
through the de-phosphorylation of AKT (Kuo et al., 2008), Wnt signaling pathway (X.
Li et al., 2001), the pro-apoptotic BAD (Chiang et al., 2001) and anti-apoptotic BCL2
proteins (X. Li et al., 2002; S. S. Lin et al., 2006). PP2A de-phosphorylates MYC at
Ser62 leading to MYC destabilization and growth defects in different types of tumors;
CIP2A over-expression counteracts MYC destabilization (Junttila et al., 2007; Myant
et al., 2015). PP2A inhibits and is itself inhibited by mTORCT1 (R. T. Peterson et al.,
1999; Yan et al., 2010); also, PP2A negatively controls the MAPK pathway (Lao et al.,
2007; Letourneux et al., 2006; Ugi et al., 2002).

PP2A regulates the cell cycle at multiple levels. PP2A decreases B-catenin signaling
through the stabilization of Glycogen-Synthase kinase 3B (GSK3B), which
phosphorylates and targets 3-catenin for degradation (Kumar et al., 2012; Mitra et al.,
2012). To enter mitosis, cells have to activate CDK1 and inactivate PP2A, which
otherwise would inhibit CDC25, necessary for cell-cycle progression (Margolis et al.,
2006; Mochida et al., 2009); cyclin A-CDK2 also contributes to PP2A inactivation by
phosphorylating Greatwall kinase, which in turns activate the PP2A mitotic inhibitor
ENSA (Mochida et al., 2010). PP2A is important for both entry and exit from mitosis
as it stabilizes kinetochore-microtubules attachments (Foley et al., 2011), induces the
reassembly of the Golgi apparatus (Lowe et al., 2000; Schmitz et al., 2010) and
promotes chromosome de-condensation (Afonso et al., 2014).

PP2A maintains cell adhesion and its disruption leads to loss of cell polarity, enhances
cell motility and invasiveness (A. Ito et al., 2000; Young et al., 2002, 2003).

Furthermore, PP2A controls the DNA-Damage Response (DDR) in unperturbed
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conditions or after the DNA lesions have been solved (Freeman et al., 2010; C. Y. Guo
et al., 2002; X. Li et al., 2015; Petersen et al., 2006; Shimada & Nakanishi, 2013).

PP2A also plays a role in cellular metabolism as it negatively regulates insulin
metabolic signaling by dephosphorylating AKT and Protein Kinase C (PKC) (Ugi et al.,
2004). Recently, our group proposed a model of synthetic lethality achieved by the
combination of metformin with hypoglycemia, obtained in vitro by lowering of
glucose in the medium, and in vivo by cycles of intermittent fasting. The anti-tumor
effect was not simply the result of a metabolic catastrophe but it was mediated by
PP2A upstream of GSK3p and MCLT1, and did not depend on AMPK (Elgendy et al.,
2019). Furthermore, a growing body of evidence agrees that PP2A not only regulates
cell metabolism, but is itself regulated by certain metabolites: ceramides, a class of
sphingolipids, activate PP2A through inhibition of SET (Ferrari et al., 2017;

Mukhopadhyay et al., 2009; Perry et al., 2012).

2.5 Strategies to activate PP2A in cancer.

Given the role of PP2A as tumor suppressor, the (recent) efforts to release its anti-
proliferative potential in cancer are not surprising. Phenothiazines (PPZs), which are
anti-psychotic drug, have off-target effect as PP2A activator, even though the
molecular mechanism was unclear (Gutierrez et al., 2014). Thanks to the small
molecule activator of PP2A (SMAP) DT-061, it was possible to study the precise
molecular mechanism: DT-061 functions as a molecular glue that stabilizes B56a.-
containing PP2A (Leonard et al., 2020), in a context of dynamic exchange between
different B subunits (Westermarck & Neel, 2020). Another recent work proposed the

use of a different molecule, improved heterocyclic activator of PP2A, or iHAP, which,
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unlike phenothiazines, has no dopamine D2 receptor (DRD2) binding activity and
promotes the assembly of a B56¢-containing PP2A (Morita et al., 2022). This work has
recently been retracted given the toxicity of iHAP on microtubule polymerization,
which prevents an objective assessment of the efficacy in vivo.

Since malignant transformation requires both the over-activation of oncogenes and the
down-regulation of PP2A, a recent work demonstrated that the simultaneous
activation of PP2A (e.g., with DT-061) and inhibition of oncogenic pathways, such as
that of MAPKs (specifically, inhibition of RAS) induced cell death both in vitro and in
vivo (Kauko et al., 2018). Other strategies to activate PP2A imply counteracting the
activity of PP2A endogenous inhibitors: to date, no selective inhibitors of CIP2A are
available, but ceramides (and in particular a synthetic derivative, FTY720) inhibit SET

thereby activating PP2A.

3. The DNA-Damage Response

3.1 The DNA Damage Response: description.

The term DNA-Damage Response (DDR) indicates the large set of intra- and inter-
cellular events that begin with the detection of a DNA lesion and lead to different
consequences depending on the type and magnitude of the damage and the stage of
the cell cycle at which it occurs. These include cell cycle arrest, DNA-damage repair,
and, if this is not possible, death or senescence (d’Adda di Fagagna et al., 2003).

For each type of DNA injury there is a specific repair system (J. H. Hoeijmakers, 2001)
(Figure 9), and one system can compensate for the lack of another, albeit less
efficiently. Through a mechanism known as direct repair, O°-methylguanine DNA

methyltransferase (MGMT) demethylates O°-methylguanine lesions which are formed

27



as a result of incorrect methylation or following chemotherapy (Tubbs et al., 2007).
Base-excision repair (BER) pathway repairs abnormal bases and abasic sites that can
give rise to DNA single-strand breaks (SSB) during replication (Caldecott, 2014).
Nucleotide excision repair (NER) removes DNA adducts from exposure to UV-light
and chemical agents (as platinum salts) (J. H. J. Hoeijmakers, 2009). The mismatch
repair (MMR) pathway recognizes and repairs mismatch base-pairing, and nucleotide
insertions/deletions (Jiricny, 2006). DNA double strand breaks (DSB) are repaired by:
homologous recombination (HR), which uses the undamaged sister chromatid as a
template and is therefore more accurate (Moynahan & Jasin, 2010) or non-
homologous end-joining (NHE)) which does not need the sister chromatid but is less
accurate and introduces errors (Ceccaldi et al., 2016; Lieber, 2010). The phase of the
cell-cycle at which the DNA-damage occurs influences the choice of repair system;

for example, DSBs occurring before the S-phase can only be repaired through NHEJ.
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Figure 9: DNA-damage sources and repair processes.

Endogenous or environmental sources of DNA-damage are listed in green boxes, with the
lesion they cause in beige boxes. The orange boxes list the therapeutic agents that cause that
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specific injury. DNA repair pathways are shown in blue boxes. BER, base excision repair; HRR,
homologous recombination repair; ICL, interstrand crosslink; IR, ionizing radiation; MMC,
mitomycin C; MMR: mismatch repair; NER, nucleotide excision repair; NHEJ, non-
homologous end joining; ROS, reactive oxygen species; SAM, S-adenosyl methionine; SSB,
single-strand break; SSBR, SSB repair; TMZ, temozolomide; TOPO, topoisomerase; UV,

ultraviolet. Adapted from: Curtin, 2012.

Specific checkpoints recognize the DNA-damage and initiate its repair, thus
preventing it from being passed to the next phase of the cycle. In particular, G1/S
checkpoints (ATM, CHK2 and to a lesser extent p53) give time to repair DNA before
replication begins; the S-phase checkpoints (ATR, CHK1, DNA-PK and WEET) delay
the replication to repair any lesions that have not yet been repaired or that occur
during replication itself; the G2/M checkpoints (CHK1, MYT1, WEE1) represent the
last opportunity to repair any injuries before they can be carried into mitosis and cause
mitotic catastrophe and cell death (Castedo, Perfettini, Roumier, Andreau, et al., 2004;

Castedo, Perfettini, Roumier, Valent, et al., 2004).
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Figure 10: the DDR checkpoints controls genome integrity.

APE1, AP endonuclease 1; ATM, ataxia-telangiectasia mutated; ATR, ataxia-telangiectasia and
Rad3-related; DNA-PK, DNA-dependent protein kinase; PARP, poly (ADP-ribose)

polymerase. Adapted from O’Connor, 2015.

3.2 The DNA-Damage Response checkpoints.

The Ataxia-telangiectasia-mutated (ATM) and Ataxia-telangiectasia and Rad3-related
(ATR) kinases belong to the class-IV phosphoinositide 3-kinase-related kinase (PIKK)
family together with mTOR, DNA-PK, suppressor of morphogenesis in genitalia-1
(SGM-1) and transformation/transcription-associated protein (TRAPP); differently from
other members of the family, ATM and ATR lack lipid kinase activity and possess
Ser/Thr kinase activity (Bakkenist & Kastan, 2004). They both exist as homo- or hetero-
dimer; in particular, ATM forms homo-dimers under unperturbed conditions and
monomers are released following DSBs. ATR forms a hetero-dimer with its obligate

partner, ATR-interacting protein (ATRIP) (Bakkenist & Kastan, 2003).
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The activation of ATM at the sites of DSBs is strictly dependent on the MRET1-RAD50-
NBS1 (MRN) complex, which first interacts with the DNA (Falck et al., 2005;
Hartlerode et al., 2015; J.-H. Lee & Paull, 2005; Paull, 2015). In addition, post-
translational modifications (PTMs) such as autophosphorylation at Ser1981 and
acetylation at Lys3016 are necessary for ATM monomerization, stabilization, and
interaction with the MRN complex and the DNA (Bakkenist & Kastan, 2003; So et al.,
2009; Y. Sun et al., 2005, 2007). ATM immediately phosphorylates the histone variant
H2Ax (which accounts for 10-25% of the H2A histones) at Ser139 (yHA2x); this PTM
serves to anchor other proteins of the DDR, thus amplifying exponentially the DNA-
damage signal (X. Huang et al., 2004). In response to DSBs, ATM recruits either BRCA1
or P53 Binding Protein 1 (53BP1), depending on the phase of the cell cycle, to favor
HR or NHEJ, respectively (Bouwman et al., 2010). CHK2 is phosphorylated at Thr68
and is the main mediator of the ATM early response (Cai et al., 2009). CHK2
phosphorylates several targets including CDC25A, which upon phosphorylation is
degraded, thus preventing activation of the CDK1-cyclin B complex and cell cycle
progression, and P53, which reinforces G1-phase arrest. P53 is also phosphorylated
directly by ATM at Ser15. Transcription of P53-target genes counts as late modulation
by ATM and leads to further cell cycle arrest (by the CDK inhibitor P21) or initiation
of apoptotic processes (Turenne et al., 2001).

The activation of ATR in response to persistent single-stranded DNA (ssDNA) is a
multi-step process that requires several effectors. Normally, ssDNA occurs during
replication and is rapidly solved by the DNA-damage repair pathways (mostly, NER
and BER). ATR-ATRIP binding on the ssDNA depends on Replication Protein A (RPA)
(Zou & Elledge, 2003), and on the RAD9-RAD1-HUST (9-1-1) complex, which

interacts extensively with ATRIP although the loading mechanisms are different and
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independent. Also, the RAD17-RFC-TOBP1 complex participates (Choi et al., 2010;
Cimprich & Cortez, 2008; St Onge et al., 2003). Once activated, ATR i) ensures
controlled replication by stabilizing replicative forks so that they do not degenerate in
DSBs (Couch et al., 2013; Paulsen & Cimprich, 2007), ii) maintains a low firing of
replicative origins (Y.-H. Chen et al., 2015; Shechter et al., 2004), iii) pairs replication
with transcription (Bermejo et al., 2011), iv) starts the replication stress response (Flynn
& Zou, 2011) and v) favors the increase of Ribonucleotide Reductase M2 (Buisson et
al., 2015). Downstream of ATR, CHK1, phosphorylated on residues Ser317 and
Ser345, contributes to the S-phase effects of ATR (Brown & Baltimore, 2003; Maya-
Mendoza et al., 2007; Petermann et al., 2006, 2010; Segurado & Diffley, 2008; Zhao
& Piwnica-Worms, 2001); it also phosphorylates and thereby down-regulates
CDC25A, while sequestering CDC25C in the cytosol, which in turn does not activate

the CDK1-cyclin B complex, avoiding G2/M progression (Nghiem et al., 2001).
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Figure 11: the DDR signaling cascade.



3.3 Targeting the DNA-Damage Response in cancer.

Given the critical role of DDR in preserving genomic integrity, one wonders why
targeting it is a therapeutic opportunity in cancer therapies. Mark O'Connor explains
it well in his review (M. J. O’Connor, 2015). In particular, he makes a distinction
between healthy and cancer cells, highlighting three aspects of the DDR that differ
between the former and the latter: i) loss of one or more DDR pathways, ii) increased
levels of replication stress and iii) increased levels of endogenous DNA damage.

Regarding the first point, it has been shown that, in pre-cancerous cells, activation of
the DDR (mainly the ATM and ATR pathways) is a barrier to tumor transformation
(Bartkova et al., 2005, 2010; Gorgoulis et al., 2005). The inactivation of a specific
pathway is therefore necessary for complete tumor transformation, but, at the same
time, it makes the cancer cell dependent on the remaining pathway, which becomes
its "Achilles heel" (Ashworth, 2008; Curtin, 2012). Targeting that one remaining
pathway - a concept described as synthetic lethality - has proven to be an effective
approach; see in this regard the recent approval of olaparib (Lynparza), an inhibitor of
PARP, which is necessary for SSBs repair, in Breast Cancer type 1 and 2 susceptibility
genes (BRCAT and BRCA2)-mutated tumors [EMA, 2014; FDA, 2015]. Both BRCAT
and BRCA2 participate in the repair of DSBs in the process of HR (Prakash et al., 2015)
and their loss of function predisposes to greater genomic instability and cancer risk
(Venkitaraman, 2014). PARP inhibitors (PARPi) block inactive PARP on SSBs that
evolve to DSBs (Helleday, 2011; Murai et al., 2012); since they are unable to repair
the damage by HR, BRCAT1- and BRCA2-mutated tumors rely on NHEJ alone, which,
having less fidelity, increases genomic instability to the point of being unbearable

(Patel et al., 2011).
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Moving on to the second point, replication stress is defined as the “uncoupling of the
DNA polymerase from the replisome helicase activity” (Byun et al., 2005; Zeman &
Cimprich, 2014), and can be the consequence of intrinsic and extrinsic factors.
Intrinsic factors include loss of tumor suppressor genes (RB and P53) and oncogenic
drive (KRAS mutation and MYC or cyclins genes amplification) (R. M. Jones et al.,
2013; Rohban & Campaner, 2015), but also over-production of ROS, which damage
nucleotide (Sabharwal & Schumacker, 2014). Extrinsic factors mainly include
chemotherapeutic drugs that create secondary structures that encumber polymerase
(as platinum salts), or that decrease the nucleotide pool (as gemcitabine) (Ewald et al.,
2008). As previously described, ATR pathway is mainly involved in protecting cells
from the deleterious effects of replication stress; thus, the pharmacological inhibition
of ATR and CHK1 was a promising strategy to induce premature entry into mitosis and
mitotic catastrophe [ATR clinical trial identifiers: NCT01955668; NCT02223923;
NCT02264678; NCT02567409; NCT02487095; NCT02567422] [CHKT1 clinical trial
identifiers: NCT01564251; NCT01870596]. To date, it is reasoned that, rather than
the single, it is the dual inhibition of ATR-CHK1 and WEE1-CDK1/2 that causes mitotic
catastrophe and cell death (Aarts et al., 2012; Beck et al., 2012; Do et al., 2013). This
dual inhibition is necessary since CHK1 appears to be activated not only by ATR but

also by ATM (Buisson et al., 2015).
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Figure 12: the replication stress response.

Schematic representation of sources, consequences and proteins involved in the replication
stress response. Once activated the replication stress response prevents replication forks

collapse and generate toxic DSBs. Adapted from O’Connor, 2015.

These two features of cancer cells, i.e., loss of one or more DDR pathways and
increased replicative stress (Macheret & Halazonetis, 2015), also explain the third
difference in the DDR dependency between normal and cancer cells, i.e., the
increased levels of endogenous DNA damage. The causes are those previously listed
along with metabolic stress, which was not considered in this chapter but which has
a major impact on DNA-damage levels. Metabolic stress refers to a condition
characterized by low nutrient availability (due to difficulty in supply and high
consumption by cancer cells) and over-production of ROS which damage DNA,
proteins, and lipids.

In conclusion, the DDR is a barrier to tumor transformation since it safeguards
genomic integrity, arrests the cell cycle when any DNA-damage is detected, and
initiates its repair. Not surprisingly, most, if not all, DDR proteins are considered tumor
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suppressors. Loss of one or more of the DDR pathways, continued replicative stress,
and, consequently, increased levels of endogenous DNA-damage, make cancer cells
much more dependent on DDR than "healthy" cells; this makes the DDR an attractive
therapeutic target. Many DDR inhibitors have shown encouraging results in vitro and
have entered clinical trials in combination with standard chemotherapy, or as
monotherapy. Advances in diagnostic tools - such as sequencing of tumor DNA from
each individual patient - and stratification of patients not by tissue of origin but by
specific mutations in the DDR genes are needed for both strategies. This has particular
relevance with a view to using the DDR inhibitors as monotherapy to achieve synthetic

lethality on tumor cells alone and not on healthy tissue.

4. Triple Negative Breast Cancer (TNBC)

4.1 TNBC: a definition.

TNBCs are defined as tumors that lack the expression (assessed primarily by
immunohistochemistry) of estrogen receptor (ER), progesterone receptor (PgR) and
over-expression/amplification of human epidermal growth factor receptor 2 (HER2)
(Hudis & Gianni, 2011). Besides being a diagnostic marker, ER, PgR, and HER2 are
also therapeutic targets, which makes TNBCs insensitive to endocrine therapies and
HER2 monoclonal antibodies.

TNBCs are responsible for 15-20% of all breast cancers (Sporikova et al., 2018) with
a homogeneous distribution by age group; the 5-years survival rate is around 70%,
with differences depending on the age of patient, the stage and the spread at the time
of diagnosis (Dent et al., 2007). Approximately one in two patients has distal

metastases (with a median survival of 13.3 months) and one in four patients goes on
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to recurrence, with a mortality rate of 75% within three months after recurrence (N.
U. Lin et al., 2008). The median time for recurrence is 35-67 months for non-TNBC

patients and 19-40 months for TNBC patients (Foulkes et al., 2010; Gluz et al., 2009).

0.304
0.25;
0.20;
0.15;

Triple-negative
breast cancers

Hazard Rate

0.10
] Non-triple-negative

0.05- breast cancers

Years after Diagnosis

Figure 13: hazard rate for distant recurrence of TNBC and non-TNBC patients.

Data from Dent, 2007. Adapted from Foulkes, 2010.

TNBCs comprise a very heterogeneous class of diseases, and many attempts have been
made to divide them into subtypes. The first studies of gene expression profiles
described five breast-cancer “intrinsic” subtypes (Parker et al., 2009; Perou et al.,
2000; Serlie et al., 2001), with more than 90% basal-like breast cancers (BLBC) being
TNBCs (Cheang et al., 2015). To date, one of the most widely used system is that
proposed by Lehmann and colleagues, who described 6 TNBC subtypes (TNBCtypes)

based on gene expression profiles (Figure 14) (Lehmann et al., 2011).
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Figure 14: gene expression-based classifications of TNBC.

Left panel: gene expression-based classification of TNBC according to the PAM50. Right panel:
gene expression-based classification by Lehmann and colleagues. BL: basal-like-related
subgroups; M: mesenchymal-related subgroups; MSL: mesenchymal stem-like; IM:
immunomodulatory subgroup; LAR: luminal androgen receptor subgroup. Adapted from

Bianchini, 20176.

Lehmann again, in 2014, and Bareche, in 2018, identified specific biomarkers for each
subtype which can also direct the choice of appropriate medication (Bareche et al.,
2018; Lehmann & Pietenpol, 2014). BL1 subtype is characterized by amplification of
cell-cycle regulator genes (among others MYC, CDK6, CDKN2A/B, KRAS, PI3KCA
and AKT1/2) and deletion of DDR genes (BRCA1/2, RB1, TP53); thus, patients with
BL1 tumors could benefit from standard chemotherapy, antimitotic drugs (taxanes)
(Bauer et al., 2010), CDK4/6 inhibitors and PARPi. BL2 subtype presents activation of
growth factors signaling and metabolic pathways (Wnt-B-catenin, EGFR, IGF-RT,
MET); patients could benefit from growth factor inhibitors (cetuximab), PI3K, AKT and
mTORCT inhibitors. The IM subtype is characterized by immune response-associated

gene profiles and inhibitory checkpoints genes (CTLA-4, PD-1 and PDL-1); patients
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could benefit from immune checkpoints blockade. The M subtype presents cell
motility and epithelial to mesenchymal transition (EMT)-associated genes profile; M
tumors tend to develop resistance to classic chemotherapeutics, and patients could
benefit from the use of anti-angiogenesis drugs (bevacizumab) (Miller et al., 2007).
The MSL is similar to the M subtype but expresses fewer proliferation-related genes
and more stemness-related genes; patients could benefit from the same therapies listed
for the M subtype. The LAR subtype has luminal-like gene expression profile (highly
activated hormone-related signaling pathway) even though it is ER-negative; LAR
tumors express high levels of androgen receptor (AR) and AR-related metabolic genes.
Compared with IM, the LAR subtype is associated with a worse prognosis, but patients

could benefit from anti-AR therapy.

TNBC subtype Therapeutic strategies Therapeutic targeted drugs
BL1 (basal-like 1) Inhibit cell proliferation and Mitosis inhibitors (Paclitaxel, Docetaxel, Ixabepilone, Nab-Paclitaxel, Vinorelbine)
DNA damage response Cytostatics (Cisplatin, Carboplatin, Nedaplatin, Eptaplatin, Oxaliplatin, Lobaplatin,

Satraplatin, Mercaptopurine)

PARP inhibitors (Olaparib, Rucaparib, Talazoparib, Niraparib)

DNA Synthetic inhibitors (Topotecan, Irinotecan, Camptothecin, Doxorubicin,
Daunorubicin, Mitomycin)

BL2 (basal-like 2) Inhibit TP63, EGFR, and MET Cytostatics (Cisplatin, Carboplatin, Nedaplatin, Eptaplatin, Oxaliplatin, Lobaplatin,
signaling Satraplatin, Mercaptopurine)

PARP inhibitors (Olaparib, Rucaparib, Talazoparib and Niraparib)
Growth Factor inhibitors (Erlotinib, Gefitinib, Afatinib, Osimertinib, Olmutinib,
Nazartinib, Avitinib, lapatinib, Cetuximab, Panitumumab, Vandetanib, Bevacizumab,
Pertuzumab, Ramucirumab, Trastuzumab, Axitinib, Cabozantinib, Ceritinib, Crizotinib,
Lenvatinib, Nilotinib, Pazopanib, Regorafenib, Sorafenib, Sunitinib)
mTOR inhibitors (rapamycin, everolimus, RapaLink-1)

IM (immunomodulatory) Inhibit immune signaling Cytostatics (Cisplatin, Carboplatin, Nedaplatin, Eptaplatin, Oxaliplatin, Lobaplatin,
Satraplatin, Mercaptopurine)
PARP inhibitors (Olaparib, Rucaparib, Talazoparib and Niraparib)
Immune checkpoint inhibitors (Ipilimumab, Nivolumab)

M (mesenchymal) Inhibit EMT, Wnt, PI3K, mTOR, Growth Factor inhibitors (Erlotinib, Gefitinib, Afatinib, Osimertinib, Olmutinib,
Scr, TGFB, IGF1R, Notch Nazartinib, Avitinib, lapatinib, Cetuximab, Panitumumab, Vandetanib, Bevacizumab,
Pertuzumab, Ramucirumab, Trastuzumab, Axitinib, Cabozantinib, Ceritinib, Crizotinib,
Lenvatinib, Nilotinib, Pazopanib, Regorafenib, Sorafenib, Sunitinib)
mTOR inhibitors (Rapamycin, Everolimus, RapaLink-1)
Scr inhibitors (Bosutinib, Dasatinib)
PI13K inhibitors (Idelalisib)

MSL (mesenchymal Inhibit EMT, Wnt, TGF(, MAPK, Growth Factor inhibitors (Erlotinib, Gefitinib, Afatinib, Osimertinib, Olmutinib,
stem-like) Rac, PI3K, mTOR, Scr, PDGF Nazartinib, Avitinib, lapatinib, Cetuximab, Panitumumab, Vandetanib, Bevacizumab,
Pertuzumab, Ramucirumab, Trastuzumab, Axitinib, Cabozantinib, Ceritinib, Crizotinib,
Lenvatinib, Nilotinib, Pazopanib, Regorafenib, Sorafenib, Sunitinib)
mTOR inhibitors (rapamycin, everolimus, RapaLink-1)
PI3K inhibitors (Idelalisib)
MAPK inhibitors (Trametinib, Dabrafenib)
Scr inhibitors (Bosutinib, Dasatinib)

LAR (luminal androgen Inhibit AR signaling, FOXA1, Nonsteroidal antiandrogens (bicalutamide)
receptor) and ERBB4 signaling mTOR inhibitors (rapamycin, everolimus, RapaLink-1)
PI3K inhibitors (Idelalisib)

Figure 15: Lehmann classification and biomarkers and therapeutic strategies.
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BL: basal-like-related subgroups;, M: mesenchymal-related subgroups; MSL: mesenchymal
stem-like; IM: immunomodulatory subgroup,; LAR: luminal androgen receptor subgroup.

Adapted from Yin, 2020.

Since Lehmann’s TNBCtypes were not representative of all patients across different
studies, in 2015 Burstein and colleagues introduced a novel, four-groups classification
(Burstein et al., 2015): LAR, (expression of AR and MUCT); M (expression of growth
factor receptors); BLIS, basal-like immune-suppressed (expression of the immune-
suppressive molecule VTCNT); BLIA, basal-like immune-activated (expression of STAT
and release of cytokines). Patients with BLIA tumors are generally characterized by a
better prognosis, followed by the M, the LAR and, lastly, the BLIS subtype. One year
later, Liu and colleagues proposed a different classification based on both mRNA and
long non-coding RNA (IncRNA) levels, and the interaction between the two, which

they named the FUSCC classification, shown in Figure 16 (Y.-R. Liu et al., 2016).

FUSCC classification GO terms/canonical pathway Most upregulated IncRNAs  Correlated mRNA TNBC cell line
IM Cytokine-cytokine receptor interaction? ENST00000443397 LOC100653210, LOC100653245, MDA-MB-231
T cell receptor signaling pathway 1 IGHV3-20, IGHV4-31, IGHJ1, IGKV3-7.

B cell receptor signaling pathway 1
Chemokine signaling pathway
NF-kappa B signaling pathway 1

LAR Steroid hormone biosynthesis 1 ENST00000447908 TRIM2, SDR16C5, C1QTNF3, KRT17, HS578T
Porphyrin and chlorophyll metabolism SERPINBS, TFAP2B, FAR2, CYP39A1,
PPAR signaling pathway KIAA1467, EDDM3B.
Androgen and estrogen metabolism 1

MES ECM-receptor interaction NR_003221 SELP, CNN1, ADH1B. HCC1937

Focal adhesion t

TGF-beta signaling pathway 1

ABC transporter 1

Adipocytokine signaling pathway 1

BLIS Mitotic cell cyclet TCONS_00000027 RNASE6, MS4A6A, MTBP, FGFR2, MDA-MB-436
Mitotic prometaphaset CXor161, DHTKD?1, IGLV6-57,
M phase of mitotic cell cyclet BARD1, PRTFDCI1.
DNA replicationt
DNA repairt

Immune response|
Innate immune response |
T cell receptor signaling |

Figure 16: TNBC FUSCC classification.

Data from Liu, 2016. One cell line for each subgroup is listed. Adapted from Yin, 2020.
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4.2. Treatment of TNBC.

As previously described, TNBCs are negative for ER, PgR and HER2 over-
expression/amplification; therefore, they are insensitive to hormonal therapies, and
pharmacological inhibition of HER2. Chemotherapy remains the standard of clinical
care for TNBC patients, either before (neo-adjuvant) or after (adjuvant) surgery. Even
though they are characterized by a worse prognosis (Liedtke et al., 2008; D. S. P. Tan
etal., 2008), TNBC patients benefit from chemotherapy more than non-TNBC patients
(TNBC paradox) (Carey et al., 2007); about 30-40% of early-stage TNBC patients
achieve pathologic complete response (pCR) after a neo-adjuvant regimen with
anthracyclines and taxanes (von Minckwitz et al., 2012). Unfortunately, pCR does not
always result in increased survival. Currently, therapies are based on the combination
of taxanes (paclitaxel/docetaxel), anthracyclines (doxorubicin), cyclophosphamide,
fluorouracil and cisplatin (the BSL-1 subtype is particularly sensitive to treatment with
platinum-derived agents (Jovanovi¢ et al., 2017)). Chemotherapy is particularly
effective for early-stage disease and ineffective for advanced, metastatic disease,
which has a survival rate of 12% at 5 years after diagnosis (Bonotto et al., 2014).

The major problem about chemotherapy is resistance, inherent or acquired. Here are
reported the major resistance mechanisms for TNBCs: i) over-expression of ATP-
binding cassette (ABC)-transporters, in particular, multidrug-resistant protein-1 and 8
(ABCCT1/MRP1 and MRP8) and breast cancer resistance protein (ABCG2/BCRP)
(Arumugam et al., 2019; Yamada et al., 2013); ii) presence of cancer stem cells (CSCs)
that resist chemotherapy because of their slower proliferation and high expression of
ABC-transporters (H. E. Lee et al., 2011; F. Ma et al., 2014; S. Y. Park et al., 2010; S.
Zhou et al., 2001); iii) hypoxic environment, which promotes the stem cell phenotype

and immunosuppression (Cosse & Michiels, 2008; E. Y. Tan et al., 2009; W. R. Wilson
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& Hay, 2011); iv) TP53 mutations, that abolish the G1/S checkpoint in favor of less
efficient shelter systems that introduce mutations (Friboulet et al., 2019); v) constitutive
activation of the PI3K-AKT-mTORC1 pathway (Steelman et al., 2008; Ueng et al.,
2012).

Given the enormous intra-tumor heterogeneity and among different tumors (even of
the same subtype), identifying actionable therapeutic biomarkers has proven arduous,
and when it has been successful, clinical trials have not always confirmed the theory.
The next section will report the best examples of targeted therapy in the context of
TNBC. The first case is that of the anti-EGFR target therapy: three out of four patients
have high levels of EGFR (Livasy et al., 2006). However, a phase Il clinical trial
(NCT00232505) showed that the use of cetuximab (EGFR inhibitor) carried very little
benefit; patients treated with cetuximab still had robust activation of the EGFR
downstream pathway, suggesting that other mechanisms may override its inhibition
(Carey et al., 2012). Wang and colleagues identified an ER variant, ER-a36, which
lacks the transcriptional activation domains (TADs) but retains the DNA-binding
domains (DBDs) and transduces estrogen signaling in both ER-positive and ER-
negative breast cancer cells (Z. Wang et al., 2005, 2006). In TNBC cell lines, the ER-
a36 variant participates in a positive feedback loop with the EGFR, explaining possible
resistance to cetuximab and other EGFR inhibitors; ER-a36 can also be considered a
putative therapeutic target (X. T. Zhang et al., 2011).

Similar results have been obtained with PARP inhibition: about 20% of TNBC patients
carry mutations on BRCA1/2 genes, and are therefore eligible for treatment with PARPi
(Gonzalez-Angulo et al., 2011). Unfortunately, clinical studies have not shown
significant differences between BRCA-wild type (BRCA-wt) and BRCA-mutated tumors

(Gelmon et al., 2011). Some encouraging results have been obtained in patients with
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metastatic  TNBC through the combination of PARPi and ‘"conventional"
chemotherapy. In this regard it is worth mentioning a work in which Ibrahim and
colleagues demonstrated that PI3K inhibition leads to down-regulation of BRCA1/2,
supporting the rationale for combining PI3K inhibitors with PARP inhibitors (Ibrahim
etal., 2012); a clinical trial based on this finding is currently ongoing (NCT01623349).
AR receptor antagonists (flutamide, bicatulimide or enzalutamide) were effective in
both AR-positive cell lines, patient samples (Doane et al., 2006), and the portion of
TNBC patients belonging to the LAR subtype, which corresponds to 10-15% of TNBC
patients (Bardia et al., 2018; Gucalp et al., 2013).

Immunotherapy, which has proven effective in some cancer models such as advanced
stage melanoma, has not confirmed in clinical trials the promising results obtained in
vitro or in preclinical models. The numbers about the expression of PD-L1, PD1 or
both (which are used as discriminatory criteria to benefit from immunotherapy) in
TNBC patients are encouraging (W. Y. Sun et al., 2016); nevertheless, clinical trials
with anti PD-1 or anti PD-L1 antibodies have shown modest response in TNBC
patients (“Atezolizumab Extends Survival for Breast Cancer.,” 2017; Nanda et al.,
2016). In preclinical mouse models, the combination of anti-CTLA-4 with other agents
significantly extended animal survival (Bernier et al., 2018; L. Liu et al., 2018),
suggesting that combination therapies are needed to enhance the effects of
immunotherapy. Chimeric antigen receptor (CAR)-T cells engineered to target the
folate receptor (FR) or mesothelin have proven equally effective in vitro and in mouse
models (Pastan & Hassan, 2014; Song et al., 2016).

To conclude, we have described in this chapter how TNBCs represent an unsolved
medical challenge: the enormous heterogeneity of TNBCs required several sub-

classifications over the years, each improving or enriching the previous one.
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Nonetheless, molecular biomarkers that can either predict the efficacy of classical

chemotherapy and direct the choice of the right regimen, or identify vulnerabilities for

targeted therapies, are still lacking. Currently, considerable efforts are focused on

identifying molecular biomarkers and improving chemotherapy regimens.
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Figure 17: therapeutic strategies targeting the oncogenic vulnerabilities in TNBC.

Already approved agents are underlines, while the remaining are under clinical investigation.

ADCs,

polymerase; TLR, Toll-like

antibody—drug conjugates;

AR, androgen receptor; PARP, poly (ADP-ribose)

receptor; TMB, tumour mutational burden; TME, tumour

microenvironment; TROP2, trophoblast cell-surface antigen 2. Adapted from Bianchini, 2022.
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Aim of the project

PP2A, which is one of the major phosphatases in eukaryotic cells, has long been
known as a critical tumor suppressor: its inhibition leads to tumor initiation, and while
it is not often mutated at the genetic level, its endogenous inhibitors are over-expressed
in many types of tumors. Disregarding these early observations, for the past decades
the study of PP2A has been relatively neglected, and greater emphasis was placed on
oncogenic kinases, which have been successfully targeted in many cases by drugs.
PP2A and other phosphatases are considered much more difficult to tackle: in this
regard, recently described small-molecule activators of PP2A (SMAPs) have been
proven efficacious in reducing tumor growth in vitro and in animal models.

Our group has recently demonstrated that PP2A is over-activated by the combination
of metformin (anti-diabetic drug and mitochondrial complex | inhibitor) and
hypoglycemia (achieved in vitro by lowering glucose in culture medium, and in vivo
by cycles of intermittent fasting, and resulting in reduced glycolysis). The activation of
PP2A upstream of GSK3B and MCL1 led to cell death in different tumor models. In
parallel, Marco Foiani’s lab (IFOM) in collaboration with our group demonstrated that,
in yeast, PP2A integrated metabolic sensing (including glucose metabolism) with the
DDR; specifically, under metabolic stress, PP2A attenuates the DDR.

The purpose of the present work is: i) to test whether the combination of metformin
and glucose starvation is also effective in TNBCs, for which target therapies are
ineffective and ii) to evaluate how this metabolic stress influences DNA-damaging
chemotherapy, which for TNBC patients often remains the only suitable option.
Therefore, we want to test whether and to what extent any combined effect depends

on PP2A and the underlying molecular mechanism.
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Materials and Methods

Cellular Biology procedures

Cell lines

All TNBC cell lines used in the present work were cultured according to ATCC
recommendations and cultured at 5% CO, at 37°C. All the TNBC cell lines used in
the present work are listed in Table 1. MDA-MB-231 cells, which was mainly used in
the present work, were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum North American (NA), penicillin (100
U/mL)/streptomycin (1000 mg/mL), 2 mM of L-glutamine. MDA-MB-231 cells stably
expressing CIP2A mutants (kindly provided by Jukka Westermarck'’s laboratory, Turku,
Finland) were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum North American (NA), penicillin (100
U/mL)/streptomycin (1000 mg/mL), 2 mM of L-glutamine. HEK293T (Phoenix
Ectotrophic human embryonic kidney packaging cell line from Nolan Lab) were
maintained in DMEM supplemented with 10% fetal bovine serum South American
(SA), penicillin (100 U/mL)/streptomycin (1000 mg/mL), 2 mM of L-glutamine. Patient-
derived cells 197TX18 were maintained in “mammary epithelial basal medium
modified” consisting of Dulbecco’s modified Eagle’s medium (DMEM) + Ham'’s F12
(1:1) supplemented with penicillin (100 U/mL)/streptomycin (1000 mg/mL), 2 mM of
L-glutamine, 5 pg/ml insulin, 0.5 pg/ml hydrocortisone, 2% B27 (fresh), 20 ng/ml EGF

and hFGF (fresh), 4 pg/ml heparin (fresh).
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name source subtype medium
MDA-MB-231 | TNBC | Basal B/Mesenchimal Stem Like |90% DMEM+10% FBS (NA) +2mM L-Glutamine
MDA-MB-453 | TNBC Luminal Andorgen Receptor | 90% DMEM+10% FBS (NA) +2mM L-Glutamine
MDA-MB-436 | TNBC Basal B/Mesenchimal Stem 90% DMEM/Ham's F12 (1:1) +10% FBS (SA) +2mM L-Glutamine
Like/Luminal Andorgen Receptor
MDA-MB-468 | TNBC Basal A 90% DMEM/Ham's F12 (1:1) +10% FBS (SA) +2mM L-Glutamine
BT20 TNBC Basal A 90% MEM with Earle's Salts+10% FBS (NA)+2mM L-Glutamine+1mM
Sodium Pyruvate (NaP)+ 0.1mM Non-Essential Amino Acids (NEAA)
Hs578T TNBC Basal B 90% DMEM+10% FBS (NA)+0.01 mg/ml human insulin+2mM L-
Glutamine
BT549 TNBC Basal B/Mesenchimal 90% DMEM+10% FBS (SA) +2mM L-Glutamine
HCC1187 TNBC Basal A/Immunomodulatory | 90% RPMI 1640+10% FBS (NA) +2mM L-Glutamine
HCC1937 TNBC Basal A 90% RPMI 1640+10% FBS (NA) +2mM L-Glutamine
HCC1599 TNBC Basal A 90% RPMI 1640+10% FBS (NA) +2mM L-Glutamine
HCC1143 TNBC Basal A 80% RPMI 1640+20% FBS (NA) +2mM L-Glutamine
Du4475 TNBC Immunomodulatory 90% RPMI 1640+20% FBS (NA)+1mM Sodium Pyruvate (NaP)+10mM
HEPES+2mM L-Glutamine+ 2.5 g/l D-Glucose

Table 1: TNBC cell lines used in the present work and relative culture medijum.

Cell survival assay

Cell lines were plated in triplicate at a density of 200.000 cells/well in 6 wells plates.
The day after, culture medium was replaced with fresh medium supplemented with
10% fetal bovine serum North American (NA), penicillin (100 U/mL)/streptomycin
(1000 mg/mL), 2 mM of L-glutamine, and glucose according to the desired

concentration (high glucose = 1,8 g/L; glucose starvation = 0,45 g/L). Specific

treatments were added at the indicated concentrations. Cells were cultured in
humidified atmosphere at 5% CO, at 37°C for 96 hours. Medium was replaced after
48 hours. After 96 hours cells were harvested and counted using the Burker’s counting
chamber or subjected to Propidium lodide (Pl) staining and FACS analysis. Patient-
derived primary tumor cells were plated in triplicate at a density of 50.000 cells/well

in 24 wells plates. Every condition was plated in the specific culture medium. After 96

hours cells were harvested and counted using the Burker’s counting chamber.
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Colony forming assay

At the end of the 96 hours treatment, MDA-MB-231 cells were plated in triplicate at a
density of 200 single cells/well in 6 wells plates. Cells were cultured for 14 days in
DMEM supplemented with 10% fetal bovine serum North American (NA), penicillin
(100 U/mL)/streptomycin (1000 mg/mL), 2 Mm of L-glutamine, in humidified
atmosphere at 5% CO2 at 37°C. Medium was replenished every 3/4 days. Colonies

were fixed with Gram’s crystal violet solution (Merck, #1.09218) and scored.

Flow cytometry

MDA-MB-231 cells were harvested, washed and resuspended in 250 pL PBS. Next,
cells were fixed by adding 750 pL EtOH dropwise while vortexing. Fixed cells were
washed in PBS 1% BSA and resuspended in 1 mL PI (50 pg/mL) and RNAse and
incubated overnight. Samples were acquired with BD FACSCelesta VBY FACSDiva
Software v8.01.1. Samples were analyzed using FLOWJO software. For cell death
measurement by Pl exclusion, MDA-MB-231 cells were harvested, collected, washed
and resuspended in 500 pL of PBS containing 1 pL of Pl (50 pg/mL) and acquired with

BD FACSCelesta VBY FACSDiva Software v8.01.1.

Infection procedures

For infection procedures, 250.000 MDA-MB-231 cells were plated in 6-wells plate
into a final volume of 2 mL/well. Each well was inoculated with 200 pL of viral

concentrated solution with polybrene 8 mg/mL. 8 hours later, virus-containing
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medium was removed and fresh medium was added. The morning after, a second
round of infection was performed under the same conditions. Infected cells were

selected with puromycin (1 pg/mL) for 72 hours.

PP2A overexpression procedures

To over-express PP2Ac, HEK 293T and MDA-MB-231 cells were transfected through
the calcium-phosphate transfection protocol with the pcDNA 3.1 expression vector
expressing flag-tagged PP2Ac (kindly provided by Alessandro Gardini’s laboratory,

Wistar Institute Cancer Center, Pennsylvania).

Transformation procedure

10 pL of the ligation product (for details refer to the section: cloning into pLKO.1
vector) were used to transform E. coli competent cells (STBL3). STBL3 cells were
incubated with the plasmid for 30 minutes in ice, then subjected to heat shock for 30
seconds at 42°C, followed by 5 minutes in ice and 30 minutes at 37°C in LB. Cells
were then plated on LB agar plates supplemented with 50 pg/pL ampicillin and
incubated at 37°C overnight. Ampicillin selected colonies (5 to 10) were inoculated
in 5 mL of LB supplemented with Ampicillin 500X (100 pg/mL) and incubated
overnight at 37°C. The DNA extraction was performed using QIAprep Miniprep kit
(QIAGEN, Venlo, NL), according to manufacturer’s instructions. Enzymatic digestion

was performed to verify the presence of DNA of interest.
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Viral production

Lentiviruses were produced through the calcium-phosphate transfection protocol in
HEK 293T packaging cells. The day before transfection HEK293T cells were plated at
a density of 50%, so that the day of transfection cells were in exponential growth (80-

90% confluence). Two different solutions were prepared as follows:

components quantities

Plasmidic lentiviral DNA 10 pg/plate

Plasmidic p-CMV-VSV-g 5 ug/plate

Plasmidic p-CMV-dr8.2 dvpr 8 ug/plate

CaCl, 62 L

ddH,0 Up to 500 L
Solution A

components quantities

2X HBS (250mM Hepes pH7, 250mM 500 pL

NaCl and 150mM Na,PO,)

Solution B

48 hours post transfection, viral supernatant was collected, filtered (0,45 pm) and
incubated overnight at 4°C with PEG solution 5X (120 g PEG 8000, 2.7 g NaCl, 200
mL H20). The day after, samples were centrifuged at 1500g at 4°C for 1 hour. Viral
pellet was resuspended in PBS to obtain a 100X concentrated viral solution that could

be stored at -80°C or used immediately.
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Molecular Biology procedures

Cloning into pLKO vectors

1.1 Digestion of pLKO vectors.

To Knock-Down (KD) PP2Ac and the B55 and B56 subunits, oligonucleotides were
cloned into tet_pLKO_puro (PP2Ac) and pLKO_puro_TRC (B55/B56 subunits) vector
which both express puromycin resistance cassette.

Plasmids were digested according to the following scheme at 37°C for 2 hours:

components quantities
Plasmid 3 Hg

10X buffer 5pL
Restriction enzyme * 5U

ddH,0 up to 50 uL

Digestion mix. *For pLKO vectors we used Agel-EcoRlI.

The plasmid was dephosphorylated with 1 pL of Antarctic Phosphatase (New England
Biolabs, Ipsiwich, MA) with its specific 10X buffer directly into digestion mixture, at
37°C for 30 minutes. Antarctic phosphatase was inactivated at 70°C for 5 minutes. To
separate plasmid from digested DNA, the entire sample was subjected to agarose gel
electrophoresis (TAE 1X 1% agarose). The bands of interest were extracted from gel
with the commercial gel extraction kit QIAquick Gel Extraction Kit” (QIAGEN, Venlo,

NL), according to manufacturer’s instructions.
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1.2 Cloning synthetic oligonucleotides into pLKO.1 vector.
Synthetic oligonucleotides were produced and purchased from Life Technologies and
designed as short hairpin RNA (shRNA) with forward and reverse oligonucleotides
prepared according to the following scheme:

e Forward oligo: 5'CCGG-sense21bp-CTCGAG-antisense2 1bp-TTTTTG 3’

e Reverse oligo: 5’AATTCAAAAA-sense2 1bp-CTCGAG-antisense2 1bp 3’
Synthetic oligonucleotides were resuspended in ddHO to a final concentration of 100
M. The annealing mix (scheme) was incubated at 95°C for 4 minutes, then cooled

down at room temperature (1 hour).

components quantities
Forward oligonucleotides 5uL
Reverse oligonucleotides 5uL
NEB BUFFER 2 (Biolabs) 5 pL
ddH,0 up to 50 pL

Annealing mix

After the annealing process, synthetic oligonucleotides and pLKO vector were ligated
at a molar ratio vector:insert = 1:6 with 1 pL T4 DNA Ligase (New England Biolabs) at

RT for 15 minutes.

components quantities
Dephosphorylated vector 1 pL (10 ng/uL)
Synthetic oligonucleotides 1 pL (0,43 ng/uL)
T4 Ligase buffer 10X 2 UL

ddH,0 Up to 20 pL
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Ligation mix
10 pL of ligation product were used to transform E. Coli competent cells as described

in the section Transformation procedures.

Immunoblotting

Whole cell extracts were prepared using Urea 8M with protease inhibitor. Cell lysates
were sonicated (20”7, 15% Amplitude) and centrifuged at 13.000 RPM at 4°C for 30
minutes to eliminate debris. Total protein concentration was determined using the
Bradford assay (Bio-Rad). 1 volume of Bradford reagent was diluted with 4 volumes of
MilliQ water to prepare a 1X working Bradford solution; urea 8M was used as blank.
30 pg of proteins were mixed with 5X Laemmli loading buffer (10% SDS, 50%
glycerol, 25% 2-B-mercaptoethanol, 0.02% bromophenol blue and 0.3125 M Tris
HCI) and denatured for 6 minutes at 95°C. Proteins were resolved in SDS-PAGE gel
and transferred into nitrocellulose membranes (100V for 2 hours at 4°C or at 30V
overnight at 4°C in Transfer Buffer containing 20% methanol, depending on the size
of the protein of interest). Correct transfer of proteins to nitrocellulose membrane was
evaluated using Ponceau S staining. Membranes were blocked for 1 hour at room
temperature using PBS with 0,1% Tween-20 complemented with 5% BSA powder
(blocking buffer). Primary antibodies were diluted in blocking buffer and applied
overnight. Mouse or rabbit secondary antibodies were diluted in blocking buffer and
applied for 1 hour at room temperature; signal was detected using ECL (Enhanced
Chemi-Luminescence) staining for 5 minutes. Images were acquired with image
scanning methods for chemiluminescence and colorimetric detection (Bio-Rad

molecular imager Gel-Doc XR).
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Neutral Comet Assay

MDA-MB-231 cells were harvested, washed and resuspended in cold PBS to the final
concentration of 100.000 cells/mL. 10.000 cells (in 100 pL) were mixed with 200 pL
low melting agarose and 60-80 pL of the final mix were plated on pre-coated slides
(with agarose 1%). After agarose has gelled, samples were lysed in lysis buffer [NaCl
(2,5 M); EDTA (100 mM); Tris-HCI pH 10,5 (10 mM); N- lauroylsarcosine (1%);
Tryton™ X-100 (1%)] for 1 hour at 4°C. After lysis, electrophoresis was performed in
TBE for 25 minutes at 25 V in cold TBE in cold room. Slides were then washed in
EtOH (70%, then 100%, 5 minutes each). Next day, slides were rehydrated with water
for 30 minutes RT, and stained with DAPI (1:2000) for 20 minutes at RT. Samples were
acquired with DM6B (Leica Microsystems) equipped with Zyla4.2 (Andor) camera.
Comets were scored with the Fiji software; tail moments were calculated with the Fiji

software (OpenComet plugin).

RNA extraction and RT-qPCR

Total RNA was extracted and purified from MDA-MB-231 cells with the RNeasy kit
(QIAGEN) and quantified at spectrophotometer (ND NanoDrop 1000). Reverse
transcription was performed with the Superscript Il Kit (Invitrogen), according to the
manufacturer’s instructions. Quantitative PCRs (qPCRs) were performed in a final
reaction volume of 20 pL containing 20 ng of cDNA, SYBR green buffer (Applied
Biosystem) and 0,4 pM of each primer mix. qPCR amplifications were performed with
the ViiA™7 Real-Time PCR system (4453534). mRNA levels were normalized to

RPLPO.

54



Subcellular fractionation

MDA-MB-231 cells were harvested, washed twice in cold PBS and resuspended in
ice-cold hypotonic buffer [Hepes pH 7 (10 mM; NaCl (50 mM); sucrose (0,3 M); NP40
(0,1 %); NEM (10 mM); protease and phosphatase cocktail inhibitors] for 15 minutes
on ice to allow the lysis and the release of the cytosolic fraction. Nuclei were washed
once in hypotonic buffer and resuspended in Nuclear Extraction Buffer [1T0 mM HEPES
(pH 7); NaCl (200 mM): NP40 (0,5 %); NEM (10 mM): protease and phosphatase
cocktail inhibitors] for 20 minutes on ice to allow the lysis and the release of the
nucleosolic fraction.

e Pellets containing the chromatin-bound proteins were resuspended in UREA
8M and sonicated for 10-20 seconds in ice (15% amplitude), then centrifuged
max speed for 2 minutes.

e Pellets containing the chromatin-bound proteins were resuspended RIPA buffer
[Tris-HCl pH 7.5 50 mM, 150 mM NaCl, DOC 0.5 %, SDS 0.1 %, NP-40 1%)]
on ice for 20 minutes to allow the lysis of nuclear lamina; after centrifuge,
pellets containing the chromatin-bound proteins were then resuspended in
chromatin extraction buffer [Tris-HC| pH 7.5 (50mM); NaCl (150 mM); MgCl.,
(2 mM)] and incubated in presence of Benzonase 100X (Millipore) [280 U/mL],
on ice for 40 minutes, then centrifuged max speed for 2 minutes.

The supernatant containing the chromatin-bound proteins was transferred to a new
tube and quantified using Bradford’s method. A total amount of 10-30 pg of protein

was used for immunoblotting analysis as described above.
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Biochemical assay: PP2A phosphatase assay

PP2A phosphatase activity was measured using the PP2A immunoprecipitation
Phosphatase Assay kit (Merck Millipore) with minor modifications. MDA-MB-231 cells
wild-type or stably expressing flag-tagged PP2Ac were treated for 24 hours with
metformin (1 mM) in glucose starvation (0,45 g/L). Cells were washed and lysed with
ColP buffer [Tris-HCI pH 8 (50 mM); NP-40 (1%); NaCl (50 mM); Glycerol 50%
(10%)]. Total protein concentration was determined using the Bradford assay (Bio-
Rad) as described above, and 500 pg of proteins were then incubated with:

e 30 pL of DynaBeads-protein pre-equilibrated in PBS and supplemented with
0.5% BSA conjugated with antibody for PP2Ac (Merck, n. 05-421, clone 1D6)
at 4°C with constant rocking for 1 hour.

e 30 pL of ANTI-FLAG M2 magnetic beads (Merck, M8823) at 4°C with constant
rocking for 1 hour.

Beads-bound immune complexes were collected and then washed with 700 pL TBS
(three times) and 500 pL Ser/Thr buffer (final wash), before they were resuspended in
20 pL Ser/Thr buffer. A phosphopeptide (amino acid sequence: K-R-pT-I-R-R) was
added (60 pL, final concentration: 750 pM) as a substrate for PP2Ac, and samples were
incubated at RT in a shaking incubator for 30 minutes. Supernatants (25 pL) were then
transferred onto 96-well plate, and released phosphate was measured by adding 100
pL malachite green phosphate detection solution. Absorbance was read with Glomax
Multi Plus Detection system (Promega) at 620 nm. Phosphate concentrations were
calculated from a standard curve generated from serial dilutions of standard phosphate

solution (0-2000 pMol).
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In vivo experiments

Experiments have been done in accordance with the Italian Laws (D.L.vo 26/14 and
following amendments), the Institutional Animal Care and Use Committee and the
institutional guidelines at the European Institute of Oncology. Mice have been housed
accordingly to the guidelines set out in Commission Recommendation 2007/526/EC -
June 18, 2007 on guidelines for the accommodation and care of animals used for
experimental and other scientific purposes. The protocol was approved by the Italian
Ministry of Health (Authorization 71/2019-PR). In vivo studies were carried out in
immunodeficient CD1-nude (Foxn1 nu/nu) female mice (Charles River, Italy), 8-10
weeks old. Mice were bred and housed under pathogen-free conditions in the animal
facilities at the European Institute of Oncology — Italian Foundation for Cancer
Research (FIRC) Institute of Molecular Oncology (IEO-IFOM, Milan, Italy) campus.
Prior to injection, MDA-MB-231 cells were harvested, washed, and resuspended in
PBS to a final concentration of 250.000 cells/10 pL. Cell suspension was then mixed
1:1 with growth factor-reduced matrigel and maintained in ice until injection. Female
CD1 nude mice (8-10 weeks old) were anesthetized with 0.2% avertin and injected
with 20 plL cell-matrigel suspension directly in the fourth mammary fat pad through
the nipple with a Hamilton syringe. Tumor growth was monitored weekly, by bi-
dimensional measurements using a caliper. Tumor volume was measured according
to the formula: w? x W/2 = mm’, where “w” and “W” are “minor side” and “major
side” (in mm), respectively. When the “W” reached 15 mm, mice were sacrificed.
After the tumors appeared as established palpable masses (~10 days after cell
injection), mice were randomized in different groups, and kept on the feeding/fasting
protocols. Fasting cycles were achieved by complete removal of food while allowing

free access to water for 24 hours from 6 pm to 6 pm of the following day when food
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was re-supplied ad libitum, from Sunday to Friday for 4 weeks. Metformin (200 mg/kg
dissolved in water) was administered three times a week (on Monday, Wednesday and
Friday) at 9 am via oral gavage, for 4 weeks. Doxorubicin (0,5 mg/kg dissolved in
saline solution) and Cyclophosphamide (50 mg/kg dissolved in saline solution) were

administered once a week (on Monday) via intraperitoneal, for 4 weeks.
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name

sequence

shRNA#1 for PP2A-C
forward

CCGGACCGGAATGTAGTAACGATTTCTCGAGAAATCGTTACTACA
TTCCGGTTTTITG

shRNA#1 for PP2A-C
reverse

AATTCAAAAAACCGGAATGTAGTAACGATTTCTCGAGAAATCGTTA
CTACATTCCGGT

shRNA#2 for PP2A-C
forward

CCGGGGCAAATCACCAGATACAAATCTCGAGATTTGTATCTGGTG
ATTTGCCTITITG

SshRNA#2 for PP2A-C
reverse

AATTCAAAAAGGCAAATCACCAGATACAAATCTCGAGATTTGTATC
TGGTGATTTGCC

shRNA#3 for PP2A-C
forward

CCGGTGGAACTTGACGATACTCTAACTCGAGTTAGAGTATCGTCA
AGTTCCATTTTTG

shRNA#3 for PP2A-C
reverse

AATTCAAAAATGGAACTTGACGATACTCTAACTCGAGTTAGAGTAT

CGTCAAGTTCCA

Table 2: oligonucleotides for PP2Ac RNA interference.

name

sequence

shRNA#1 for B55a
forward

CCGGGATCCCAGTAACAGGTCATTTCTCGAGAAATGACCTGTTACT
GGGATCTTTITG

shRNA#1 for B55«a
reverse

AATTCAAAAAGATCCCAGTAACAGGTCATTTCTCGAGAAATGACCT
GTTACTGGGATC

shRNA#2 for B55a
forward

CCGGGCAAGTGGCAAGCGAAAGAAACTCGAGTTTCTTITCGCTTGC
CACTTGCTTTTTG

shRNA#2 for B55«a
reverse

AATTCAAAAAGCAAGTGGCAAGCGAAAGAAACTCGAGTTTCTTTCG
CTTGCCACTTGC

shRNA#1 for B55y
forward

CCGGCCGCTCATTCTTCTCGGAAATCTCGAGATTTCCGAGAAGAAT
GAGCGGTTITITG

shRNA#1 for B55y
reverse

AATTCAAAAACCGCTCATTCTTCTCGGAAATCTCGAGATTTCCGAGA
AGAATGAGCGG

shRNA#2 for B55y
forward

CCGGGCCGGAGTTTGACTATCTCAACTCGAGTTGAGATAGTCAAAC
TCCGGCTTTITG

shRNA#2 for B55y
reverse

AATTCAAAAAGCCGGAGTTTGACTATCTCAACTCGAGTTGAGATAG
TCAAACTCCGGC

shRNA#1 for B558
forward

CCGGGCTGCCACCAATAACTTGTACCTCGAGGTACAAGTTATTGGT
GGCAGCTTTTITG

shRNA#1 for B555
reverse

AATTCAAAAAGCTGCCACCAATAACTTGTACCTCGAGGTACAAGTTA
TTGGTGGCAGC

shRNA#2 for B558
forward

CCGGCGGGTCCTATAACAACTTCTTCTCGAGAAGAAGTTGTTATAG
GACCCGTTTTITG

shRNA#2 for B5558
reverse

AATTCAAAAACGGGTCCTATAACAACTTCTTCTCGAGAAGAAGTTGT
TATAGGACCCG

Table 3: oligonucleotides for B55 subunits RNA interference.
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name

sequence

shRNA#1 for B56a
forward

CCGGCCTCACATACAGTTGGTATATCTCGAGATATACCAACTGTATGTGAG
GTTTTTG

shRNA#1 for B56a
reverse

AATTCAAAAACCTCACATACAGTTGGTATATCTCGAGATATACCAACTGTAT
GTGAGG

shRNA#2 for B56«a
forward

CCGGGCTTACAACATGCACAGTATTCTCGAGAATACTGTGCATGTTGTAAG
CTTTITG

shRNA#?2 for B56a
reverse

AATTCAAAAAGCTTACAACATGCACAGTATTCTCGAGAATACTGTGCATGT
TGTAAGC

shRNA#1 for B5683
forward

CCGGCCGCATGATCTCAGTGAATATCTCGAGATATTCACTGAGATCATGCG
GTTTTTG

shRNA#1 for B56B
reverse

AATTCAAAAACCGCATGATCTCAGTGAATATCTCGAGATATTCACTGAGAT
CATGCGG

shRNA#2 for B5683
forward

CCGGCCGCATGATCTCAGTGAATATCTCGAGATATTCACTGAGATCATGCG
GTTTTTG

shRNA#2 for B56B
reverse

AATTCAAAAACCGCATGATCTCAGTGAATATCTCGAGATATTCACTGAGAT
CATGCGG

shRNA#1 for B56y
forward

CCGGCCAGAAGTAGTCCATATGTTTCTCGAGAAACATATGGACTACTTCTG
GTTTTTG

shRNA#1 for B56y
reverse

AATTCAAAAACCAGAAGTAGTCCATATGTTTCTCGAGAAACATATGGACTA
CTTCTGG

shRNA#2 for B56y
forward

CCGGCGGGAAGAAGCATGGGTTAAACTCGAGTTTAACCCATGCTTCTTCC
CGTTTTTG

ShRNA#2 for B56y
reverse

AATTCAAAAACGGGAAGAAGCATGGGTTAAACTCGAGTTTAACCCATGCT
TCTTCCCG

shRNA#1 for B563
forward

CCGGCATCGCATCTATGGCAAGTTTCTCGAGAAACTTGCCATAGATGCGA
TGTTTTTG

shRNA#1 for B568
reverse

AATTCAAAAACATCGCATCTATGGCAAGTTTCTCGAGAAACTTGCCATAGA
TGCGATG

shRNA#2 for B568
forward

CCGGTGCACTCTACAGGAACTCCAACTCGAGTTGGAGTTCCTGTAGAGT
GCATTTTTG

shRNA#?2 for B568
reverse

AATTCAAAAATGCACTCTACAGGAACTCCAACTCGAGTTGGAGTTCCTGTA
GAGTGCA

shRNA#1 for B56¢
forward

CCGGCCTCCTAGTGACAGCAATGAACTCGAGTTCATTGCTGTCACTAGGA
GGTTTITG

shRNA#1 for B56¢
reverse

AATTCAAAAACCTCCTAGTGACAGCAATGAACTCGAGTTCATTGCTGTCAC
TAGGAGG

shRNA#?2 for B56¢
forward

CCGGGTCGCAAAGTTCCTCACAGTTCTCGAGAACTGTGAGGAACTTTGC
GACTTTTTG

shRNA#?2 for B56¢
reverse

AATTCAAAAAGTCGCAAAGTTCCTCACAGTTCTCGAGAACTGTGAGGAAC

TTTGCGAC

Table 4: oligonucleotides for B56 subunits RNA interference.
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name sequence

PP2A C forward AAGCAGCTGTCCGAGTCCCA
PP2A C reverse TGGACATCGAACCTCTTGCACG
PP2A A forward ACCCCATCGCGGTGCTCATA
PP2A A reverse CCAAGGCGATGGTGGACAGC
B55a forward AGGGTCACCATTTGCAGCGC
B55a reverse GCTCCTTTCACCTGAGAAAAACACCA
B55B forward TAGCGACAGGGGACAAGGGG
B55p reverse CGGGTTCATGGCTCTGGAATGT
B55y forward GACGTCACTGCAGGTGCCAG
B55y reverse GGCAAAGATCCTCCGAGGGC
B556 forward AAGACTTCGAGACCCATTTAGGA
B555 reverse CGTGGACTCGCTTCTACCATA
B56a forward AGAGCCCTGATTTCCAGCCTA
B56a reverse TTTCCCATAAATTCGGTGCAGA
B56B forward GCCCGTCTACCCAGACATC
B56pB reverse TCAAGATTGGGCTCATCCTCT
B56y forward GAAGATCCTCGGGAGAGAGATT
B56y reverse TCTGCTATGCCATTATGATGCTC
B565 forward CCACCCTCAGCTGGCATA

B565 reverse CTTGGGCCAAAACTTGAGAA
B56¢ forward AGAATTCCAACCCAGCATTGCCA
B56¢ reverse GTCCCGTTCCCGAGGGTCTT
RPPO forward TTCATTGTGGGAGCAGAC
RPLPO reverse CAGCAGTTTCTCCAGAGC

Table 5: expression primers for RT-qPCR.
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name

sequence

ATR

Cell Signaling Technology, n. E153S, clone 13934S

p-ATR (T1989)

GeneTex, n. GTX128145, clone 42396

CHK1

Cell Signaling Technology, n. 2G1D5, clone 2360S

p-CHK1 (S5345)

Cell Signaling Technology, n. 133D3, clone 2348S

H2AXx

Cell Signaling Technology, n. D17A3, clone 7631S

yH2AX (S139)

Cell Signaling Technology, n. 20E3, clone 9718S

ATM

Cell Signaling Technology, D2E2, clone 2873S

p-ATM (S1981)

Cell Signaling Technology, D25E5, clone 13050S

CHK2

3 |3|3(3 |3

Cell Signaling Technology, D9C6, clone 6334S

p-CHK2 (T68)

Cell Signaling Technology, n. C13C1, clone 2197T

PP2A A Santa-Cruz, n. sc-81604, clone C1908
Cell signaling 2039S
PP2A C Merck, n. 05-421, clone 1D6
Cell Signaling 2038S
CIP2A Santa-Cruz, n. sc-80662
B55«a Cell Signaling Technology Cat# 5689S;
RRID:AB 10827877
B56B Invitrogen Cat# PA5-29262; RRID:AB 2546738
B55y Abcam Cat# ab27269; RRID:AB_2170097
B558 Invitrogen Cat# PA5-30763; RRID:AB_2548237
BS6a Invitrogen Cat# PA1-31436; RRID:AB 2170404
B568 Santa Cruz Biotechnology Cat# sc-515676
B56y Invitrogen Cat# 39-3600; RRID:AB 2533409
B566 Santa-Cruz, n. sc-81605, clone B2117
B56e Invitrogen Cat# PA5-17981; RRID:AB_10982672
vinculin Sigma-Aldrich, n. V9131, clone hVIN-1
actin Sigma-Aldrich, n. A4700, clone AC-40
tubulin Santa Cruz Biotechnology, n. sc-32356
H3 Abcam, n. 1791
P70S6K Cell Signaling Technology, clone 9202S

pP70S6K (T389)

Cell Signaling Technology, clone 9205S

RPS6

Cell Signaling Technology, n. 54D2, clone 2317S

pRPS6 (S5235/236)

Cell Signaling Technology, clone 2211S

4EBP1

Cell Signaling Technology, n. 53H11 clone 9644S

p4EBP1 (T37/46)

Cell Signaling Technology, 236B4, clone 2855S

P54-nrb

Santa Cruz SC-376865

Table 6: antibodies.
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Results

1. TNBC cell lines are resistant to the combination of metformin and

glucose starvation.

Our group has previously found that metformin and glucose starvation (75%
reduction compared to high glucose) induced cell death in different cell lines and
primary tumors (Elgendy et al., 2019).

We tested whether the same metabolic combination was effective in TNBCs, and we
found that several TNBC cell lines were more resistant to high-dose metformin (10
mM) and glucose starvation (0,45 g/L), compared to both HelLa and HCT116 cells,

which were primarily used in the afore-mentioned paper (Figure 18).
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Figure 18: TNBC cell lines are resistant to high-dose metformin and glucose starvation.

Viability of Hela, HCT116 and four TNBC cell lines after 2 days of treatment as follows: High
Glucose (HG: 1,8 g/L); Glucose Starvation (GS: 0,45 g/L) + metformin 10 mM (high dose).

Values are relative to HG. N = 3 replicates. TNBC cell lines are indicated.
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Both in HelLa and HCT116 cells, metformin induced the down-regulation of CIP2A,
which is one of the endogenous inhibitors of PP2A, thus activating PP2A, while
glucose starvation favored the assembly of a specific B568-PP2A complex upstream of
GSK3p and MCL1 (Elgendy et al., 2019). In the TNBC cell line MDA-MB-231
(hereafter taken as reference cell line) the decrease of CIP2A was modest compared to
Hela and HCT116 and the protein level was not abolished by high-dose metformin
(Figure 19, left panel); moreover, we did not observe any increase of B563 (both

protein and RNA level) after one day of glucose starvation (Figure 19).
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Figure 19: high-dose metformin and glucose starvation do not affect CIP2A and B564.

Left panel: western blot analysis showing the phosphorylation and the total levels of the
indicated proteins after 1 day of treatment as follows: HG (1,8 g/L); GS (0,45 g/L), +
metformin (10 mM). Vinculin was used as loading control. N = 3 replicates. Right panel:
analysis of PPP2R5D (gene encoding for B566) mRNA levels in MDA-MB-231 cells after 1 day
of treatment as follows: HG (1,8 g/L); GS (0,45 g/L). Values are normalized against RPLPO

and referred as fraction of control (HG). N = 3 replicates.
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A possible explanation for the decreased/absent effect of metformin on CIP2A levels
is that the amount of CIP2A was much higher in MDA-MB-231 (and in the other TNBC
cell lines previously screened in viability assays) compared to both HCT116 and Hela
cell lines (Figure 20). Our findings are in line with previous publications which
described high CIP2A content in TNBC, both cell lines and primary tumors (H. Liu et
al., 2017). However, we could not demonstrate a correlation between the levels of

CIP2A and the response to the combination of metformin and glucose starvation.
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Figure 20: CIP2A is highly expressed in TNBC cell lines.

Western blot analysis (left panel) and band quantification (right panel) showing the total
amount of CIP2A in different cell lines relative to Hela cells (reference). Tubulin was used as

loading control. N = 3 replicate. TNBC cell lines are highlighted.

Despite the lower efficacy in reducing cell viability, the combination of metformin
and glucose starvation increased PP2A phosphatase activity after one day of treatment,
measured by immunoprecipitation of endogenous PP2A followed by commercial
phosphatase assay [Merck 32161000]. Not only was the combination effective, but
lower doses of metformin (down to 0,1 mM) were sufficient to increase PP2A
phosphatase activity, with a plateau around T mM (Figure 21, left panel). A recent
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work has questioned several antibodies used for immune-precipitate PP2A catalytic
subunit, including the monoclonal antibody 1D6 that was part of the commercial
phosphatase assay kit (Frohner et al., 2020). To solve the problem of the non-
specificity of the antibody, we over-expressed a flag-tagged PP2A catalytic subunit
(exogenous flag-PP2Ac) in MDA-MB-231 cell line and we confirmed the results
obtained with the endogenous subunit, thus excluding the off-target effect of the
antibody (Figure 21, right panel). However, despite the activation of global PP2A
activity, we failed to detect the dephosphorylation of GSK3pB, observed in other
responsive cell lines, which is a necessary step for the down-regulation of MCL-1

levels (Figure 19, left panel).
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Figure 21: metformin and glucose starvation increase PP2A phosphatase activity.

Result of the phosphatase assay performed in MDA-MB-231 cells, wild-type (left panel) or
stably expressing flag-tagged PP2Ac (right panel), after 1 day of treatment as follows: HG (1,8
g/L); GS (0,45 G/L) with the indicated concentrations of metformin. Values are relative to HG
(untreated, that is, no metformin). N = 3 replicates. Significances were calculated with one-

way ANOVA. *p<0,05; **p<0,01; ***p<0,001; ****p<0,0001.
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2. Metformin and glucose starvation enhance the efficacy of

chemotherapy in TNBC cell lines.

Given the intrinsic resistance of the TNBC cell lines to the combination of metformin
and glucose starvation we investigated other (clinically relevant) therapeutic strategies.
In this regard, the clinical trial BREAKFAST started at the Istituto Nazionale dei Tumori
(Milan, ltaly): TNBC patients undergoing neo-adjuvant chemotherapy (with
doxorubicin and cyclophosphamide first, then paclitaxel) are subjected to a fasting
mimicking diet (FMD) regimen with or without metformin. Thus, we inquired the
impact of metformin and glucose starvation on chemotherapy treatment. On the basis
of our previous findings in yeast, we also investigated mechanistically the impact of
PP2A activation following metabolic stimuli on the DDR induced by chemotherapy.
For this reason, we opted for doxorubicin and cyclophosphamide (and not paclitaxel),
which are the first line therapy in the BREAKFAST clinical trial and directly trigger the
DDR. We choose the MDA-MB-231 cell line (that was more resistant to high-dose
metformin and glucose starvation and expressed high levels of CIP2A) and we set up
a protocol as shown in Figure 22 (timing of different experiments are listed). Cells were
counted after 4 days and culture medium was changed after 2 days to keep glucose

levels as stable as possible.

96 hours 14 days
> —
24h 48 h
western blot medium replacement o cqfnt colony staining and
. Pl staining :
cell-cycle analysis comet assay counting

200 cells plated as single cell

Figure 22: schematic representation of the experimental setup.
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Cells were seeded and as soon as they attached, different media were added for 48 hours.
After 48 hours media were replaced. After 96 hours cells were harvested and subjected to
manual cell counting, Pl-staining and FACS analysis. 200 living cells were then collected and
plated as single cell for colony forming assay. For western blot and cell cycle analysis, cells

were harvested after 24 hours. For comet assay, cells were harvested after 48 hours.

After 4 days, glucose starvation by itself had a little effect on cell proliferation without
inducing cell death (Figure 23) and produced a slowdown in the doubling time (36,4
hours and 39,7 hours in high glucose and glucose starvation, respectively). This
confirmed that tumor cells are (metabolically) plastic and adapt their metabolism to

changes in nutrient availability.
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Figure 23: glucose starvation does not impact on cell viability.

Viability (left panel) and percentage of Pl-positive (right panel) MDA-MB-231 cells after 4 days
of treatment as follows: HG (1,8 g/L) or GS (0,45 g/L). Values are relative to HG. N = 3

replicates.

Based on the results of PP2A phosphatase assay, we opted for a metformin
concentration of 1T mM. As previously stated, MDA-MB-231 cells are relatively

resistant to metformin and glucose starvation: indeed, even with a lower concentration
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of metformin, the combination modestly decreased cell viability compared to glucose
starvation alone, with 40% reduction in cell proliferation and 20% increase in the

percentage of Pl-positive cells after 4 days (Figure 24).
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Figure 24: metformin and glucose starvation slightly impact cell viability.

Viability (left panel) and percentage of Pl-positive (right panel) MDA-MB-231 cells after 4 days
of treatment as follows: HG (1,8 g/L) or GS (0,45 g/L) + metformin (1 mM). Values are relative

to untreated (HG of Figure 23). N = 3 replicates.

Then, we combined metformin and glucose starvation with doxorubicin (dox) and
cyclophosphamide (cp), which are the standard of clinical care for TNBC patients and
they both interfere with the DNA structure and replication. In particular, dox is an
intercalating agent and inhibits topoisomerase Il (Pommier et al., 2010; Tacar & Dass,
2013), while cp forms inter- and intra-strand cross-linkages (Emadi et al., 2009). Since
cyclophosphamide is converted to the active drug in the liver, for the in vitro
experiments we used the active metabolite 4-hydro-peroxy-cyclophosphamide. In
high glucose, metformin made no contribution to the effect of chemotherapeutics
(Figure 25). Intriguingly, metformin and glucose starvation increased the anti-

proliferative effect of both doxorubicin and cyclophosphamide (Figure 25).
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Effectively, the ICso for both the chemotherapeutic agents was significantly lower when
combined with metformin and glucose starvation (Figure 26). Of note, chemotherapy
was more effective if administered in glucose starvation, partially confirming
observations by other groups and reiterating that a crosstalk exists between glucose
metabolism and the sensitivity to DNA-damaging agents (D’Aronzo et al., 2015; C.

Lee et al., 2012; Raffaghello et al., 2008; Shim et al., 2015).
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Figure 25: metformin and glucose starvation synergize with dox and cp.

Viability of MDA-MB-231 after 4 days as follows: HG (1,8 g/L) or GS (0,45 g/L) + metformin
1 mM with chemotherapeutic drugs at the indicated concentrations. Left panel: doxorubicin.
Right panel: 4-hp-cyclophosphamide. For cell survival procedures see material and methods.

Values are normalized to HG (that is, without drugs, glucose starvation or metformin). N = 3

replicates.
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Figure 26: metformin and glucose starvation reduce the IC50 of dox and cp.

ICso of dox and cp was calculated at day 4. N = 3 replicates. Significances were calculated

with one-way ANOVA. *p<0,05; **p<0,01; ***p<0,001; ****p<0,0001.

We selected and combined two doses for each agent, referred as high-dose
chemotherapy (HD: dox 1 yM + cp 20 pM) and low-dose chemotherapy (LD: dox 0,1
UM + cp 2 pM), which after 4 days caused nearly 90% and 40% of cell death,
respectively (Figure 27). Then, we matched low-dose chemotherapy with metformin
in high glucose (hereafter referred as double combination) or in glucose starvation
(hereafter referred as triple combination). We observed no significant differences
between chemotherapy alone (irrespectively of glucose) and the double combination.
Interestingly, the triple combination was the most impactful and caused nearly 90%

of cell death, similar to high-dose chemotherapy (Figure 27).
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Figure 27: the triple combination induces cell death.

Percentage of Pl-positive MDA-MB-231 cells after 4 days of treatment with high-dose
chemotherapy (HD: dox 1 uM + cp 20 uM) and low-dose chemotherapy (LD: dox 0,1 uM +
cp 2 uM) in HG (1,8 g/L) or GS (0,45 g/L) + metformin 1 mM. N = 3 replicates. Significances

were calculated with one-way ANOVA. *p<0,05; **p<0,01; ***p<0,001; ****p<0,0001.

Next, we performed colony forming assay to evaluate the clonogenic potential of the
MDA-MB-231 cell line in the long run: cells that remained alive at the end of the
experiment as described above were plated as single cell and grown without drugs
nor glucose starvation up to 14 days. Cells previously subjected to the triple
combination had the strongest clonogenic disadvantage (Figure 28), suggesting a long-

term impact that remains even after drug removal.
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Figure 28: : the triple combination impairs clonogenic potential.

Representative figures (left panel) and number of colonies (right panel) of colony forming
assay. MDA-MB-231 cells were treated as previously indicated for 4 days. Then, cells that
were still alive were plated as single cell at a concentration of 200 cells/well and grown for 14
days in standard culture medium. Medium was replaced every 3/4 days. N = 3 replicates.
Significances were calculated with one-way ANOVA. *p<0,05; **p<0,01;, ***p<0,001;

***¥p<0,0001.

To verify that the results so far were not cell line-specific, we have screened a panel
of TNBC cell lines as follows: metformin T mM, low-dose chemotherapy and the
double or triple combination. As described for the MDA-MB-231 cells, the
combination of metformin and glucose starvation had a modest impact, with most of
the cell lines being resistant, and HCC1599, and, to a lesser extent, the MDA-MB-468,
being the most sensitive cell lines (Figure 29). Again, the triple combination caused a
marked cytotoxic effect (well described by the graphs above), while low-dose
chemotherapy or the double combination were at most cytostatic (Figure 29). Among
the more sensitive cell lines, HCC1599, MDA-MB-468 and MDA-MB-436 were
characterized by a high number of mutations in the genes involved in the DDR and in

DNA repair (Lehmann et al., 2011; Yin et al., 2020).
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Figure 29: : the triple combination induces a cytotoxic effect in a panel of TNBC cell lines.

Viability of the indicated TNBC cell lines treated for 4 days as follows: HG (top panel, 1,8
g/L), GS (bottom panel, 0,45 g/L); metformin (1 mM); low-dose chemotherapy (dox 0,1 uM
+cp 2 uM). Value of 1 indicate full viable cells (untreated, in HG and GS respectively). Value
of 0 indicate no change compared to day 0 (cytostatic effect). Negative values indicate
decrease in the number of cells (-1 indicate no cell remaining, cytotoxic effect). Each value in
HG and in GS refers to its control (specific to each cell line) HG and CS, respectively. N = 3

replicates.
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Standard culture media are far from being representative of the tumor metabolic
environment (Vande Voorde et al., 2019). To improve the metabolic fidelity of our
experimental setting and verify whether the synergism we observed is biased by an
inadequate balance of nutrients, we took advantage of the Plasmax medium kindly
provided by Saverio Tardito (Beatson Institute, Glasgow, Scotland). MDA-MB-231
cells have been adapted to the new medium and subjected the experimental protocol
as described above. After 4 days, Plasmax medium rescued the (not significant)
decrease in proliferation we have observed with standard DMEM upon the
combination with metformin and glucose starvation, which could be caused by the
simultaneous inhibition of glycolysis and OXPHOS, rather than the activation of a
specific pathway (Figure 30). Nevertheless, the triple combination maintained the
strongest anti-proliferative potential we have observed with DMEM, stressing the fact
that the synergism is specifically mediated by the combination of metformin and

glucose starvation and is not biased by metabolic catastrophe (Figure 30).
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Figure 30: the triple combination is effective in a physiological culture medium.

Viability of MDA-MB-231 cells cultured in Plasmax medium and treated for 4 days as follows:
HG (1,8 g/L); GS (0,45 g/L); metformin (1 mM); low-dose chemotherapy (dox 0,1 uM + cp
2 puM). Values are relative to control samples (HG). N = 3 replicates. Significances were

calculated with Student t-test. *p<0,05; **p<0,01; ***p<0,001; ****p<0,0001.

3. Metformin and glucose starvation enhance the efficacy of

chemotherapy in TNBC patient-derived tumors cells.

To further strengthen our observations in vitro, we took advantage of the patient-
derived TNBC primary cells 197TX18 from our collaborators Dr. Pece and Tosoni.
197TX18 cells grow as aggregates in suspension and cannot be kept in culture for
long; thus, we have adapted the treatment to the model, avoiding excessive
manipulations such as changing the culture medium after 2 days. Even though

197TX18 cells were kept in culture for 4 days straight, glucose starvation did not
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impact on cell viability (Figure 31 left panel). We raised metformin concentration to
2 mM, since the dose we previously used (1 mM) had no effect per se. The
combination of metformin and glucose starvation reduced proliferation by 60%

(Figure 31 right panel).
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Figure 31: : impact of metformin and glucose starvation on patient-derived cells.

Viability of the patient-derived 197TX18 primary cells treated for 4 days as follows: HG (1,8
g/L); GS (0,45 g/L) + metformin (2 mM). Values are relative to control sample (HG, left panel).

N = 3 replicates.

Differently from the TNBC cell lines we used in the previous screening, 197TX18 cells
were collected before the patient underwent any adjuvant/neo-adjuvant
chemotherapy regimen; thus, 197TX18 cells were more sensitive to the combination
of dox and cp and we halved the doses to investigate any synergistic effects.
Chemotherapy and glucose starvation had an even more pronounced effect compared
to MDA-MB-231 cell line (Figure 32). Again, the triple combination was the most
powerful compared to chemotherapy alone or the double combination and almost

abolished cell proliferation (Figure 32).
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Figure 32: : the triple combination abolishes cell viability in patient-derived cells.

Viability of the patient-derived 197TX18 primary cells treated for 4 days as follows: HG (1,8
g/L); GS (0,45 g/L); metformin (2 mM); low-dose chemotherapy (dox 0,05 uM + cp 1 uM).
Values are relative to control samples (HG, Figure 31, left panel). N = 3 replicates.
Significances were calculated with one-way ANOVA. *p<0,05; **p<0,01;, ***p<0,001;

***%p<0,0001.

Since we observed almost the same trend in all models, we were confident that the
synergism was not dependent of the specific features of the single cell line/patient-
derived tumor but was strictly dependent on the combination of metformin and

glucose starvation.

4. Metformin and intermittent fasting enhance the efficacy of

chemotherapy and induce tumor regression in vivo.

We assessed whether the approach we propose here is safe and relevant also in vivo,
and if it is advantageous compared to chemotherapy alone, which remains the
standard of clinical care for TNBC patients and, in many cases, the only suitable

option. To this purpose, we designed an experiment as shown in Figure 33 top panel;
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we relied on the scheme of the BREAKFAST clinical trial, in which TNBC patients
undergoing neo-adjuvant chemotherapy were subjected to a fasting mimicking diet
(FMD) regimen with or without metformin. CD1-nude mice were injected with
250.000 MDA-MB-231 cells in the fourth mammary fat pad and subjected to different
pharmacological treatments when the tumors were palpable. Each of the 4 weeks of
treatment was organized as shown in Figure 33 bottom panel: low-dose
chemotherapy (referred as AC from A = anthracycline, family to which doxorubicin
belongs, and C = cyclophosphamide) was administered once per week while
metformin (200 mg/Kg) was administered 3 times per week, alone or together with
chemotherapy (referred as ACM = AC + metformin). Both chemotherapy and
metformin were administered during the fasting period of a 24 hours feeding/fasting
cycle - intermittent fasting (I.F.). I.F. involved the complete withdrawal of food but free
access to water in the fasting days, while food was re-supplied ad libitum in the feeding

days.
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Figure 33: in vivo experiment setup.
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Top panel: monthly organization. CD1-nude mice were injected with 250.000 MDA-MB-231
cells and subjected to different pharmacological treatments when the tumors were palpable
(day 10) up to 4 weeks. Bottom panel: weekly organization with the timing of the different

treatments and food withdrawal/addition.

In CD1-nude mice transplanted with MDA-MB-231 tumor cells, I.F. cycles lowered
blood glucose to values similar to the ones used for the in vitro experiments (1,75 g/L
during feeding and 0,44 g/L during fasting, respectively); metformin did not enhance
the drop of blood glucose during fasting periods (Figure 34). This is in accordance
with the effect of metformin which does not lower blood glucose in non-diabetic
patients (Preiss et al., 2014). After each cycle, blood glucose returned to the same level

and no dramatic drop was observed in the long-term (Figure 34 — 35).
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Figure 34: I.F. cycles lower blood glucose by 75% in CD-1 nude mice.

Blood glucose concentration (mg/dL) measured at the end of every feeding/fasting cycle in
the I.F. and I.F. + metformin groups. Each point represents the mean of the measurements
(either in feeding or in fasting) of every mouse for each group. Each dashed box represents

one separate week. N = 3 mice/group.
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Figure 35: I.F. cycles do not decrease blood glucose over the long period in CD-1 nude mice.

Blood glucose concentration (mg/dL) measured at the beginning and at the end of the 4 weeks
of feeding/fasting cycles in the I.F. and I.F. + metformin groups. Each point represents the

mean of the measurements (in feeding) of every mouse for each group. N = 3 mice/group.

The weight of the animals dropped following one day on fasting and returned to
normal after one day on feeding (Figure 36) and no significant weight loss was

observed over the long period, thus excluding the toxicity of I.F. cycles (Figure 37).
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Figure 36: animal weight during the feeding and the fasting periods of the I.F. cycles.
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Weight (g) measured at the end of every feeding/fasting cycle in the I.F. and I.F. + metformin
groups. Each point represents the mean of the measurements (either in feeding or in fasting)
of every mouse for each group. Each dashed box represents one separate week. N = 3

mice/group.
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Figure 37: I.F. cycles does not reduce the weight over the long period in CD-1 nude mice.

Weight (g) measured at the beginning and at the end of the 4 weeks of feeding/fasting cycles
in the I.F. and I.F. + metformin groups. Each point represents the mean of the measurements

(in feeding) of every mouse for each group. N = 3 mice/group.

As for the in vitro experiments, also in the animal model we significantly lowered the
dosage of chemotherapeutics to sub-optimal levels as a strategy to better study any
cooperative effect. Low-dose chemotherapy was well tolerated both when
administered during feeding and fasting, and no dramatic weight loss from
chemotherapy, nor from chemotherapy and metformin, was observed after 4 weeks
treatment (Figure 38). Mice were sacrificed when the major side of the tumor reached

15 mm.
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Figure 38: the combination of chemotherapy and metformin with I.F. is safe and tolerable

in CD-1 nude mice.

Weight (g) of CD1-nude mice measured at the beginning and at the end of the 4 weeks of
treatment as indicated. Each point represents the mean of the measurements (in feeding) of
every mouse for each group. Number of animals: Ctrl = 13; Met = 11; AC = 13; ACM = 13;

LF.=11;, Met_I.F. = 14, AC_L.LF. = 13; ACM_I.F. = 15.

Metformin had no appreciable effect and the growth curve was perfectly
superimposable to that of controls, similarly to what we previously observed.
Differently from the in vitro results, I.F. cycles reduced tumor growth. This discrepancy
may be due to the fact that, while in vitro we artificially decrease only glucose in the

culture medium, in vivo many nutrients drop during fasting and may contribute to
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reduce tumor growth (Caffa et al., 2020). Compared to the I.F. regimen, metformin,
administered in fasting, weakly impacted tumor growth, confirming the resistance of
MDA-MB-231 cells to the metabolic combination. Low-dose chemotherapy
decreased tumor growth and no significant differences were observed between the
groups in feeding or fasting, nor with chemotherapy and metformin in feeding (double
combination). Strikingly, the combination of metformin and low-dose chemotherapy
in groups undergoing I.F. cycles (triple combination) produced the strongest anti-
proliferative effect compared both to I.F. cycles (alone or with metformin) and
chemotherapy, either in feeding or in fasting (Figure 39, top panel). At the ending
point of the experiment (day 38), the difference in tumor size between the triple
combination and other groups was statistically significant (Figure 39, bottom panel).
Furthermore, and most importantly, the triple combination was the only condition to
effectively induce tumor regression, while other treatments only reduced tumor
growth; this was noticed by comparing tumor size at the beginning and at the ending

point of the four weeks of treatment (Figure 40).
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Figure 39: : the triple combination abolishes tumor growth in in CD-1 nude mice.

Top panel: tumor growth measured by tumor volume in CD-1 nude mice injected with MDA-
MB-231 cells and subjected to different treatments as described. Bars plots with error bars
represent mean values and standard error of the mean. Bottom panel: tumor volume measured
at the end of the treatment described (day 38). Bars plots with error bars represent mean
values and standard error of the mean. Number of animals: Ctrl = 13; Met = 11; AC = 13;
ACM =13, I.F.=11; Metl.F.=14; ACLF.=13; ACM I.F. = 15. l.F., intermittent fasting cycles:
met, metformin 200 mg/kg (dissolved in water); AC, doxorubicin 0,5 mg/kg (dissolved in
saline solution) + cyclophosphamide 50 mg/kg (dissolved in saline solution); ACM, AC +
metformin. Significances were calculated with two-tailed unpaired Student t test. *p<0,05;

**p<0,01; ***p<0,001; ****p<0,0001.
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Figure 40: the triple combination induces tumor regression in vivo.

Fold change in tumor volume obtained by comparison of the tumor size at the beginning and
at the ending point of the treatment as described. Bars plots with error bars represent mean
values and standard error of the mean. Number of animals: Ctrl = 13; Met = 11; AC = 13;
ACM =13, I.F.=11; Metl.F.=14; ACLF.=13; ACM IF. = 15. l.F., intermittent fasting cycles:
met, metformin 200 mg/kg (dissolved in water); AC, doxorubicin 0,5 mg/kg (dissolved in
saline solution) + cyclophosphamide 50 mg/kg (dissolved in saline solution); ACM, AC +

metformin.

Together, these results support and encourage the use of metformin in association with
chemotherapy and I.F. cycles or other strategies that lower blood glucose. The
experimental setup we propose here could be well tolerated by patients and could
provide an advantage over current therapies for TNBCs, mainly based on cytotoxic

chemotherapy.
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5. Metformin and glucose starvation attenuate the DDR and dampen
DNA repair.

We investigated the molecular mechanism underlying the synergism between
chemotherapy, metformin and glucose starvation. Firstly, we performed cell-cycle
analysis of MDA-MB-231 cells after 1 day of treatment as described in Figure 22,
before any evidence of cell death. Glucose starvation slightly increased the percentage
of cells in G1 phase, while the combination with metformin increased the percentage
of cells in S phase. As expected, cell cycle analysis revealed an important S-phase
arrest upon treatment with low-dose chemotherapy, independently of glucose
availability; we observed the same effect with the double combination. Surprisingly,
the cell-cycle profile of cells subjected to the triple combination was more similar to
the one of untreated samples and the percentage of halted cells was significantly lower

compared to the other conditions (Figure 41).
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Figure 41: the triple combination abolishes the cell-cycle arrest imposed by chemotherapy.

Top panel: cell cycle profile of MDA-MB-231 after 1 day of treatment as follows: HG (1,8
g/L); GS (0,45 g/L); metformin (1 mM); low-dose chemotherapy (dox 0,1 uM + cp 2 uM).
Bottom panel: cell-cycle analysis of MDA-MB-231 cells after 1 day of treatment as in top panel.
N = 3 replicates. Significances were calculated with one-way Anova. *p<0,05; **p<0,01;

***p<0,001; ****p<0,0001.

Failure to arrest the cell cycle and increased cell death could be explained by a DDR
checkpoint deficiency (Kerzendorfer & O’Driscoll, 2009). Thus, we investigated the
status of the DDR in mammalian tumor cells upon the various treatments described
above. We collected MDA-MB-231 cells for western blot after 1 day of treatment, in
accordance with cell-cycle analysis results. Low-dose chemotherapy induced the

phosphorylation and activation of both the ATR and the ATM pathways, which are the
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apical kinases of the DDR, in line with the observed S-phase arrest (Figure 42).
Surprisingly, the apical DDR kinases (ATR and ATM), together with the downstream
kinases (CHK1 and CHK2, respectively) and histone H2Ax, which is phosphorylated
around the site of DNA damage, exhibited reduced phosphorylation following the
triple combination, suggesting a lower activation of the DDR during metabolic stress
(Figure 42). The phosphorylation was lower only when metformin and glucose
starvation were combined, suggesting they were both necessary to modulate the DDR.
Interestingly, both the DDR kinases and histone H2Ax are known PP2A substrates (X.
Li et al., 2015; Petersen et al., 2006); in this context, PP2A is required to maintain a
low checkpoint activation in absence of DNA damage and to rapidly turn off the DDR
when the lesion is solved (Freeman et al., 2010; Freeman & Monteiro, 2010; Ramos
etal., 2019).

After phosphorylation by ATR and ATM, respectively, phosphorylated CHK1 and 2
(pCHK1 and pCHK?2) are rapidly degraded to maintain the signaling cascade under
control, with a consequent decrease in the total amount of protein (Bohgaki et al.,
2013; Garcia-Limones et al., 2016; C. Park et al., 2015). Accordingly, total CHK1 and
CHK2 decreased upon treatment with chemotherapy alone or the double
combination. In accordance with the reduced or nulled phosphorylation, CHK1 and
CHK2 total protein levels remained unperturbed following the triple combination

(Figure 42).
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Figure 42: the triple combination reduces the activation of the DDR triggered by

chemotherapy (I).

Western blot analysis showing the phosphorylation and the total levels of the indicated
proteins after 1 day of treatment as follows: HG (1,8 g/L); GS (0,45 g/L); metformin (1 mM);
low-dose chemotherapy (dox 0,1 uM + cp 2 uM). Vinculin was used as loading control. N =

3 replicates.

We observed the same pattern of phosphorylation by using the Plasmax culture
medium as previously described, confirming once again that the combination of
metformin and glucose starvation was strictly necessary for the observed effects, and

that other nutrients did not affect (Figure 43).
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Figure 43: the triple combination reduces the activation of the DDR triggered by

chemotherapy (11).

Western blot analysis showing the phosphorylation level of the indicated proteins after 1 day
of treatment as follows: HG (1,8 g/L); GS (0,45 g/L); metformin (1 mM); low-dose

chemotherapy (dox 0,1 uM + cp 2 uM). Top panel: ATR pathway. Bottom panel: ATM

pathway. Vinculin was used as loading control. N = 3 replicates.
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CDC25A is necessary for cell cycle progression and it is rapidly ubiquitinated and
degraded following CHK1 and CHK2-dependent phosphorylation, thus resulting in
cell cycle arrest. CDC25A protein levels decreased in accordance with the activation
of CHKT and the cell cycle arrest. On the contrary, the triple combination induced no
decrease in CDC25A protein levels, in line with the failure to arrest the cell cycle and

the DDR shutdown (Figure 44).

HG (1,8 g/L) GS (0,45 g/L)

chemotherapy (AC) - - + + - - + +

metformin(1mM) - + - + - + - +
- & - —  — CDC25A

‘ A ———— _‘ vinculin

Figure 44: the triple combination does not reduce CDC25A protein levels.

Western blot analysis showing the levels of the indicated proteins after 1 day of treatment as
follows: HG (1,8 g/L); GS (0,45 g/L); metformin (1 mM); low-dose chemotherapy (dox 0,1

UM + cp 2 uM). Vinculin was used as loading control.

We assessed whether the effect of the metabolic stress was an attenuation, rather than
a failure to activate the DDR. CHK1 phosphorylation (which is an early event of the
DDR and which we used as a parameter for DDR activation and progress) increased
in a time-dependent manner in any condition that included chemotherapy, and no
difference were observed in the first 12 hours of treatment; then, it decreased when
metformin and glucose starvation were combined with chemotherapy at 24 hours
(Figure 45). This suggested that the DDR initiated in presence of DNA-damaging

chemotherapy, and was then attenuated due to metabolic stress.
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Figure 45: : the triple combination attenuates the DDR triggered by chemotherapy.

Western blot analysis showing the phosphorylation and the total levels of CHK1 in MDA-MB-
231 treated as as follows for the indicated time points: HG (1,8 g/L); GS (0,45 g/L); metformin
(1 mM); low-dose chemotherapy (dox 0,1 uM + cp 2 uM). Vinculin was used as loading

control.

We observed a similar pattern of phosphorylation in the patient-derived primary tumor
cells 197TX18, even though the phosphorylation level of DDR proteins was higher
compared to MDA-MB-231 cells, suggesting that in vitro culture of primary tumor cells

is a stressogenic condition (Figure 46).
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Figure 46: the triple combination reduces the activation of the DDR in patient-derived

primary cells.

Western blot analysis showing the phosphorylation and the total levels of the indicated
proteins after 1 day of treatment as follows: HG (1,8 g/L); GS (0,45 g/L); metformin (2 mM);
low-dose chemotherapy (dox 0,05 uM + cp 1 uM). Vinculin was used as loading control. N =

2 replicates.

We hypothesized that the attenuation of the DDR prevented an appropriate signaling
and repair of the DNA lesion, which accumulated in the continuous presence of
chemotherapy to the point of becoming unbearable and incompatible with survival.

We performed neutral comet assay after 2 days of treatment to directly investigate
DNA integrity: no major differences were observed upon chemotherapy treatments or
the double combination. Intriguingly, cells subjected to the triple combination
exhibited increased genomic fragmentation (Figure 47 top panel). The triple
combination increased both the number of comets, namely the number of damaged
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cells, and the tail moments, which are indicative of the number of DNA breaks per
single cell, compared to chemotherapy alone (Figure 47 bottom panel). Of note, cells
treated with chemotherapy and glucose starvation were characterized by a higher
number of comets and increase tail moments, compared to the counterpart in high
glucose, even though the difference was not statistically significant; this supported the
observations from viability experiments. We also performed comet assay after 24
hours of treatment, that is, when we observed the peak of checkpoint
dephosphorylation, but no comets were visible; this confirms that checkpoint
shutdown is earlier and responsible for the failure of DNA repair resulting in genomic

disruption (data not shown).
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Figure 47: the triple combination dampens DNA repair.

Neutral comet assay in MDA-MB-231 performed after 2 days of treatment as follows: HG (1,8
g/L); GS (0,45 g/L); metformin (1 mM); low-dose chemotherapy (dox 0,1 uM + cp 2 uM).
Representative image (top panel); number of comets for 1000 plated cells (bottom panel,
left); comet tail moments (bottom panel, right). N = 3 replicates. Significances were

calculated with one-way ANOVA. *p<0,05; **p<0,01; ***p<0,001; ****p<0,0001.

Lastly, to further confirm the impairment of DNA repair, we performed a competition
assay as described in Figure 48 left panel: MDA-MB-231 were pulsed with high dose-
chemotherapy for a short time (20 folds greater than low-dose chemotherapy for 8
hours) and then grown in different culture media up to 3 days. Cells grown in
metformin-rich (1 mM), glucose-starved medium (0,45 g/L), had the strongest

proliferative disadvantage compared to other conditions (Figure 48 right panel).
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Figure 48: the triple combination confers proliferative disadvantage after a pulse with high-

dose chemotherapy.

Competition assay performed as described in the left panel; HG (1,8 g/L); GS (0,45 g/L);
metformin (1 mM); high dose chemotherapy: doxo (2 uM), 4-hp-cpa (40 uM). Cell number
is normalized to the starting point of the experiment. Bars plots with error bars represent mean
values and standard deviation. Significances were calculated with one-way ANOVA. *p<0,05;

**p<0,01; ***p<0,001; ****p<0,0001.

6. PP2A is responsible for the attenuation of the DDR.

We assessed whether the effect of the triple combination was dependent on PP2A.
PP2A is the major Ser/Thr phosphatase in eukaryotic cells and knock-out (KO) or
knock-down (KD) of the catalytic C (PP2Ac) subunit is lethal. Therefore, to reduce
PPP2CA (which is the gene encoding for PP2Aca, the most abundant C subunit)
expression, we set up an inducible KD model based on the Tet-on system, that we
could monitor and control over time. With this strategy, it was possible to reduce
PP2Ac protein levels in MDA-MB-231 in a time-dependent manner (Figure 49) and
carry out the viability experiments before the level of silencing was lethal, which
happened after 8 days and a total of 3 inductions with doxycycline (Figure 50 left

panel). We identified a time-window suitable for the treatment (day 2-6 from the first
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doxycycline induction); indeed, at day 6 from the first induction, PPP2CA KD caused
a 20-30% reduction in cell viability compared to scrambled-infected cells, which we

have considered as acceptable for our experimental set-up (Figure 50 right panel).
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Figure 49: efficiency of the inducible KD of PPP2CA in MDA-MB-231 cells.

Left panel: western blot analysis showing PP2A protein level from day 0 to day 6. Day 8 was
neglected because of excessive cell death. Vinculin was used as loading control. Right panel:
western blot analysis performed at day 6 showing the efficiency of PPP2CA KD with 3 different

shRNAs. Vinculin was used as loading control.
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Figure 50: PP2Ac KD is lethal in MDA-MB-231 cells.

Left panel: experimental setup and growth curves of MDA-MB-231 not infected and infected
with shSCR or shPP2Ac#1. Values are normalized against not infected samples. Doxycycline

(2 pug/ml) inductions and time of treatment are listed. Right panel: viability of MDA-MB-231
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cells infected with shSCR, shPP2Ac#1 and shPP2Ac#3, after 3 inductions of doxycycline (day

6). Each value is normalized against the non-induced sample.

The KD of PPP2CA reduced the cytotoxic effect of the triple combination both in terms
of cell viability and cell death, which, following the 3 inductions of doxycycline, were
no different from low-dose chemotherapy in glucose starvation, nor from the double

combination (Figure 51 — Figure 52).

100 shSCR shPP2Ac #1 shPP2Ac #3 o dx()

A dx(+)

50+

cell number (%)
D
D—
D
D o d
D)
e
D
b
*
| %
*
Dt
D
B
D
el
| %

0_
chemotherapy (AC) + + + + + + + + + + + +
metformin -+ -+ -+ -+ -+ -+
glucose HG GS HG GS HG GS

Figure 51: PPP2CA KD rescues the cytotoxic effect of the triple combination (I).

Viability of MDA-MB-231 cells after 4 days of treatment (days 2-6) as follows: HG (1,8 g/L);
GS (0,45 g/L); metformin (1 mM); low-dose chemotherapy (dox 0,1 uM + cp 2 uM). Different-
colored bars indicate whether doxycycline was supplemented or not. Values are normalized
against Ctrl_HG. N = 3 replicates. Significances were calculated with one-way ANOVA.

*p<0,05; **p<0,01; ***p<0,001; ****p<0,0001.

100



100 —_
o

dx ()
K% A dx(+)
0
O T
A
g = gt
o N
X
0- T T T T
chemotherapy (AC) + + + +
metformin — + — +

glucose HG (1,89/L)  GS (0,45 g/L)

Figure 52: PP2Ac KD rescues the cytotoxic effect of the triple combination (1l).

Percentage of Pl-positive MDA-MB-231 cells, infected with sh_PP2Ac #1 and induced with
doxycycline, after 4 days of treatment (days 2-6) as follows HG (1,8 g/L); GS (0,45 g/L);
metformin (1 mM); low-dose chemotherapy (dox 0,1 uM + cp 2 uM). Different-colored bars
indicate whether doxycycline was supplemented or not. N = 2 replicates. Significances were

calculated with one-way ANOVA. *p<0,05; **p<0,01; ***p<0,001; ****p<0,0001.

Moreover, PPP2CA KD restored the phosphorylation of the DDR proteins even in
presence of the triple combination, as assessed by western blot analysis at an early
time point, which was 24 hours after the start of the treatments and 72 hours after the

first doxycycline induction (Figure 53).

101



sh_scr sh_PP2Ac #1

HG (1,8 g/L) GS (0,45 g/L) HG (1,8 g/L) GS (0,45 g/b)

chemotherapy (AC) - - + + - - + + - - + + - - + +
metformin(TmM) - + - + - + - + -+ - 4+ -+ - ¥
eomBoone -aBls - R

} CEERSEle cnBE-~B8)

< Mﬂmﬁ] @Q“”--un\

> =—|——==_—_=<]
o SR < wme 8=

}| Cmsmce- - BEESSSSS

LF; ‘ - - H — _-‘

b - —————
mm———————

Figure 53: PPP2CA KD rescues the phosphorylation of the DDR checkpoints.

Western blot analysis of MDA-MB-231 cells, infected with sh_SCR or sh_PP2Ac #1 and
induced with doxycycline, showing the phosphorylation and the total levels of the indicated
proteins after 1 day of treatment as follows: HG (1,8 g/L); GS (0,45 g/L); metformin (1 mM);

low-dose chemotherapy (dox 0,1 uM + cp 2 uM). Vinculin was used as loading control. N =

3 replicates.

Together with the increased activity measured with phosphatase assay (Figure 21),

these results provided the second evidence about the involvement of PP2A in the

synergism between chemotherapy, metformin and glucose starvation.

We pierced together these evidences and performed a time course experiment by
measuring PP2A phosphatase activity at 4, 12 and 24 hours in MDA-MB-231 cells

transiently transfected with the plasmid expressing flag tagged-PP2Ac. In particular,
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we compared the double and the triple combination and observed a significant
increase of PP2A activity over time in the latter. By bands quantification of CHKT
phosphorylation at the same time points (Figure 45) overlapped with PP2A
phosphatase activity, we observed an inverse correlation between the phosphorylation

of CHK1 and the increase of PP2A activity (Figure 54).
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Figure 54: phosphorylation of CHK1 is inversely proportional to PP2A activation.

Bands quantification of the western blot analysis described in Figure 45 limited to the indicated
samples (ACM_HG, or double combination, and ACM_GS, or triple combination) overlapped
with PP2A phosphatase activity for the same samples. N = 3 replicates. Significances were

calculated with one-way ANOVA. *p<0,05; **p<0,01; ***p<0,001; ****p<0,0001.

7. The regulatory B56 family is involved in the synergism.

Since PP2A holoenzyme is “canonically” composed by the scaffold, the catalytic and
one of many regulatory subunits, we inquired which specific regulatory B
subunit/subunits was/were involved in the mechanism we described. We mainly
focused on the two sub-families with tumor suppressor properties, namely the B55 (B

or PR55) and B56 (B’ or PR61) families (W. Chen et al., 2004; Fowle et al., 2019;
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Westermarck & Neel, 2020). First of all, we measured by RT-qPCR the basal
expression level of the different B55 and B56 subunits in the MDA-MB-231 cell line.
We could not detect any expression of PPP2R2B, the gene encoding for the B5583
subunit, thus ruling out its expression in MDA-MB-231 cells. The expression level of
the B56 subunits was similar to that of PPP2CA, the gene encoding for PP2Ac, while
the expression level of PPP2R5B, the gene encoding for B56f, was lower and similar

to that of the B55 subunits (Figure 55).
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Figure 55: basal expression level of the B55 and B56 subunits in the MDA-MB-231 cell line.

Analysis of the mRNA levels of the B55 and B56 subunits in MDA-MB-231 cell line. Values

are normalized against RPLPO. N = 3 replicates.

We also assessed the expression levels of the different B55 and B56 subunits upon one
day of treatment with metformin (1 mM), glucose starvation, and the combination of

the two, but we could not observe any significant difference, differently from what we
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have previously observed in HeLa and HCT116 cell lines concerning the B565 subunit

(Figure 56).
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Figure 56: expression level of the B55 and B56 subunits in the MDA-MB-231 cell line upon

metabolic stress.

Analysis of the mRNA levels of the B55 and B56 subunits in MDA-MB-231 cell cultured for 24
hours in HG (1,8 g/L) or GS (0,45 g/L) + metformin 1 mM. Values are normalized against

RPLPO. N = 3 replicates.

For the following experiments, we focused on the B56 family. We efficiently reduced
the expression of all the B56 subunits through shRNA-mediated KD in MDA-MB-231

cells (Figure 57).
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Figure 57: shRNA-mediated KD of the B56 subunits in MDA-MB-231 cells.

Western blot (left panel) and mRNA (right panel) analysis showing the efficiency of the
depletion of the B56 subunits in MDA-MB-231 cells infected with two different sShRNAs against
each of the B56 subunits and one control shRNA. Protein levels are normalized against
Vinculin. mRNA levels are normalized against RPLPO and represented as fraction of the not

infected sample (n.i.). N = 3 replicates.

Cells knocked-down for the single subunits did not present any significant growth
defects, supporting a redundant function among subunits of the same family (data not
shown). KD of B56 subunits (except for the B56f3) reduced the cytotoxicity of the triple
combination, both in terms of cells number and percentage of dead cells (Figure 58).
As previously shown, B568 is the only B56 subunits to be expressed at very low levels
in MDA-MB-231 cells; this could explain the lack of rescue effect. The rescue effect
was lower compared to PPP2CA KD, which is in line with the hypothesized

redundancy of B56 subunits.
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Figure 58: the KD of the B56 subunits partially rescues the cytotoxicity of the triple

combination.

Viability (top panel) and percentage of Pl-positive (bottom panel) MDA-MB-231 cells KD for
the listed B56 subunits after 4 days of treatment as follows: HG (1,8 g/L); GS (0,45 g/L);
metformin (1 mM); low-dose chemotherapy (dox 0,1 uM + cp 2 uM). In top panel each value

is normalized against its control sample in HG.

We performed KD experiments of the B55 subunits as well (Figure 59), but we

observed no rescue effect upon the triple combination (Figure 60).
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Figure 59: shRNA-mediated KD of the B55 subunits in MDA-MB-231.

Western blot (left panel) and mRNA (right panel) analysis showing the efficiency of the
depletion of the B55 subunits in MDA-MB-231 cells infected with two different sShRNAs against
each of the B55 subunits and one control shRNA. Protein levels are normalized against
Vinculin. mRNA levels are normalized against RPLPO and represented as fraction of the not

infected sample (n.i.). N = 3 replicates.
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Figure 60: KD of the B55 subunits does not rescue the cytotoxicity of the triple combination.

Viability of MDA-MB-231 cells KD for the listed B55 subunits after 4 days of treatment as
follows: HG (1,8 g/L); GS (0,45 g/L); metformin (1 mM); low-dose chemotherapy (dox 0,1

UM + cp 2 uM). Each value is normalized against its control sample in HC.
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Our results suggested an involvement of all the B56 subunits which are expressed in
the MDA-MB-231 cell line. Among different B56 subunits, B56y and B565 have been
previously described as nuclear (Margolis et al., 2006; McCright et al., 1996) as they
both contain a nuclear localization signal (KRTVETEAVQMLKDIKK). Also, B56a. was
described as CHK2-interacting protein (Freeman et al., 2010). B56e subunit
dephosphorylated yH2A and its translocation into the nucleus was described after
camptothecin treatment (X. Li et al., 2015). It remains to be clarified whether all the
B56 subunits contribute to the attenuation of the DDR, or if their loss leads to a
destabilization of PP2A holoenzyme with consequent impairment of PP2A functions,

in a similar way, albeit lower, to the KD of PPP2CA.

8. Investigation of PP2A activating pathways.

We investigated which metabolic pathway/pathways lead to PP2A over-activation
upon the combination of metformin and glucose starvation. As previously shown, we
could not confirm CIP2A down-regulation following metformin treatment, either with
high or low-dose metformin (10 and 1T mM, respectively), probably due to high CIP2A
content in several TNBC cell lines (Figure 19 - 20 and Figure 61). As previously
described for high-dose metformin, the combination of low-dose metformin with
glucose starvation did not impact the phosphorylation of GSK38, confirming that, at
least in the MDA-MB-231 cell line, the pathway we previously described is not

induced by the metabolic stress (Figure 61).
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Figure 61: low-dose metformin and glucose starvation do not affect CIP2A and B564.

Western blot analysis showing the phosphorylation and the total levels of the indicated
proteins after 1 day of treatment as follows: HG (1,8 g/L); GS (0,45 g/L) + metformin (1 mM).

Vinculin was used as loading control. N = 3 replicates.

Recently, CIP2A was described as a “hijacker” of the B56 subunits, preventing the
holoenzyme assembly (J. Wang et al., 2017). Given the contribution of all the B56
subunits (those expressed in MDA-MB-231 cell line) in the synergistic effect of the
triple combination, we hypothesized that the enormous amount of CIP2A may have
masked the protein decrease following dissociation from PP2A holoenzyme upon
metabolic stress. To address this question, we took advantage of the MDA-MB-231
cell line stably expressing CIP2A**'* mutant (kindly provided by Jukka Westermarck,
Turku, Finland); single point mutation in the KIAA1524 gene (which encodes for
CIP2A) was sufficient to strongly reduce the interaction between CIP2A and the B56
subunits. CIP2A**'" clones proliferated slightly slower compared to the negative
control (Figure 62 left panel). Furthermore, CIP2A®'" clones were extremely sensitive
to low-dose chemotherapy compared to the negative control, similarly to the effect of
the triple combination; the negative control was affected by the triple combination as

previously observed with the MDA-MB-231 WT (Figure 62 right panel).
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Figure 62: CIP2A mutants are hypersensitive to chemotherapy.

Left panel: growth curves of MDA-MB-231 cells expressing the negative control (neg) or
CIP2A®"™ mutants cultured for 4 days. Medium was replaced after two days. Right panel:
viability of MDA-MB-231 cells expressing different CIP2A variants cultured for 4 days as
follows: HG (1,8 g/L); GS (0,45 g/L); metformin (1 mM); low-dose chemotherapy (dox 0,1
UM + cp 2 uM). Values are normalized against Ctrl_HG. N = 3 replicates. Significances were

calculated with one-way ANOVA. *p<0,05; **p<0,01; ***p<0,001; ****p<0,0001.

The results so far are in line with the recently described function of CIP2A as a
“hijacker” of the B56 subunits; at the same time, since CIP2A is highly expressed in
MDA-MB-231 cell line, they do not exclude a more general role of CIP2A as a driver
oncogene of TNBCs and supporter of tumor growth and survival under replicative
stressors (as chemotherapy).

We investigated whether additional mechanisms were involved in PP2A activation in
TNBC cells. mTORCT, which is a master regulator of cell metabolism and a well-
known PP2A inhibitor, was a good candidate (Allen-Petersen et al., 2019; Ferrari et
al., 2017; Laplante & Sabatini, 2012; Wong et al., 2015). The combination of low-
dose metformin and glucose starvation reduced the phosphorylation of RPS6 and

4EBP1, which are downstream of mTORCT1 and a bona fide indication of mTORCT1
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activity (Figure 63). Although this suggested a reduced mTORCT signaling, we could

not exclude that PP2A itself dephosphorylated pRPS6 and p4EBP1.

HG GS HG GS
metformin — 4+ — + metformin — 4+ — 4+
pRPSéSer235/236 e c—— - RPSé -
paEBP1Th74 | I S N 4EBPT | N N N .
VINCULIN _—— — VINCULIN
EE e BSEE R0

Figure 63: metformin and glucose starvation reduce mTORCT activity.

Western blot analysis showing the phosphorylation and the total levels of the indicated
proteins after 1 day of treatment as follows: HG (1,8 g/L); GS (0,45 g/L) + metformin (1 mM).

Vinculin was used as loading control. N = 3 replicates.

In line with these results, the mTORC1 inhibitor rapamycin synergized with
chemotherapy similarly to the combination with metformin and glucose starvation, in
accordance to what has been previously described in other work (J. Li et al., 2019;

Mills et al., 2008; J. Zhang et al., 2016) (Figure 64).
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Figure 64: the mTORCT inhibitor rapamycin synergizes with chemotherapy similarly to

metformin and glucose starvation.

Viability of the MDA-MB-231 cells treated for 4 days as follows: HG (1,8 g/L); GS (0,45 g/L);
metformin (1 mM); low-dose chemotherapy (dox 0,1 uM + cp 2 uM); rapamycin (1 uM).

Values are relative to control samples (HG). N = 3 replicates.

mTORCT and CIP2A are part of a positive circuit in which mTORCT inhibits the
autophagic degradation of CIP2A, while CIP2A maintains mTORC1 in a
dephosphorylated, namely active, state through PP2A inhibition (Puustinen et al.,
2014; Puustinen & Jaatteld, 2014). We hypothesized that both pathways may be

involved in the activation of PP2A following metabolic stress.

9. Metformin and glucose starvation favor the accumulation of PP2A

core enzyme on the chromatin.

Finally, we further investigate the molecular mechanism by which the metabolic stress
attenuated the DDR through PP2A. First, we performed subcellular fractionation to

investigate whether PP2A localization changes following different stimuli: cells were
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harvested 24 hours after the beginning of the treatment (which corresponds the lowest
peak of DDR checkpoint phosphorylation) and subjected to 3 subsequent
fractionations to separate cytosol, nucleosol and chromatin fractions (for details refer
to the appropriate section in Materials and Methods). We did not notice any
considerable change in either the cytosolic or the nucleosolic distribution of PP2Aa
(scaffold A subunit) and PP2Ac (catalytic C subunit) (Figure 65 a, b). As concerns the
chromatin fraction, we observed a massive recruitment of both PP2Aa and PP2Ac on
the chromatin fraction upon metabolic stress (Figure 65 c); for both the subunits,
chromatin recruitment depended exclusively on the combination of metformin and
glucose starvation, regardless of low-dose chemotherapy. Of note, glucose starvation
itself increased the loading of PP2Ac on the chromatin, but not of PP2Aa. This was in
line with the proposed role of PP2A in the attenuation of the DDR, which is a nuclear

process, upon metabolic stress.
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Figure 65: metformin and glucose starvation favor the accumulation of PP2A core enzyme

on the chromatin (1).

Western blot showing subcellular fractionation of MDA-MB-231 cells after 1 day of treatment
as follows: HG (1,8 g/L); GS (0,45 g/L); metformin (1 mM),; low-dose chemotherapy (dox 0, 1
UM + cp 2 uM). Vinculin was used as loading control for the cytosol fraction (a); p54 was
used as a loading control for the nucleosol fraction (b); H3 was used as a loading control for
the chromatin fraction (c). Lack of visible loading control bands in specific cell fractions

indicates the effectiveness of fractionation protocol. N = 3 replicates.

We wanted to rule out that what we called the “chromatin fraction” excluded the
nuclear lamina; through an already validated protocol (Myant et al., 2015) we
efficiently separated the real chromatin fraction (marked by the presence of H3) and
the nuclear lamina (marked by the presence of Lamin B). We confirmed what we
observed with our protocol by adding an additional piece of information: under high
glucose condition (first two samples on the left) PP2A remains mainly on the nuclear
lamina, whereas under metabolic stress (combination of metformin and glucose
starvation, sixth and eighth samples) there is a real translocation and PP2A core
enzyme accumulates on chromatin. This is true for both scaffold and catalytic subunits

(Figure 66).

116



HG (1,8¢g/)  GS (0,45 g/L)

Metformin (1mM) - - - - 4+ + + +
Chemotherapy (AC) - - - - - - + +
-— ot e | PP2AA
ML e e PPAC
- - - -— Lamin B
- - - H3

Figure 66: metformin and glucose starvation favor the accumulation of PP2A core enzyme

on the chromatin (11).

Western blot showing subcellular fractionation of MDA-MB-231 cells after 1 day of treatment
as follows: HG (1,8 g/L); GS (0,45 g/L); metformin (1 mM),; low-dose chemotherapy (dox 0, 1
UM + cp 2 uM). Lamin B1 was used as a loading control for the nuclear Lamin fraction (L);

H3 was used as a loading control for the chromatin fraction (C). N = 2 replicates.

Upon metabolic stress, we observed an increase of PP2Ac protein level also in whole-
cell lysate (Figure 67); given the huge cellular amount of PP2Ac protein, this was more
readily detectable by loading a very low amount of protein (10 pg, which is one-third

of what we originally used), so that the signal was not immediately saturated.
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Figure 67: metformin and glucose starvation increase PP2Ac total amount.

Western blot showing whole cell lysate from MDA-MB-231 cells after 1 day of treatment as
follows: HG (1,8 g/L); GS (0,45 g/L); metformin (1 mM); low-dose chemotherapy (dox 0,1

UM + cp 2 uM). Vinculin, p54 and H3 were used as loading control. N = 3 replicates.

We checked whether the higher protein amount of PP2Ac was caused by enhanced
gene transcription but we could not detect any significant change in the mRNA
expression of both PPP2R 1A (which encodes for PP2Aa) and PPP2CA (which encodes
for PP2Ac) following 24 hours of metabolic stress (Figure 68). Thus, we hypothesized
that this phenomenon could be explained by reduced protein turn-over in the nucleus
compared to the cytosol. Moreover, an increase in PP2Ac protein amount could also

explain the enhanced phosphatase activity.
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Figure 68: metformin and glucose starvation do not influence the expression of PPP2R1A

and PPP2CA.

Analysis of PPP2R1A and PPP2CA mRNA levels in MDA-MB-231 cells cultured for 24 hours
in HG (1,8 g/L) or GS (0,45 g/L) + metformin 1 mM. Values are normalized against RPLPO

and referred as fraction of control (HG). N = 3 replicates.

This evidence opens another area of investigation for future studies. Since the DDR is
a nuclear process, and the apical kinases ATM and ATR bind the DNA, the
accumulation of PP2A on chromatin following metabolic stress strengthens the
evidence that the attenuation of DDR is a PP2A-dependent process which is regulated
directly by the enzyme. Further experiments are needed to understand whether or not
the accumulation of PP2A on chromatin following metabolic stress is site-specific
(ChIP-sequencing), and whether the localization changes when metabolic stress is

combined with chemotherapy.
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Discussion

PP2A is a critical tumor suppressor which counteracts the major oncogenic pathways
(MEK, MYC and AKT) (Farrington et al., 2020; Kuo et al., 2008; Ugi et al., 2004), and
acts as a brake on uncontrolled proliferative signals (Mumby, 2007) with its
suppression accelerating tumor transformation (Junttila et al., 2007; Kauko et al., 2018;
Neviani et al., 2005). Impairment of PP2A by endogenous inhibitors, which are often
over-expressed in many cancer types, is far more common than genetic alterations,
which have been found only in some types of cancer (Kauko & Westermarck, 2018).
This has long undermined the identification of PP2A as tumor suppressor and the field
of PP2A (and phosphatase in general) has not significantly benefited from the big omics
era. At the moment, PP2A is experiencing renewed interest and many efforts are
focused on awakening its anti-tumor potential and novel, orally-available, small
molecules activator of PP2A (SMAPs) demonstrated robust anti-tumor activity (Chien
et al., 2015; Kauko et al., 2018; Merisaari et al., 2020; C. M. O’Connor et al., 2018;
Sachlos et al., 2012; Sangodkar et al., 2016; Vervoort et al., 2021). Other strategies
have proven effective in bypassing endogenous inhibitors such as SET or CIP2A
(Elgendy et al., 2019; Ferrari et al., 2017; Hu et al., 2022).

In the present work, we propose a model for enhancing PP2A activity through a
metabolic approach consisting of the anti-diabetic drug metformin combined with
glucose starvation. In vitro, the metabolic combination increased PP2A phosphatase
activity without inducing profuse cell death; this allowed to investigate any synergistic
effect with other drugs (in our case, DNA-damaging chemotherapy) without the latter
being biased from the metabolic catastrophe that may arise from the simultaneous

impairment of OXPHOS (with metformin) and glycolysis (with glucose starvation).
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For decades, metformin has been the most widely used drug for type 2 diabetes, and
it is currently undergoing intensive repositioning efforts for its putative anti-cancer
properties on the basis of epidemiological studies and subsequent observations
(Daugan et al., 2016). Here we have shown that metformin per se had poor beneficial
effect, both in TNBC cell lines and in non-diabetic mouse models of TNBC. We
observed the same even in combination with low-dose chemotherapy. This is in line
with the results of a recent clinical trial: in breast-cancer patients (ER/PgR
positive/negative) without diabetes, the addition of metformin to standard therapy did
not significantly improve disease-free survival (Goodwin et al., 2022). Compared to
what we have previously observed with other cell lines representative of other tumor
types, in TNBC metformin had poor anti-cancer effect even if administered in
condition of hypoglycemia, both in vitro and in vivo. This can be explained by the
intrinsic resistance of several TNBC cell lines to the combination, possibly due to high
protein levels of CIP2A (C.-Y. Liu et al., 2019; H. Liu et al., 2017; Tseng et al., 2012),
which we had identified as the target of metformin.

We achieved the condition of hypoglycemia in vitro through a reduction of glucose in
the culture medium (glucose starvation, which is 75% reduction compared to high
glucose), and in vivo with intermittent fasting cycles of one-day duration (which means
complete removal of food and free access to water). As for blood glucose, also the
weight of the animals dropped during the fasting and rose again during the feeding
days, and we observed no decrease over the long period (up to 4 weeks), supporting
the feasibility and tolerability of an intermittent fasting regimen in CD1-nude mice.
Intermittent fasting per se partially reduced tumor growth, similarly to what has been
described by other groups (Caffa et al., 2020; di Biase et al., 2016; C. Lee et al., 2012).

In vitro, glucose starvation did not exhibit the same anti-tumor effect. This discrepancy
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may be due to the fact that, in vivo, intermittent fasting cycles (elsewhere referred as
only-water diet) lower not only glucose but many other metabolites, some of which
are fundamental for tumor maintenance and progression: these have been extensively
described in other works and include C-peptide, insulin, insulin-like growth factor 1
(IGF1), insulin-like growth factor binding protein 3 (IGFBP3, which prevents
circulating IGF1 from degradation) and leptin, while glucagon, ketone bodies and
adiponectin increased upon fasting (Caffa et al., 2020; Nencioni et al., 2018).

We have demonstrated that the combination of metformin and glucose starvation
(which we named metabolic stress) rapidly enhanced PP2A phosphatase activity in
vitro, even with metformin doses as low as 0,1 mM. Mechanistically, the metabolic
stress led to the accumulation of PP2A core enzyme (scaffold A and catalytic C
subunits) on the chromatin. At the nuclear level, protein turnover may be slower,
which could explain the net increase in PP2Ac protein levels and, consequently, the
enhanced phosphatase activity. The accumulation of PP2A on the chromatin as a
result of metabolic stress alone (i.e., without chemotherapy) had no significant
consequences on proliferation, at least in our working model; here we have not
investigated, and therefore do not rule out, that it may have an important impact on
transcription, since chromatin-associated PP2A could influence RNA polymerase
activity (K.-L. Huang et al., 2020; Vervoort et al., 2021; H. Zheng et al., 2020).

Since most TNBC cell lines were resistant to the metabolic stress alone, we considered
more clinically-relevant experimental settings. The BREAKFAST clinical trial, based on
our previous findings, provided us with an actual clinical protocol for TNBC patients
that we translated first in vitro in cell lines and patient-derived cells, then in vivo in
animal models. In order to provide pre-clinical and mechanistic evidences to support

the trial, we combined the metabolic stress with DNA-damaging chemotherapy (a
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condition we named triple combination), which corresponds to the first part of the
BREAKFAST clinical trial. The consequences of the triple combination on tumor cells
survival and cancer progression were dramatic and exceeded the effect of the single
treatments; in particular, the triple combination was cytotoxic (while the single
therapies were at most cytostatic), impaired colony formation and, lastly, induced
tumor regression, regardless of how we obtained the hypoglycemia, whether it was
glucose starvation in vitro or intermittent fasting in vivo. Thus, we concluded that the
synergism was strictly dependent on metformin and hypoglycemia, and that other
nutrients (which decrease in vivo as consequence of fasting) were less or not involved
at all. The use of Plasmax medium, which better recapitulated nutrients in the tumor
microenvironment (Vande Voorde et al., 2019), confirmed our conclusion: even with
a culture medium richer in micronutrients, the combined effect still depended on
metformin and glucose starvation. The triple combination was cytotoxic in all the
TNBC cell lines we used, with some cell lines being more sensitive than others and
with none being resistant. Noteworthy, the most sensitive cell lines were characterized
by mutations in the DDR and DNA-repair genes (Lehmann et al., 2011; Yin et al,,
2020). As already mentioned, we significantly lowered the dosage of chemotherapy
compared to the standard; combined with the metabolic stress, low-dose
chemotherapy maintained the clinical benefit.

We have shown that the synergistic effect of the triple combination was due to the
attenuation of the DDR triggered by chemotherapy. The DDR detects the DNA-
damage and arrests the cell cycle while allowing for DNA repair, and it is mainly a
cascade of phosphorylation events by protein kinases (Harrison & Haber, 2006; J. H.
Hoeijmakers, 2001; Huen & Chen, 2008; S. P. Jackson & Bartek, 2009; K. K. Khanna

& Jackson, 2001; Matsuoka et al., 2007; Rouse & Jackson, 2002). PP2A, as other
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phosphatase, antagonizes the DDR and maintains a proper signaling cascade in the
absence of a DNA damage, or after it has been resolved (Freeman et al., 2010;
Freeman & Monteiro, 2010; C. Y. Guo et al., 2002; Petersen et al., 2006; Ramos et
al., 2019; Shimada & Nakanishi, 2013). Here we have shown that the DDR was
efficiently primed by the DDR machinery after chemotherapy administration, and
immediately switched-off by PP2A as a result of the metabolic stress. This had three
early consequences: i) impaired recognition of the DNA-damage, as evidenced by the
fact that the DNA-binding kinases ATM and ATR, their downstream effectors CHK?2
and CHKT1, and H2Ax, around the damage site, were all de-phosphorylated; ii) lack of
cell cycle arrest, as evidenced by cell-cycle analysis and confirmed by CDC25A
protein which did not decrease downstream of CHK1; iii) impaired DNA repair
resulting in increased genomic fragmentation, as evidenced by comet assay.

Inhibiting the DDR is not a novel therapeutic approach; the approval of the PARP
inhibitor Olaparib for BRCA-mutated advanced ovarian cancer is probably the best
example translated into the clinic (Al-Ahmadie et al., 2014; Ashworth, 2008; Bartkova
et al., 2005; M. J. O’Connor, 2015; Pilié et al., 2019; Robson, Goessl, et al., 2017;
Robson, Im, et al., 2017; Tutt et al., 2010). Here we describe a metabolic approach to
turn off the DDR, based on the use of metformin and lowering of (blood) glucose. Our
strategy has many advantages: i) it proved to be safe and tolerable in animal models
over the long period; ii) it attenuated the DDR at multiple levels (differently from yeast,
in our model both the ATM and the ATR pathway were involved); iii) it allowed to
lower the dosage of chemotherapy. From the perspective of clinical translation, what
has been a technical requirement for us turns out to be a crucial point for patients, as
lowering chemotherapy doses by combining them with drugs with very few side

effects (as metformin) and diets can provide enormous benefit (J. Chang, 2000). This
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is especially true for doxorubicin; in a previous work, fasting was shown to protect
mice from doxorubicin-induced cardiomyopathy through expression of EGRT
(downstream of AMPK) and enhancement of autophagy (which removes
malfunctioning mitochondria and toxic aggregates) (di Biase et al., 2017). Last but not
least, our metabolic approach could overcome the problems associated SMAPs.
Indeed, certain compounds derive from antipsychotic drugs such as phenothiazines
and may maintain their effect on the central nervous system (Sachlos et al., 2012; Tsuji
etal., 2021), while other PP2A activators are being criticized for their off-target effects
on tubulin polymerization (Morita et al., 2022).

We also evaluated the effects of the triple combination on "healthy" cells in vitro; to
this purpose, we took advantage of the MCF10A cell line, which are spontaneously
immortalized normal breast cells (Qu et al., 2015). The triple combination was also
effective on MCF10A cells, albeit to a lesser extent than on cancer cell lines, probably
because they are more proficient in DDR and DNA-repair pathways. DDR
checkpoints were also dephosphorylated, similarly to cancer cells (data not shown).
Nevertheless, in vivo, the triple combination affected only the tumors while preserving
healthy tissues, as reflected by the small toxicity (evaluated as weight loss over the
long period). Several mechanisms may preserve the healthy and not the tumor cells,
including lower ROS production, better antioxidant defenses, and, a more efficient
DDR and DNA-repair machinery which is not compromised by mutations.

Worth mentioning, the present work mainly focuses on DNA-damaging chemotherapy
as harmful stimulus which activates the DDR, in accordance to the first part of the
BREAKFAST clinical trial. Since PP2A is involved in countless cellular processes,
including microtubules organization, in future works it will be interesting to evaluate

the impact of PP2A over-activation on other chemotherapeutic agents that do not
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interfere with the DNA, such as taxanes, which are also first-line therapy for TNBC
patients (Boudreau et al., 2019; Jang et al., 2021; Keshri et al., 2020; Khondker et al.,
2020; Y. Liuetal., 2017; Varadkar et al., 2017). Other drugs which modulate the DDR
machinery, could also be affected by PP2A. For example, a PP2A-B56-BRCA2
complex has been shown to be necessary for DNA repair by homologous
recombination. In this context, the inhibition, not the activation, of PP2A impaired
homologous recombination and synergized with PARP inhibitors (Ambjern et al.,
2021; Kalev et al., 2012). Making reference to the immunotherapy, the inhibition of
PP2A, again, enhanced the cytotoxic functions of tumor-infiltrating lymphocytes (P.
Zhou et al., 2014) and increased the efficacy of immunotherapy by PD-1 blockade
(Ho, Wang, et al., 2018). This may be explained by the fact that PP2A is a negative
regulator of effector T cells, and a positive regulator of regulatory T cells (Apostolidis
et al., 2016; Delgoffe, 2016; Eil et al., 2016; Taffs et al., 1991).

We can confidently state that what we described was strictly dependent on PP2A
based on the following evidences: i) the knock-down of the catalytic subunit recovered
the phosphorylation of the DDR checkpoints and reduced the cytotoxicity of the triple
combination; ii) the increased PP2A phosphatase activity (measured by immuno-
precipitation of flag-tagged PP2Ac followed by phosphatase assay) inversely correlated
with phosphorylation, i.e., activation, of the DDR checkpoints; iii) the localization of
PP2A core enzyme on the chromatin following metabolic stress.

The role of PP2A (and phosphatases in general) on the chromatin is a novel topic of
considerable interest. Although PP2A has been repeatedly associated with
transcription and the DDR machinery, direct evidence about its localization and
action on the DNA was lacking (Martina & Puertollano, 2018; Myant et al., 2015; Rice

et al., 2014). In the case of PP2A, this may be due to the difficult designing of the
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appropriate experimental setting. Given the abundance of the two constant subunits
(scaffold A and catalytic C subunits), immunofluorescence experiments failed to
distinguish nucleosolic PP2A from chromatin-bound PP2A (data not shown). Here we
have optimized the fractionation protocol to achieve an accurate separation of the
different compartments. In the past two years, Chromatin Immuno-Precipitation and
sequencing (ChlP-seq) proved to be a powerful method to analyze chromatin-bound
PP2A; by ChIP-seq it was shown that the interaction between PP2A and RNA pol Il
occurs within the Integrator complex, which is involved in processing nascent RNA
(K.-L. Huang et al., 2020; Vervoort et al., 2021; H. Zheng et al., 2020). We cannot
exclude that, even in our model, the recruitment of PP2A on the chromatin was
Integrator-dependent, since depletion of INTS6 and INTS8 (necessary for PP2A
recruitment) abolished PP2A loading on the chromatin (Vervoort et al., 2021; H.
Zheng et al., 2020). It must be stressed, however, that the increased recruitment of
PP2A on chromatin observed upon metabolic stress may also hint to a completely
different mechanism of recruitment.

The systematic knock-down of all the regulatory B subunits expressed in our model
system (in particular, the B56 family, which are predominant in MDA-MB-231 cells)
failed to identify a single, specific responsible and all of them participated to the
synergism. The fact that all the B subunits were apparently involved led us to reason
that, as a result of individual knock-down, the functionality of the entire holoenzyme
could be impaired, similarly, though less impactful, to the knock-down of the catalytic
subunit. Moreover, the involvement of all the B56 subunits directed our attention to
CIP2A, which we had previously identified as the target of metformin. In TNBC cell
lines, CIP2A was not appreciably affected by (high or low doses) metformin nor by its

combination with glucose starvation; but given the high protein levels, metformin
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might be insufficient to induce an appreciable decrease. In cancer cell lines, CIP2A
was shown to sequester the B56 subunits preventing the assembly of PP2A
holoenzyme (J. Wang et al., 2017). In this regard, the use of the CIP2A**'* mutant, with
a point mutation that abolishes the ability to sequester the B56 subunits, yielded results
similar to the triple combination. Still, this result does not exclude a more general role
of CIP2A as an oncogenic driver of TNBC necessary to survive adverse conditions such
as chemotherapy (Chao et al., 2015; Come et al., 2009; A. Khanna et al., 2011; Laine
et al., 2013, 2021). Other evidences support the idea that CIP2A may be involved in
maintaining genomic integrity following DSBs occurring in mitosis (de Marco Zompit
etal., 2022). In this context, cells expressing the CIP2A mutant might be more sensitive
to chemotherapy; the same applies to cells in which metabolic stress could decrease
the interaction between CIP2A and PP2A-B56 without lowering the net protein levels.
In yeast, other metabolic circuits influenced PP2A: in detail, IRC21 and PPMT
counteract the DDR by activating PP2A, while the TORC1-Tap42 axis sustains the
DDR by inhibiting PP2A (Ferrari et al., 2017). We found that mTORC1 pathway was
strongly attenuated by the combination of metformin and glucose starvation, as
evidenced by decreased phosphorylation of both RPS6 and 4EBP1, supporting the idea
that, also in mammals, mTORCT1 inhibition contributed to PP2A activation. RPS6 and
4EBP1 are themselves targets of PP2A (Gardner et al., 2015; K. Hahn et al., 2010; R.
T. Peterson et al., 1999); thus, we cannot exclude that it was over-activated PP2A that
attenuated the mTORC1downstream signaling. The mTORCT inhibitor rapamycin
synergized with low-dose chemotherapy similarly to the combination of metformin
and glucose starvation, supporting the idea that it was mTORCT that inhibited PP2A
(in absence of metabolic stress) and not vice versa, at least in our experimental model.

As useful as it is for the in vitro experiments, rapamycin has been shown to cause
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hyperglycemia in mouse models (di Biase et al., 2017; Raffaghello et al., 2008),
making its use counterproductive in our experimental setting; this further reinforces
the use of metformin and hypoglycemia-producing strategies.

Since mTORCT1 and CIP2A are part of a positive circuit in which mTORCT inhibits the
autophagic degradation of CIP2A, while CIP2A maintains mTORC1 in a
dephosphorylated, namely active, state through PP2A inhibition (Lei et al., 2014;
Puustinen et al., 2014; Puustinen & Jaatteld, 2014), we postulated that they both
negatively regulated PP2A and they both were affected by the metabolic stress. While
the role of mMTORCT as a master regulator of cell metabolism is well established, the
link between CIP2A and cell metabolism remains elusive. Recently, our group
proposed a model whereby inhibition of mitochondrial complex |, either with
metformin or the more selective IACS-010759, led to the (ROS-dependent)
dissociation of CIP2A from PP2A, resulting in the destabilization and degradation of
CIP2A via proteosome and chaperone-mediated autophagy. Again, this mechanism
was described mainly in HeLa and HCT116 cell lines, which express low levels of
CIP2A compared with TNBC cell lines, and could be in line with other observations
linking oxidative stress to the DDR through PP2A (Guillonneau et al., 2016).

Here we have mainly discussed about PP2A over-activation, but it is worth mentioning
PP2A inhibition as a therapeutic strategy as well. In several tumor models, PP2A
inhibition yielded significant results in combination with chemotherapy or
radiotherapy (Lu et al., 2009; Martiniova et al., 2011; Zhu et al., 2015). In details,
PP2A inhibition with LB100 resulted in aberrant cell cycle regulation characterized by
constitutive CDK1 activation, probably due to over-activated PLK-1 and CDC25C, and
mitotic catastrophe (D. Wei et al., 2013). Other works described a persistence of DDR

following treatment with LB100 (K.-E. Chang et al., 2015; Ho, Sizdahkhani, et al.,
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2018). In 2016, a clinical trial evaluated the toxicity, adverse events, and efficacy of
LB100, and concluded that it deserved further study alone or in combination with
existing therapies (Chung et al., 2017). It remains unclear, though not unprecedented,
how the activation or the inhibition of the same protein can lead to similar effects. In
our experimental setting, low-dose chemotherapy, which per se has a cytostatic rather
than cytotoxic effect, is sufficient to trigger the DDR. In this context, PP2A activation
attenuated the DDR machinery and rendered cancer cells unable to detect and repair
the DNA damage, until the multiple lesions become incompatible with cell survival.
With high-dose chemotherapy, which per se has a much stronger cytotoxic effect, the
inhibition rather than the activation of PP2A might provide benefit: if the DNA damage
is too extended and difficult to repair (such as that from high-dose chemotherapy), the
DDR itself decides the cell's fate toward death. In this context, inhibition of PP2A
"takes the brakes off" the running car.

Taken together, our results provide encouraging evidences and the molecular rationale
to support trials such as the BRAKFAST clinical trial which is ongoing, and justify the
use of metformin in combination with (low-dose) chemotherapy and (blood) glucose-
lowering strategies, regardless of whether it was glucose starvation in vitro or
intermittent fasting or fasting-mimicking diets in vivo (Vernieri et al., 2022).
Mechanistically, we have shown that PP2A core enzyme, upon the metabolic stress
as previously described, translocates onto the chromatin where it attenuates the DDR
triggered by DNA-damaging chemotherapy. PP2A accumulation on the chromatin
may prevent its proteolytic degradation, thus increasing the net amount of PP2Ac and,
finally, PP2A phosphatase activity. The attenuation of the DDR in the continued
presence of low-dose chemotherapy had important consequences on cell survival and

tumor progression, as evidenced by survival and clonogenic assays, and resembled
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high-dose chemotherapy, but without the side effects. Our work extends to
mammalian cells observations previously described in yeast, and, following our latest
published study, provides mechanistic details about PP2A over-activation upon the
combination of metformin and glucose starvation. Transcriptional regulation by PP2A
(and phosphatases in general) is gaining enormous interest; here, we describe an
additional, metabolic mechanism that accumulates PP2A onto the chromatin. We
have focused on the effects of PP2A on the DDR triggered by chemotherapy, but the
function(s) of PP2A on chromatin, and whether these functions change as a
consequence of metabolic dynamics, represent an undiscovered field that offers

numerous possibilities and clinical implications.

Without metabolic stress With metabolic stress
glucoge metformin
starvation
mitochondrial
complex |
Coran )7

‘...
—

Chemotherapy-induced DNA damage Chemotherapy-induced DNA damage
outcomes: outcomes:
» DDR activation » DDR attenuation
cell-cycle arrest * no cell-cycle arrest
» DNA repair * no DNA repair
cell survival + celldeath

Figure 69: schematic representation of the proposed model.
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Tumor cells activate the DDR in presence of low-dose chemotherapy; the DDR activation
leads to the cell-cycle arrest, which is necessary for DNA repair, and cell survival. In presence
of the metabolic stress (which is the combination of metformin, which is a mitochondrial
complex | inhibitor, and glucose starvation), PP2A accumulates on the chromatin, where it
attenuates the DDR, leading to lack of cell-cycle arrest and, consequently, impaired DNA
repair and increased genetic lesions, inducing cell death. We are currently investigating which
metabolic pathways lead to the accumulation of PP2A core enzyme onto the chromatin.
Preliminary data obtained so far point to a role for mTORC1 and CIP2A, both inhibitors of
PP2A, which interact with each other. As expected, mTORC1 was strongly modulated by the
metabolic stress; on the contrary, the contribution of CIP2A - downstream of mitochondrial
complex I inhibition - requires further investigation. Since they are known to interact with each
other, we do not exclude that their simultaneous inhibition leads to activation of PP2A and its

accumulation on the chromatin.
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