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ABSTRACT



The reactivation of the embryonic epithelial-mesenchymal transition (EMT) program is a key
step in tumor progression. In fact, this process has been associated with cellular migration and
invasion, drug resistance and poor prognosis in various tumor contexts. In cancer, EMT is
driven by the abnormal expression of specific embryonic transcription factors, including
members of the SNAI, TWIST and ZEB families. However, the mechanisms that activate EMT
transcription factors and the entire repertoire of molecules involved are still poorly
characterized.

To identify novel mediators of EMT in cancer, it was performed in the laboratory a reverse-
genetics screen based on a shRNA library infected in a triple-negative breast cancer model. The
screen was thought to identify genes whose silencing resulted in an increment of epithelial
features (E-cadherin re-expression). Interestingly, a number of autophagy genes were isolated,
and particularly ATGS.

Autophagy is a conserved degradation pathway, usually triggered by nutrient deprivation, that
removes unnecessary or dysfunctional components through a lysosome-dependent mechanism.
Numerous studies link autophagy activation in tumors with the development of typical EMT
features, such as the acquisition of a motile and invasive phenotype. Furthermore, activation of
autophagy in established and metastatic tumors is often associated with poor patient survival.
On this ground, we assessed the translational significance of ATGS expression analyzing ATGS
levels in a series of primary breast tumors obtained from the TCGA BRCA project. We found
that ATGS levels are significantly increased in the basal and HER2 breast cancer subgroups
compared to luminal cancers and that high ATGS5 expression is associated with poorer
prognosis in a group of luminal B breast cancer patients.

To investigate the molecular mechanism involving ATGS5 in EMT, we performed an
interactome study based on affinity purification combined with an LC-MS/MS technique. Our
previous data suggested a possible autophagy-independent role of ATGS in the induction of
EMT, so the proteomic study was performed using cells overexpressing an autophagy-deficient
form of ATGS (ATG5K130R mutation). This mutant allowed us to focus our attention on a
number of non-autophagic interactors of ATGS, which included the ubiquitin ligase KEAP1.
The interaction between ATGS5 and KEAP1 was confirmed using an affinity purification
method and a proximity ligation assay (TurbolD). We also observed that downregulation of
ATGS can increase the level of NRF2 protein, a transcription factor that is negatively regulated
by KEAPI. Furthermore, ATGS5 downregulation determines the upregulation of NRF2

downstream targets. Taken together, the results collected here suggest an unconventional role



of ATGS through its interaction with KEAP1. We propose that ATGS5 might act on NRF2
activity via KEAP1 and subsequently influence the activation of NRF2 downstream targets.

This activation could affect the aggressiveness of breast cancer.
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1. INTRODUCTION



1.1 EPITHELIAL TO MESENCHYMAL TRANSITION

Epithelial to mesenchymal transition (EMT) is a physiological program involved in
embryogenesis and wound healing. During EMT, polarized cells undergo epigenetic and
transcriptional changes that lead to decreased expression of epithelial adhesion molecules and
increased expression of mesenchymal factors. These modifications determine cytoskeletal
rearrangements in cells and the secretion of extracellular matrix proteases producing substantial
morphological changes in tissues (Zeisberg & Neilson, 2009).

EMT can be categorized into three different types based on their biological functions (Fig. 1).
According to pioneering studies conducted in chicken embryos, type | EMT (embryonic EMT)
is essential for the acquisition of migratory capacity and the formation of mesoderm and neural
crest (M A Nieto et al., 1994). Type Il EMT is a process that is activated in adult tissues for
wound healing. The transient activation of EMT allows keratinocytes to become motile and
reach the damaged area to restore the epidermal barrier (Kalluri & Weinberg, 2009). Type III
EMT is specific to neoplastic tissue. Reactivation of EMT has an important role in cancer
progression, as EMT can confer metastatic properties to tumor cells and enhance invasion
allowing the colonization of surrounding tissues and distant organs (Huang et al., 2022).

In recent years it has been observed that EMT is rarely fully executed in tumor cells. The
simultaneous expression of epithelial adhesion molecules and EMT transcription factors that
support metastasis through a partial EMT program was recently observed in patient-derived
breast cancer xenografts (Saini et al., 2023)

In an in vivo mouse model, the injection of partially mesenchymal cells of skin squamous cell
carcinoma produced more metastasis than using fully mesenchymal cells (Pastushenko et al.,
2018). Genomic and functional studies have further shown that co-expression of epithelial and
mesenchymal markers occurs in disseminated cancer cells (Aiello et al., 2018; Pastushenko et
al., 2021; Puram et al., 2017). For example, the deletion of FATI1, a gene coding for a
protocadherin, promotes the acquisition of a hybrid EMT state that presents increased tumour
stemness and metastasic potential (Pastushenko et al., 2021). Moreover, partial EMT may rely
on an altered intracellular trafficking of E-cadherin and other epithelial proteins allowing tumor

cells to retain associative properties for collective migration (Aiello et al., 2018).
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Figure 1. Schematic representation of the three types of Epithelial to Mesenchymal transition. Adapted
from Zeisberg and Neilson, 2009

1.1.1 MARKERS OF EPITHELIAL AND MESENCHYMAL STATUS

The invasiveness of cancer cells is based on the acquisition of motility and mesenchymal
characteristics that depend on the alteration of cellular junctions involved in cell-cell contacts
and cell-extacellular matrix (ECM) contacts (Santarosa & Maestro, 2021) (Fig. 2).

Adherens junctions control cell-cell adhesion and are based on the homophilic interaction
of cadherins. Cadherins are a family of transmembrane proteins that are localized at the
apicobasal interface of cells and associate by their intracellular domains with diverse
regulatory and cortical proteins, such as a-, B-, y-, and p120-catenin, actinin, and vinculin
(Ivanov & Naydenov, 2013; Santarosa & Maestro, 2021). Different cadherin isoforms are
expressed in a tissue-specific manner and they show structural divergences. Type I cadherins
include E-cadherin (epithelial cadherin) and N-cadherin (neuronal cadherin). E-cadherin is

expressed in all epithelial tissues and it forms homophilic bonds between the adherens junctions
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on the surface of epithelial cells ensuring the maintenance of epithelial contacts (van Roy,
2014).

N-cadherin is highly expressed in non-epithelial tissues. In cancer, abnormal N-cadherin
expression by epithelial cells favors the formation of heterotypic adhesion complexes between
epithelial cells and stromal cells, which typically express N-cadherin. This interaction favors
the migration and invasion of cancer cells (van Roy, 2014).

Adhesion molecules are functionally linked to the internal cell structure, constituted by the actin
cytoskeleton network. Epithelial cells mainly use cytokeratin intermediate filaments to build
the actin cytoskeleton, whereas mesenchymal cells primarily rely on vimentin (Kuburich et al.,
2022). Vimentin is a protein that forms coiled-coiled homotetramers to build intermediate
filaments and is recruited to the cellular membrane by directly binding to integrin B3 (J. Kim et
al., 2016). Moreover vimentin is involved in the formation of focal adhesions (Kuburich et al.,
2022), which are junctions specialized in the interaction between the cell and the ECM. The
main components of the focal adhesions are integrins, which are af heterodimers that regulate
cell-matrix and cell—cell interactions (Kuo, 2014).

The interaction between cancer cells and the ECM also involves changes in the ECM structure.
Fibronectin 1 (FN1) is a scaffold glycoprotein involved in ECM fibrillogenesis. It is a key
element for integrin-mediated signaling and is mainly produced by fibroblasts (Rick et al.,
2019). Cancer cells are able to produce FN1 and influence the tumor microenvironment towards

pro-survival signaling (Barbazan et al., 2017; Montagner et al., 2020; Rick et al., 2019). The
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FNI1-rich ECM is indeed able to promote cancer cells survival by influencing the availability

of growth factors and cytokeratins or by controlling TGFB/TNFa signaling (Spada et al., 2021)
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Figure 2. EMT program outline. Phenotypic variations, markers and transcription factors associated with EMT.

Adapted from Brabletz et al. 2021

1.1.2 EMT TRANSCRIPTION FACTORS

The key players in EMT are the EMT transcription factors (EMT-TFs) which are normally
active during embryonic development but are abnormally reactivated in the neoplastic context
(Stemmler et al., 2019). EMT-TFs are the driving forces behind the changes that influence the
morphology and behavior of cancer cells. EMT-TFs include members of the SNAI, TWIST and
ZEB families. SNAI and ZEB belong to the zinc finger transcription factor family, while
TWIST belongs to the basic helix-loop-helix family.

SNAI, ZEB and TWIST are transcriptional repressors that are able to directly bind to the
promoters of target genes (e.g. E-cadherin) and repress the expression of epithelial markers
(Bolos et al., 2003; Canel et al., 2013; Puisieux et al., 2014; Vesuna et al., 2008). In addition,
EMT-TFs are able to form transcription complexes and act as transcriptional activators for
mesenchymal genes (Skrypek et al., 2017). EMT-TFs are also able to exert a long-lasting effect
on genes expression by cooperating with epigenetic remodelers that act on DNA methylation

and histone modification (Gupta et al., 2019).
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Members of the SNAI family can inhibit the expression of CDH1 (the E-cadherin coding gene)
by binding directly to the E-box (5’-CANNTG-3") localized in its promoter (Hajra et al., 2002).
In addition, SNAI family members carry a SNAG domain capable of recruiting the Polycomb
Repressor Complex 2 (PRC2), which induces repressive histone modifications (H3/H4
deacetylation, H3K4 demethylation, and H3K9 and H3K27 hypermethylation) and repressive
DNA methylation in cooperation with DNMTs (Chiang & Ayyanathan, 2013). On the other
hand, SNAII acts as a transcriptional activator that interacts with EGR-1 and SP1 and activate
transcription of MMP9, moreover both SNAI1 and SNAI2 induce ZEB1 (Wu et al., 2017).
Similar to SNAIL, ZEBI represses transcription of the CDH1 gene by binding its E-box and
recruiting epigenetic modifiers (CtBP and PRCs) as well as recruiting the SWI/SNF chromatin
remodeling complex BRGI1. ZEB1 recruits histone deacetylases (HDAC) for transcriptional
repression (Aghdassi et al., 2012; Sanchez-Tillo et al., 2010; Shi et al., 2003). ZEB1 can also
act as a transcriptional activator for various mesenchymal genes, including collagen, smooth
muscle actin, vimentin and N-cadherin (Dongre & Weinberg, 2019).

TWIST]1 transcription factor forms dimers to the E-box of target genes to repress their
transcription and it is able to recruit epigenetic remodelers (MTA2, RbAp46, Mi2 and HDAC2)
that block the expression of CDH1 (Fu et al., 2011). TWIST1 can also bind and inhibit the
activity of a number of TFs (MYOD, RUNXI1, RUNX?2) finally blocking differentiation
(Bialek et al., 2004; Hamamori et al., 1997; Sharabi et al., 2008; Spicer et al., 1996) or inhibit
p53 tumor suppressive function (Shiota et al., 2008) . TWIST1 positively regulates SNAI2
expression (Casas et al., 2011) and cooperates with SNAII for the transcriptional induction of
ZEBI1 (Dave etal., 2011). Moreover, TWIST1 has been shown to induce transcription of
CDH2 the (N-cadherin gene) by binding to the transcription E-box cis-element located within
the first intron of the N-cadherin gene (Alexander et al., 2006).

EMT-TFs are involved in cross-regulatory mechanisms with miRNAs (Fig.3). ZEBI activity
is regulated by miR-200 family (miR-200f). Analyzing the miRNA expression profile analyses
of 60 epithelial and mesenchymal cell lines from the National Cancer Institute it was observed
a significant positive correlation between high E-cadherin and miR-200f levels (Park et al.,
2008). Consistently, in breast cancer models, downregulation of miR-200c is associated with
increased ZEB1 expression and metastasis (Damiano et al., 2017). ZEB1 can also be negatively
regulated by miR-130 (Dong et al., 2013). Other regulatory loops involving miRNAs exist
between SNAII, and the miR-34f (miR-34a, miR-34b, and miR-34c¢) and between SNAII and
miR-203 (Moes et al., 2012; Siemens et al., 2011). SNAIl-dependent EMT is activated in
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colon, breast, and lung carcinoma cells as a consequence of a decrease in miR-34 levels (N. H.
Kimetal., 2011). SNAIl and ZEB1 directly repress the miR-34f and miR-200f
promoters, respectively, providing a tight crosstalk between the ZEB/miR-200 and
SNAI1/miR-34 pathways (Bracken et al., 2008; Burk et al., 2008; Siemens et al., 2011).
Increasing evidence suggests that EMT-TFs act in a tumor-specific manner. For example, in
mouse models of pancreatic cancer, it was found that deletion of SNAI1 or TWIST1 does not
affect tumor progression (Zheng et al., 2015). Conversely, knocking out ZEB1 in the same
model leads to a reduction in pre-neoplastic and neoplastic lesions and a reduction in tumor
aggressiveness (Krebs et al., 2017). Moreover, in renal cell carcinoma, TWISTI is the only
EMT-TF associated with poor patient outcome (Harada et al., 2012).

As previously reported, cells undergoing EMT become invasive and acquire resistance to
treatments. In particular, ZEB1, SNAI1 and SNAI2 confer resistance to oxaliplatin and cisplatin
in different tumor contexts (Lim et al., 2013). An association between EMT and resistance to
gemcitabine was observed in both pancreatic cancer patients and mouse models (Zheng et al.,

2015).
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1.2 AUTOPHAGY

Autophagy is a catabolic process conserved from yeast to humans that is responsible for the
degradation and recycling of cellular components. Autophagy can be either non-selective or
selective in the removal of molecules, and the mechanisms behind the selectivity of the process
are currently not fully understood (Gatica et al., 2018). The metabolites derived from the
autophagic process are used by the cell as an energy source to overcome bioenergetic shortage
or as building blocks to regenerate components of survival pathways (respiratory chain proteins
and antioxidant enzymes) (Noboru Mizushima & Komatsu, 2011). Autophagy is broadly
engaged in physiology. This process is also used by cells to react against environmental stresses
such as intracellular pathogens assault. On the other side autophagy deregulation is involved in
pathologies as neurodegeneration, and cancer (Reggiori & Klionsky, 2013).

There are three main types of autophagy, each serving distinct functions within the cell (Fig.
4). Macroautophagy is a catabolic process that involves the formation of a double-membrane
structure called the autophagosome, which engulfs cytoplasmic contents including proteins,
organelles, and other cellular debris. The autophagosome then fuses with lysosomes, forming
an autolysosome, where the engulfed material is degraded by lysosomal enzymes. (Feng et al.,
2014).

In microautophagy, small parts of the cytoplasm or organelles are directly engulfed by
invaginations of the lysosomal membrane. This leads to degradation of the engulfed material
within the lysosome. Microautophagy is considered a non-selective process that does not
specifically target particular components for degradation. Instead, it provides a mechanism for
the bulk degradation of cytoplasmic contents and thus contributes to the maintenance of cellular
homeostasis. While macroautophagy involves the formation of autophagosomes and
subsequent fusion with lysosomes, microautophagy bypasses the intermediate step of
autophagosome formation and results in direct uptake of cargo by the lysosome

(Fernandez-Albarral et al., 2021; W. Li et al., 2012).
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Chaperone-mediated autophagy (CMA) is a selective form of autophagy in which certain
proteins are specifically degraded. Proteins to be degraded by CMA contain a specific
recognition motif, the KFERQ motif, which is recognized by cytosolic chaperone proteins
(HSC70). These chaperones then transport the target proteins to the lysosomal membrane,

where they are translocated to the lysosome for degradation (Kaushik & Cuervo, 2018).
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Figure 4. Main autophagic pathways (A) Macroautophagy, (B) Microautophagy, (C) Chaperone Mediated
autophagy. Adapted from José A. Ferndandez-Albarral et al. 2021
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1.2.1 THE MACROAUTOPHAGY CASCADE

Macroautophagy, hereafter referred to as autophagy, is a finely regulated event. The first group
of about 20 molecules, called autophagy-related genes, was discovered by pioneering studies
in yeast where these core molecules were identified for their involvement in several phases of
the autophagy process (Kuma et al., 2004; Levine & Kroemer, 2019). Then, the group of
autophagic molecules was further investigated in various organisms including humans.
Currently, the BioGRID Autophagy Project reports information on about 200 human proteins
functionally involved in autophagy (https://thebiogrid.org/project/6/autophagy.html)
(Oughtred et al., 2021).

Autophagy progression involves five steps: initiation, nucleation, elongation, autophagosome-
lysosome fusion and substrate degradation (Fig. 5). The first step of autophagy, initiation, starts
with the formation of the assembly site in a region proximal to ER called, in yeast, phagophore
assembly site (PAS) (Dikic & Elazar, 2018). In the nucleation phase the assembly site is the
center of the formation of a double membraned structure that expands gradually to form an
open vesicle, the phagophore. Once the material is incorporated, the double membraned
structure seals forming a vesicle named autophagosome. Further stimuli drive the
autophagosome towards fusion with the lysosome and the process ends with lysosome-
mediated degradation of the cargo (Noboru Mizushima et al., 2011).

One of the key sensors of energy, nutrient and redox status is the mTORCI protein complex,
which consists of the Ser/Thr kinase mTOR and other regulatory components (Agarwal et al.,
2015). Under nutrient-limited conditions, the amount of ATP decreases and the increased
AMP/ATP ratio triggers the activation of AMPK, which in turn restrains mTORCI1 and its
inhibitory activity towards ULK1. When mTOR is blocked ULK1 is activated and initiates the
autophagy cascade (Hosokawa et al., 2009). ULK1 complex (comprising the ULK1, ATG101,
FIP200/RB1CC1 and ATG13 proteins) phosphorylates some of the components of the PI3K
complex I (formed by PIK3C3, Beclin-1, ATG14 and VPS15/PIK3R4) eventually activating
PIK3C3 subunit. PIK3C3 is a phosphatidylinositol-3-kinase that phosphorylates
phosphatidylinositol (PI) to produce phosphatidylinositol-3-phosphate (PI3P) (Yuan et al.,
2013). PI3P is fundamental for the nucleation phase of autophagy: it is placed on the nascent
phagophore membrane and gives rise to the phagophore. PI3K complex can be positively
regulated by UVRAG (UV radiation resistance-associated gene) and the autophagy and
AMBRALI (beclin 1 regulator 1) (Fimia et al., 2007). The phagophore constitutes the substrate
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for the following assembly of the phagophore elongation complexes. These events are
supported by ATG9, a lipid scramblase incorporated into vesicles and involved in nucleation
which may deliver additional lipids and proteins contributing to membrane expansion (Chang
etal., 2021), furthermore ATG2 seems to be involved in providing lipids to the elongating
phagophore from donor structures, like ER (Matoba et al., 2020).

PI3P is recognized by scaffold proteins which recruit two ubiquitin-like conjugation systems
on the nascent phagophore: ATG5-ATG12-ATG16L1 and microtubule-associated protein 1-
light chain 3 (MAP1LC3 or LC3) (Itakura & Mizushima, 2010).

The ATG5-ATG12-ATG16L1 complex is formed by a reaction cascade involving ATG7 (E1-
like enzyme) and ATG10 (E2-like enzyme), which mediate covalent binding between ATGS5
and ATG12. Subsequently, the ATG5-ATG12 conjugate binds ATG16L1 and forms a ternary
complex located at the phagophore membrane (Dooley et al., 2014). Recent studies propose an
alternative model for the formation of ATGS5:ATG12-ATG16L1 complex. Based on the
proposed model an interaction between ATGS and ATG16L1 is needed first, this interaction
forms a transient ATG5-ATG16L1 doublet that allows the recruitment of ATG12 and the final
formation of a stable trimeric structure based on the covalent binding between ATG12 and
ATGS (Baines et al., 2022; Haller et al., 2014; Wible et al., 2019).

LC3 processing occurs at the same time of ATG5:ATG12-ATG16 complex formation. The
ATGS5-ATGI12-ATG16L1 complex serves as a scaffold and promotes LC3 lipidation (Dooley
etal., 2014). LC3 (or MAPILC3) is the ortholog of Atg8 in yeast. LC3 is first cleaved at its
carboxy terminus by ATG4 to form LC3 I. Following ATG4-mediated cleavage, LC3 1is
activated by ATG7 (El-like enzyme) and ATG3 (E2-like enzyme) and finally conjugated to
phosphatidylethanolamine (PE) to form the active LC3 (LC3-II) (Tanida et al., 2004). The
ATGS5:ATG12-ATG16L1 complex together with LC3-II fosters autophagic membrane
elongation and phagophore expansion. Phagophore growth also needs the support of newly
synthetized lipids, so metabolism machinery becomes devoted to lipid synthesis in starving
conditions, however how these changes are regulated is currently unknown (Melia et al., 2020).
Autophagic membrane elongation goes along with cargo sequestration during phagophore
expansion. Cargo sequestration is a complex event that can be mediated by specific receptors.
Cargo receptors regulate the localization and the identification of the structures to be degraded,
one of the main cargo receptors is Sequestrosome-1 (SQSTMI1) (Lamark & Johansen, 2021;
Pankiv et al., 2007). Autophagy receptors are molecules that selectively identify specific

cellular organelles. These molecules can be both soluble and membrane bound and include, for
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example, RETREG1 and RTN3 that are selectively recognized by the autophagy system
(Grumati et al., 2017; Khaminets et al., 2015).

In the late stages of the autophagic process, the phagophore closes and fuses with the lysosome
to form the phagolysosome. This phase relies on soluble SNARE proteins, which are found in
both membranes (Yim & Mizushima, 2020). The activity of the two known SNARE complexes
(TX17-SNAP29-VAMP7/VAMPS812 and STX7-SNAP29-YKT6 complexes) is facilitated by
the tethering factors such as the HOPS complex, PLEKHM1 and EPGS5, which promote the
close interaction between the membranes.

In the phagolysosome, acid hydrolases degrade the autophagic bulk generating metabolites that
stream out through transporters and channels (Dikic & Elazar, 2018). The nutrients obtained
through the autophagy pathway stimulate the activation of mMTOR. mTOR consequently inhibits
the autophagic stimulus phosphorylating ULK1, ATG13 and UVRAG. At the end a negative
feedback mechanism stops autophagy (Shin & Zoncu, 2020; Wong et al., 2018; Yu et al.,
2010).
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1.2.2 AUTOPHAGY AND CANCER

Autophagy plays a dual role in cancer by being both a pro-tumoral and a tumor suppressive
process (J. Y. Guo et al., 2013). Indeed, in the early stages of neoplastic progression, autophagy
can prevent the onset of tumors by eliminating toxic protein aggregates and damaged
organelles. On the other side, in advanced tumoral stages, it can play a tumor-promoting role
by providing the nutrients necessary for cancer cell metabolism for their growth and survival
(White, 2012).

A dual and context-dependent role of autophagy in cancer appears to be closely linked to the
genetic background of the neoplasm, as shown in genetically modified mouse models of
pancreatic cancer, where the pro-tumorigenic role of autophagy appears to be related to p53
deficiency (A. Yang et al., 2018).

Dependence on autophagy is a common feature of numerous advanced tumors (X. Li et al.,
2020). This process is often associated with aberrant reactivation of epithelial-mesenchymal
transition (EMT), leading to downregulation of cell-cell and cell-basement membrane
interactions and metastatic dissemination of tumor cells (M Angela Nieto et al., 2016;
Vera-Ramirez, 2020). Indeed, numerous studies have shown a positive correlation between
autophagy and EMT. In particular, several experimental models have described that autophagy
supports the survival and metastatic dissemination of tumor cells that have acquired EMT-like
properties and drug resistance (Gugnoni et al., 2016; Sakuma et al., 2016). In addition,
activation of autophagy by starvation appears to induce the TGF/SMAD?3 signaling pathway,
which is commonly associated with activation of the EMT program (Vera-Ramirez, 2020).
Autophagy is also involved in the regulation of EMT-TFs. In both mouse embryonic fibroblasts
and human tumor cell lines, p62/SQSTM1 mediates TWIST1 and SNAII stabilization, leading
to the acquisition of malignant properties. In addition, overexpression of p62/SQSTMI, a
common feature of various carcinomas, is associated with the EMT and metastasis and is

considered a negative prognostic factor for patients (Qiang et al., 2014).
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1.2.3 ATGS IN AUTOPHAGY AND NON AUTOPHAGIC PROCESSES

The formation of the autophagosome is the most critical step in autophagy. In this process
ATGS, together with ATG12 and ATGI16LI, is involved in autophagosome formation, as
mentioned above.

The crystal structures of human ATG5-ATG12 conjugated with a short N-terminal peptide of
ATG16 revealed the structure of this trimeric complex (Fig. 6). ATGS contains two ubiquitin-
like domains connected by a helix-rich domain, and ATG16 binds the ubiquitin-like domains
of ATGS5. ATG12 interacts with ATGS on the opposite side to ATG16 and there are no contacts
between ATG12 and ATG16. The complex between ATGS and ATG12 is determined by a
covalent bond between ATG5 Lys130 and ATG12 Gly140 (Otomo et al., 2013). Indeed, an
autophagy deficient form of ATGS carrying a substitution of Lys130 with an Arg
(ATGS5KI130R) is frequently used to prevent ATG5:ATG12 covalent binding (N Mizushima et
al., 1998). Furthermore, ATGS5 and ATG12 interact via extensive hydrophobic and hydrophilic
interactions (Changotra et al., 2022; Chew & Yip, 2014; Otomo et al., 2013).

While ATGS primarily plays a role in autophagy, recent studies suggest that it may have
additional functions beyond this process.

Together with ATG16L1, ATGS is also able to control membranes for exosome production and
induce the release of known invasion mediators (RAS, B-catenin and vimentin) and ultimately
promote invasion and metastasis of breast cancer cells in mice (H. Guo et al., 2018).

In addition, ATGS is involved in apoptosis. It can be specifically cleaved by calpains
(CALPAIN1/2), and truncated ATGS can translocate to the mitochondria, associate with Bcl-
2-like protein 1 (BCL2L1), and trigger caspase activation via an autophagy-independent
mechanism (Yousefi et al., 2006).

ATGS can translocate to the nucleus where it interacts with Mis18a, a centromeric protein
involved in chromatin methylation. ATG5-Misl8a binding increases MLHI1 promoter
methylation (a component of DNA mismatch repair) and thereby enhances mismatch repair
defects and resistance of colorectal cancer patients to S5-fluorouracil (Sun et al., 2021).
Furthermore, ATGS is able to interact with BIRCS to induce mitotic catastrophe independent
of autophagy (Maskey et al., 2013).

In various solid tumors high ATGS5 expression has been associated with poor patient prognosis

(Hu et al., 2021; Xu et al., 2021). ATGS has been suggested as a potential prognostic marker in
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cervical squamous cell carcinoma and endocervical adenocarcinoma from the Cancer Genome
Atlas (S. Zhou et al., 2021).
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Figure 6. Proposed model of the Atgl2-Atg5 and Atgl6 complex. Atg5 and Atgl2 are colored cyan and red,

respectively. The two Atgl6 molecules are colored green and yellow, and the linker regions are black. Adapted
from Fujioka et al. 2009
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1.3 BREAST CANCER

Breast cancer is the most common type of cancer in women. In 2020, more than 2 million new
cases were diagnosed worldwide (Sung et al., 2021). Breast cancer refers to an heterogeneous
group of tumors characterized by strong variability in morphologic and biological features, thus
these tumors show different clinical behavior and response to treatments (Tsang & Tse, 2020).
Breast cancer can be classified according to histopathological features, genetic alterations or
gene expression profiles (Kreike et al., 2007). Cancer classification aims to provide an accurate
diagnosis of the disease and prediction of tumor behavior to facilitate oncologic decision
making.

From an histologic point of view breast cancer can be classified as invasive ductal carcinoma
and invasive lobular carcinoma mainly. Other less common histologic types are mucinous,
cribriform, micropapillary, papillary, tubular, medullary, metaplastic, and apocrine carcinomas.
Infiltrating ductal carcinomas account for 70% to 80% of all invasive breast cancers, however
these tumors may show highly heterogeneous biological behavior (Tsang & Tse, 2020). This
indicates that histologic typing represents a broad categorization that may not capture the
peculiar clinical courses of individual breast cancers.

In the early 2000s, studies have focused on refining breast cancer classification using
information from high-throughput technologies. Gene expression studies have made it possible
to categorize breast tumors based on their transcriptional profile: Luminal A, Luminal B,
HER2-enriched, Normal-like and Basal-like (Serlie et al., 2001).

The subtypes Luminal A and Luminal B are the most common groups. The term "luminal"
refers to the lumen, the inner empty space formed by alveoli and ducts. The cells forming those
structures are influenced by estrogen and progesterone for their development. Indeed, Luminal
A and Luminal B subgroups are characterized by the expression of ER and/or PR. Treatment
with anti-estrogens and aromatase inhibitors ensures a high survival rate for these patients
(Lambertini et al., 2015; Matsumoto et al., 2015; Orrantia-Borunda et al., 2022). HER2-
enriched tumors are characterized by amplification of the HER2 gene.

The normal-like cluster was initially defined by expression of genes similar to normal breast
epithelium. However, it is a controversial subgroup and has been later considered to be an
artifact due to normal epithelial cells contamination (Weigelt et al., 2010).

Finally, basal-like tumors are characterized by an increased expression of basal cytokeratins

(e.g. CK5/6 and CK14) (Gazinska et al., 2013).
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The molecular subgrouping determined the possibility to develop a new prognostic tool,
PAMS0. PAMSO0 is a standardized method that categorizes breast cancers into luminal A,
luminal B, HER2-enriched, and Basal breast cancer using a 50 genes signature that can be
applied to gene expression derived from microarrays, RNASeq, or qRT-PCR. A modified
version of PAMS50, Prosigna, has become a test approved by US Food and Drug Administration,
for the prognosis of postmenopausal hormonal receptor—positive breast cancer patients.
Prosigna shows predictive value for recurrence and benefit of adjuvant chemotherapy (Tsang
& Tse, 2020).

From an immunohistochemical perspective breast cancer can be classified based on the
expression of three receptors: the estrogen receptor (ER), the progesterone receptor (PR) and
the receptor for human epidermal growth factor 2 (HER2). These receptors are used as
prognostic markers and important predictive factors for hormonal and anti-HER2-targeted
therapy. ER and PR are nuclear sex steroid receptors that stimulate the growth of normal and
neoplastic breast epithelium. They are expressed in almost 75% of all breast cancers. When
present, they are indicators for responsiveness to hormonal therapy (Waks & Winer, 2019) .
Approximately 15% of breast cancers overexpress HER2 with amplification of the gene located
at 17q12 (Lesurfetal., 2017). Although these tumors are inherently aggressive, they may
benefit from therapies that target HER2, such as trastuzumab or lapatinib (Molina et al., 2001).
The remaining part of tumors characterized by the lack of expression of these receptors, are
defined as Triple-negative breast cancers (TNBC) TNBC are in general high grade and
associated with a poor prognosis. Patients with TNBC do not benefit from targeted therapies
(Orrantia-Borunda et al., 2022).

TNBCs mainly affect young premenopausal women (under 40 years of age) and account for
about 15-20% of all breast cancer cases. The survival time of patients with TNBC is shorter
than that of patients with other breast cancer subtypes: the mortality rate is 40% within the first
5 years after diagnosis and about 46% develop distant metastases (Yin et al., 2020). There is a
link between the basal type of breast cancer and mutations in the BRCA genes, key molecules
involved in DNA damage repair. In fact, about 10-20% of TNBCs occur in patients carrying
germline mutations in BRCA1 (Tutt et al., 2018). TNBC is the most common histotype of
breast cancer in this patient cohort (Gonzalez-Angulo et al., 2011). As confirmed by the cancer
genomics program Cancer Genome Atlas Network (TCGA) that includes a large number of
primary breast tumors, TNBCs are characterized by a high frequency, around 80%, of

inactivating mutations in the TP53 tumor suppressor gene (Cancer Genome Atlas Network,
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2012). Analysis of gene expression profiles allowed the identification of 6 distinct subgroups
of TNBC that may be considered to suggest new targeted molecular therapies (Lehmann et al.,
2011).

A characteristic feature of TNBC and basal-like tumors is the manifestation of an EMT
phenotype characterized by increased expression of mesenchymal markers and low residual
expression of epithelial markers (Kvokackova et al., 2021). It is assumed that this phenotype as
EMT or partial EMT contributes significantly to the aggressiveness of TNBC. In addition, there
is increasing evidence that abnormal activation of the autophagic pathway also plays an
important role in determining the clinico-biological characteristics of these tumors (Grandvallet

et al., 2020).

1.4 KEAP1 AND THE CONTROL OF NRF2 TRANSCRIPTION FACTOR
STABILITY

The KEAP1-NRF2 (Kelch-like ECH-associated protein 1-Nuclear factor erythroid 2-related
factor 2) axis is a crucial signaling pathway involved in cellular defense against oxidative stress.
This pathway plays a significant role in maintaining cellular redox homeostasis and protecting
cells from damage caused by reactive oxygen species (ROS). Dysregulation of the KEAP1-
NRF?2 axis has been implicated in various diseases, including cancer (Pillai et al., 2022).

In physiological conditions KEAP1 is a cytoplasmic protein that acts as a substrate adaptor for
Cullin 3-based ubiquitin E3 ligase complex and binds to NRF2 (Fig. 7). KEAP1 directly binds
NRF2 within the N-terminal of NRF2 and targets it for ubiquitin-mediated degradation. NRF2
1s a transcription factor that, when activated, translocates into the nucleus and homodimerizes
with MAF proteins to target the antioxidant response elements (AREs) in the promoter regions
of genes involved in cellular defense mechanisms. These include genes encoding antioxidant
enzymes, detoxification enzymes, and proteins involved in redox regulation (Bellezza et al.,
2018).

In cancer, mutations in KEAP1 or NRF2 genes can lead to the dysregulation of the axis.
Mutations in KEAP1 are often associated with impaired ubiquitination and degradation of
NRF2, resulting in its stabilization and nuclear translocation under non-stress conditions
(Menegon et al., 2016). The constitutive activation of NRF2 in cancer cells leads to the
upregulation of its target genes, promoting antioxidant response and enhancing the cellular

defense against oxidative stress (Chio et al., 2016; DeNicola et al., 2011).
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Figure 7. Schematic representation of the activation and regulation of the KEAP1-NRF?2 axis. The DLG and ETGE
motives essential for KEAP1-NRF?2 interaction are highlighted in yellow in NRF?2 representation. Adapted from
Pillai et al. 2022
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ATGS has been extensively studied in the autophagic context however how ATGS is involved
in EMT has been poorly explored.

According to preliminary data collected in our laboratory and reported in this work, ATGS has
been found to be involved in the EMT process, as it can modulate the expression of EMT
markers of TNBC cell models when it is downregulated. In contrast, overexpression of ATGS
increases the expression of mesenchymal markers. This function of ATGS5 in EMT could be
due to its autophagic role, but interestingly, as observed with overexpression experiments, an
autophagy incompetent form of ATGS is able to induce mesenchymal markers protein levels in
a similar manner to ATG5wt. Little is known about the prognostic role of ATGS in breast cancer
patients, and how ATGS affects EMT molecularly remains to be clarified.

On this ground, the first aim of this work is to evaluate the expression level and prognostic
significance of ATGS in breast cancer subtypes. For this purpose, we used a cohort of patients
obtained from the TCGA Breast Cancer Project. In this thesis we also aim to explore the
mechanism by which ATGS is involved in the modulation of EMT by identifying with an in
silico predictive analysis and an in vitro affinity purification coupled to mass spectrometry
approach ATGS5 non-autophagic interactors. Our data provide evidence that KEAP1 is an ATGS
interactor and this result is further confirmed by a proximity biotinylation assay used as an
orthologous validation method. Finally, to explore the molecular significance of ATG5-KEAP1
interaction, we take advantage of gene set enrichment analysis of RNAseq data obtained from
ATGS5 downregulated models, and we assess the impact of ATGS5 downregulation on the

function of NRF2, a transcription factor whose protein stability depends directly on KEAP1.
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3.1 PREVIOUS RESULTS: A shRNA SCREEN TO IDENTIFY NOVEL EMT
MEDIATORS

The project's inception is rooted in a previously performed shRNA-based screen aimed at
identify novel mediators of EMT (Fig. 8). The screen was carried out in vitro using a pooled
Decipher lentiviral library (Cellecta) containing 27290 short-hairpin RNA (shRNA) sequences
targeting 5000 genes.

The lentiviral library was infected in the triple negative breast cancer cell line MDA-MB-231,
which exhibits EMT characteristics and low E-cadherin expression. Cells were sorted for re-
expression of E-cadherin and positive hits were identified by NGS sequencing of the barcodes
uniquely associated with each shRNA sequence.

The screen allowed the identification of a number of previously known EMT mediators and a
number of autophagy-related genes, including SQSTM1 and ATGS. A recent paper showed
that SQSTMI contributes to EMT by degrading E-cadherin through autophagy (Damiano et al.,
2020). However, the role of ATGS in EMT was further investigated in the current work.
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Figure 8. Workflow of the reverse-genetics screen used to identify novel mediators of EMT.
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3.2 PREVIOUS RESULTS: ATGS5 MODULATION AFFECTS EMT MARKERS
EXPRESSION

The role of ATGS as a possible inducer of EMT in TNBC cells was confirmed in MDA-MB-
231 (the original context of the genetic screen) and in MDA-MB-157 cell lines. ATGS was
knocked down using the shRNA sequences obtained from the Cellecta library (shATGS5-1,
shATG5-4) (Fig. 9). Two irrelevant sequences (shGFP, shRFP) were used as negative controls.
Using western blot, was verified the efficacy of ATGS downregulation by evaluating the protein
level of the ATG5-ATG12 complex. The amount of free ATGS is undetectable under standard
experimental conditions in the two cell lines. Indeed, once ATGS is synthesized, it is covalently
conjugated to ATG12 (N Mizushima et al., 1998).

ATGS downregulation was accompanied by the accumulation of two autophagic markers, the
adaptor molecule SQSTMI1 and LC3-I (the non-lipidated and inactive form of LC3), which
characterize autophagic block (Fig. 9A lower panels).

As expected, the ATGS5 knock-down in both cell models was accompanied by an increase in
the levels of the epithelial marker E-cadherin and a decrease in the levels of the major EMT-
TF (ZEBI) expressed by these cells, indicating reversion of the EMT phenotype (Fig. 9A upper
panels).

Since ATGS5 downregulation in TNBC cell lines is associated with an attenuation of the
mesenchymal phenotype, we wanted to complement these data and test whether overexpression
of ATGS can promote EMT. To this end, we overexpressed ATGS in MDA-MB-231, MDA-
MB-157 breast cancer cell lines. We used a vector expressing wild-type ATGS5 (ATG5wt) and
a vector expressing an autophagy-defective form of ATGS5 (ATGS5@def) that carries a mutation
(K130R) which prevents covalent binding between ATGS and ATG12 (N Mizushima et al.,
1998; Otomo et al., 2013).

The ectopic overexpression of ATG5wt resulted in an increase in both the ATG5-ATGI12
covalent complex (56 kDa) and the amount of free ATGS. In contrast, overexpression of
ATGS5@def allele, which is unable to bind ATG12, led to an increase in free ATGS alone (35
kDa) and a slight reduction of the ATG5-ATG12 complex levels (Fig. 9B). Overexpression of
ATG5wt caused an increase of the levels of the autophagic markers SQSTM1, LC3-I/LC3-II.
Therefore, ATG5wt overexpression caused an increase in autophagic flux. On the other side,
overexpression of ATGS5¢def caused a reduction in the autophagic flux hallmarked by

SQSTM1 and LC3-I accumulation in the MDA-MB-157 and an accumulation of LC3-I in
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MDA-MB-231 (Fig. 9B lower panels). This effect was expected since ATG5¢def acts as a
dominant negative impairing autophagy progression (Hamacher-Brady et al., 2007).

Analysis of the most representative epithelial and mesenchymal markers showed that
overexpression of ATGS in TNBC cells clearly induced the expression of vimentin and the
EMT-TF ZEB1 in MDA-MB-231 and MDA-MB-157 (Fig. 9B, upper panels). In addition,
upregulation of SNAI1 was observed in MDA-MB-157. SNAII1 levels in MDA-MB-231 were
undetectable, as these cells do not express SNAII. It should be noted that TNBC cell lines
express low levels of E-cadherin and therefore it was not possible to evaluate a visible effect of

ATGS on this marker.
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Figure 9. EMT markers are modulated upon either ATGS5 knock-down or overexpression. (A) Upper panels report the
expression of ATG5-ATG12, E-cadherin and ZEBI in MDA-MB-231 and MDA-MB-157 cell models knock-down for
ATGS (shATG5#1, shATG5#4) compared to control (shRFP, shGFP). Lower panels show LC3-I/LC3-1I and SOSTM1
protein levels reported as hallmarks of autophagy. Tubulin was used as a loading control. (B) Western blot analysis in
cells overexpressing ATGSwt, ATGS5¢pdef or GFP (used as control). The upper panel shows the expression of ZEBI,
vimentin and SNAII in MDA-MB-231 and MDA-MB-157. Lower panels show LC3-I/LC3-1I and SOSTM1 protein levels

used as hallmarks of autophagy progression. Tubulin was used as a loading control.
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These results suggest that ATGS was able to modulate EMT in cell models with a plastic
phenotype. Of particular significance, the autophagy-deficient mutant ATG5¢def modulated
EMT markers in a manner consistent with the ATG5wt form. This suggests that the ability of
ATGS to modulate EMT is independent of activation of the autophagy pathway.

3.3 PREVIOUS RESULTS: ATGS MODULATION REGULATES E-CADHERIN
EXPRESSION AT TRANSCRIPTIONAL LEVEL

To further investigate how ATGS regulates the expression of the epithelial marker E-cadherin
its expression level was explored by qPCR. Downregulating ATG5 in the MDA-MB-231 and
MDA-MB-157 cell models, we observed an increase in CDHI transcript level by qPCR. This

result suggests that E-cadherin regulation occurs at transcriptional level. (Fig. 10)
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Figure 10. ATG5 modulation controls E-cadherin at transcriptional level. Expression of CDHI was explored by
qPCR in MDA-MB-231 and MDA-MB-157ATGS5 knock-down cells (shATG5#1, shATG5#4) compared to controls
(parental, shGFP). Bars represent standard deviation **p-value<0.001; *p-value<0.05, Student ¢ test.
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3.4 ATGS EXPRESSION IS ENRICHED IN BREAST CANCER MOLECULAR
SUBGROUPS SHOWING MESENCHYMAL TRAITS

According to the preliminary data, ATGS plays a role in modulating EMT markers in vitro. To
investigate whether the role of ATGS in the regulation of EMT markers has clinical relevance,
we analyzed the expression levels of ATGS and its binding partners ATG12 and ATG16L1 in
a series of breast cancer patients. For this purpose, we used patients samples expression data

obtained from the TCGA breast cancer cohort of Xena Browswer (https://xenabrowser.net). We

included in our analysis those tumor samples reported in (Cancer Genome Atlas Network,
2012) carrying information about overall survival and the PAMS50 classification. We excluded
those samples identified as normal-like subtype. The final chort was composed of 514 cases.
According to the PAMS50 breast cancer classification, patient primary tumor samples were
assigned to the molecular subtypes Luminal A (n=231), Luminal B (n=127), HER2+ (n=58)
and Basal (n=98). As expected, the majority of patients were classified as Luminal A and
Luminal B, two subtypes that are know to complessively represent the 70% of all breast cancer.
The higher ATGS5 expression was observed in the HER2+ and Basal subgroups compared to
Luminal A and Luminal B. Interestingly, in the same cohort, ATG12 and ATG16L1 levels were
reduced in the Basal subgroup compared to Luminal A, Luminal B and HER2+ (Fig. 11).
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Figure 11. ATG5, ATGI2 and ATGIG6LI transcript levels according to the molecular groups of TCGA BRCA
cohort. The mRNA expression of ATGS, ATG12 and ATG16L1 were obtained from UCSC Xena Browser and are
reported as log>(x+1) RSEM and are associated with the molecular breast cancer subgroups according to PAM50
classification obtained from UCSC Xena Browser. In the boxplots the upper and lower edges of the rectangles
represent the 75™ percentile and the 25™ percentile respectively. The line within the rectangles shows the median
value of expression (50" percentile). The whiskers show the 95" and 5" percentiles. Individual dots indicate

outliers. ***p-value<0.001; ****pvalue<0.0001, Kruskal-Wallis Test.
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3.5 BREAST CANCER PATIENTS OVERALL SURVIVAL ACCORDING TO ATGS
EXPRESSION

Since ATGS expression varies in different breast cancer subgroups, we further investigated the
overall survival (OS) of TCGA breast cancer patients using a Kaplan-Meier survival analysis.
The entire TCGA breast cancer patient cohort (ALL BC) was divided into two groups based on
the auto-cutoff option offered by KM-Plotter as ATGS5 high > 9.76 and ATGS low < 9.76.
Cosidering the OS of the entire cohort (Fig. 12A), ATGS5-high patients showed a poor prognosis
compared to ATGS5-low patients. Patient survival was then evaluated within each molecular
subgroup. Interestingly, Luminal B patients with high ATGS expression (n=38) had a
significantly shorter OS than patients with low ATGS5 expression (n= 89) (Fig. 14C). For
patients belonging to the luminal A, HER2+, and basal subgroups, there were no differences in
OS based on ATGS high and ATGS low expression levels (Fig. 12 B, D, E). Overall, the OS
analysis reported here suggests that ATG5-high expression identifies a luminal B subgroup with

Worst prognosis.
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Figure 12 (A, B, C, D, E). Prognostic value of the TCGA-BRCA patients according to ATG5 expression level.
Kaplan-Meier survival analysis performed using the Overall Survival data plotted with KM Plotter online tool.
(4) The complete TCGA BRCA cohort was split in ATGS high and ATGS low according to the auto select best
cutoff option. The obtained cutoff value (9.76) was further used for the other BC subgroups. (B, C, D, E) OS of
ATGS high and ATGS low patients according to the PAMS50 molecular groups of TCGA BRCA cohort.
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3.6 AN AFFINITY PURIFICATION-BASED INTERACTOMIC ANALYSIS
IDENTIFIES KEAP1 AS A NOVEL ATGS INTERACTOR

The preliminary results suggest that ATGS is able to regulate EMT markers at protein level and
E-Cadherin also at transcriptional level. Curiously, ATGS carries nuclear export and import
sequences and it has been identified in previous works in cellular nuclei (Lin et al., 2020;
Maskey et al., 2013), but it lacks domains able to recognize DNA. Based on this knowledge,
we hypothesized that ATGS may act in conjunction with other proteins in the modulation of
EMT. To explore this possibility, we set up an interactomic analysis based on a Liquid
Chromatography coupled to Mass Spectrometry (LC-MS/MS) approach.

MDA-MB-231 in vitro models were infected to overexpress STREP-tagged forms of
ATGS5¢def (STREP-ATGS5¢def) and a control STREP-empty vector. The overexpressed
molecules found in cell protein lysates were then pulled-down using a resin specifically

interacting with the STREP tag.
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Figure 13. Schematic representation of the Affinity purification coupled to LC-MS/MS experimental approach.
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The proteins isolated together with STREP-ATGS@def were then identified and quantified by
LC-MS/MS in collaboration with EDyP Laboratory (Institut de Recherche Interdisciplinaire de
Grenoble — Grenoble) (Fig.13). The ATGS5¢def binding partners were filtered considering a
Log>FC > 0.6 and a p <0.05. The nonspecific interactors were excluded based on the STREP-
empty samples interactome. Furthermore, 6 proteins (SQSTMI1, ATGI12, ATGI6LI,
ATGI16L2, ATGS) known for their involvement in the autophagic pathway, were excluded from
ATGS5¢def interactome. In the end we obtained 26 putative ATGS¢def interactors (Table 1).
It should be noted, that ATGS5¢def is still able to homodimerize with ATG5wt and partially
allow ATG5-ATG12-ATG16L1 complex formation.

ATGS5¢def vs CTRL
GENE NAME log: FC p-value
1 DCAF4L1 6.04 9.55E-12
2 CAMSAP3 4.39 1.15E-08
3 PSMD6 2.75 1.37E-05
4 CCT5 3.24 2.44E-05
5 CCT4 391 8.57E-05
6 TCP1 3.42 1.45E-04
7 CCT6A 3.87 2.33E-04
8 OGT 2.56 3.88E-03
9 AXL 170 4.05E-03 Table 1. ATG5¢pdef interaction partners
10 | CCT3 2.14 4.08E-03 identified by LC-MS/MS of STREP-tagged
11| cCT8 2.94 4.37E-03 constructs. The list reports the putative
12| cen 276 4.57E-03 interaction partners for ATG5pdef compared to
B e 338 > 13E03 control EMPTY vector. The reported genes were
14 | MATR3 2.53 1.80E-02
= THMGBI 3 03500 filtered from the LC-MS/MS interaction list using
16 | COL13Al 1.32 1.96E-02
17 KEAPI 1.07 2.52E-02
18 | DDX3X 1.93 2.83E-02
19 | RELA 0.78 3.42E-02
20 XRN2 1.10 3.57E-02
21 CDC73 1.55 4.39E-02
22 THBSI 1.62 4.53E-02
23 ERLIN1 0.85 4.55E-02
24 ZC3HAV1 1.20 4.70E-02
25 SLC25A3 0.97 4.83E-02
26 DNAJAI1 0.83 4.98E-02
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Beyond the autophagy related proteins identified as ATGS interaction partners, a number of
non-autophagic ATGS5¢def interactors was identified. According to a Metascape analysis (Fig.
14) some of those proteins have chaperonic roles, a number of proteins is involved in immune
related processes as: apoptotic cell clearance, innate immune response and neutrophil
degranulation. Finally, some ATGS interactors are involved in proteasomal degradation.
Interestingly, among them, we identified KEAP1 as an ATGS5¢def interactor. This protein is
involved in ubiquitin mediated proteolysis and in pathways for the regulation of NRF2

transcription factor.
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Figure 14. Metascape analysis for the non-autophagic ATGS interaction partners identified by affinity purification
coupled to LC-MS/MS approach.

3.7KEAP1 IS AN ATGS INTERACTOR PREDICTED BY THE HUMAN
INTEGRATED PROTEIN-PROTEIN INTERACTION REFERENCE TOOL

To further acquire information about the putative interaction between ATGS and KEAP1 we
queried the Human Integrated Protein-Protein Interaction rEference (HIPPIE) database.
HIPPIE is a web tool collecting experimentally measured human protein-protein interactions
(PPI) from several publicly available datasets (BioGRID, DIP, HPRD, IntAct, MINT, BIND,
and MIPS) (Alanis-Lobato et al., 2017).

Using this tool, it was possible to look for ATGS interactors reported in literature. ATGS
partners are scored based on the type of the interaction (a value defined by HIPPIE to
numerically express the reliability of the evidence supporting the interaction). We selected all
the putative interaction partners (physical association, direct interacton or association) with a
score higher than 0.7 (Fig 15A).

Only proteins recorded as direct ATGS interactors (direct interaction is defined by Hippie as
interaction between molecules within the same physical complex) were then selected. They are

represented as a network in figure 15B.
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A number of proteins involved in the autophagic pathway were reported as direct interactors of
ATGS (upper part of the graph), among them some known ATGS autophagic partners
(TECPRI1, ATG16L1, ATG3). The lower part of the graph reports the interactors of ATGS that
were not associated to an obvious autophagic function, and among them was identified KEAP1
with a score of 0.73. The ATGS5-KEAP1 interaction is supported by 2 yeast two hybrid screens
(Luck et al., 2020; Rolland et al., 2014). KEAP1 was the only protein found as ATGS interactor
by our LC-MS/MS experiments supported by this tool.
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Figure 15. ATGY interactors reported in the HIPPIE repository. (4) Table reporting the interaction partners
identified as physically associated, direct interactors or associated with ATGS with a reliability score higher
than 0.7. (B) graphical representation of the direct interactors of ATGS, the upper part of the figure reports
the autophagy-involved proteins, the lower part the non-autophagic ATGS interactors. Numbers on edges

represent the reliability score of interaction.
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3.8 KEAP1 IS CONFIRMED TO INTERACT WITH ATGS USING AN AFFINITY
PURIFICATION APPROACH

To confirm the interaction between ATGS and KEAP1 identified by the LC-MS/MS approach
and supported by the literature reported in Hippie, an affinity purification approach analogous
to the one used for the interactomic study was set up using HEK 293T cells ectopically
expressing flag-KEAP1 together with strep-ATGS or strep-ATG5¢def constructs.
Comparable expression of flag-KEAP1 and strep-tagged constructs was obtained between
samples, as shown in the input (Fig. 16, left). Strep-tagged constructs were then pulled down
using a streptactin resin.

As shown in Figure 16, KEAP1 was mildly but specifically identified in the ATGS5-enriched
lysates compared to the lysates enriched for Strep- control constructs (Strep-Empty vector used
in the LC-MS/MS interactomic experiments and Strep-Renilla). KEAP1 was more enriched
with the strep-ATGS5¢def construct, but as indicated by the strep signal, this effect could be the
result of differential efficiency in the pull-down of the strep constructs. As a positive control
for pull-down, a flag-tagged form of ATG16L1 was overexpressed in combination with strep-
ATGS. ATGI6LI is a known ATGS interactor and, as expected, was successfully enriched,

confirming the efficacy of the technique.
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Figure 16. Binding of flag-KEAP1 to strep-ATG5 and strep-ATG5¢def. HEK 293T cells were transfected with
strep-ATGS, strep-ATGSpdef and control constructs (strep-EMPTY, strep-REN), flag-KEAP or control
construct (flag-ATG16L1). Cell lysates were affinity purified by strep-tag interaction with a streptactin resin,
then the purified lysates were immunoblotted for flag tag to detect KEAP1 or ATG16L1 interaction. As control

of successful strep enrichment, membranes were immunoblotted with a strep antibody.
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These data show that flag-KEAP1 interacts with strep-ATGS and strep-ATG5¢def and confirm
the interaction suggested by an analogous affinity purification approach for the LC-MS/MS-

based interactomic experiments.

3.9 ATGS AND ENDOGENOUS KEAP1 INTERACT BASED ON A PBD ASSAY

To further sustain the interaction identified by the affinity purification approach with an
orthologous technique, we set up a proximity biotinylation assay based on TurboID technology.
TurboID is a proximity labeling method in which the protein of interest (POI) is fused to a
bacterial-derived biotin ligase called BirA. When the fusion protein is stably expressed in a cell
line, it can biotinylate the proteins in close proximity to the POI upon exogenous biotin
administration in the growth medium. Subsequently, the cell lysates can be captured using a
streptavidin-based affinity purification method. Flag-tagged TurboID ATGS5wt (TbIDATGS)
or Flag-tagged TurboIDATGS5¢def (TbIDATGS¢edef) fusion proteins and control constructs
were overexpressed in HEK 293T cells. Cells were treated with culture medium supplemented
with biotin to allow biotinylation of endogenous proteins near the bait.

The expression level of TurboID fusion proteins was detected by anti-Flag immunoblotting and
then, the enzymatic activity of the baits was detected by Streptavidin-HRP hybridization. The
biotinylation profile of the total cell lysates treated with biotin was comparable in the different
samples, while the control total cell lysates (treated with DMSO) showed no traces of
biotinylation, as expected (Fig. 17A).

The cell lysates were then affinity purified to selectively isolate the biotinylated proteins. As
shown in Figure 17B, endogenous KEAP1 was identified as a target of TbIDATGS and
TbIDATGS5¢def biotinylating activity. We also observed the enrichment of p53 upon
expression of the TbIDTwistl construct, this interaction was considered as a positive control
for the technique, as p53 is a known interactor of Twistl (Piccinin et al., 2012). GAPDH, as
expected, was not enriched as an interactor. These data demonstrate that ATGS can interact

with endogenous KEAP1.
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Figure 17. TurboID PBD Assay for ATG5 and KEAPI interaction. (A) HEK 293T cells overexpressing flag
TbIDATGS and flag ThIDATG5pdef and control constructs (flag TbID GFP, flag TbID TW1) immunoblotted for flag
and Streptavidin-HRP. (B) Immunoblot analysis of eluates obtained by strep-tactin based enrichment of biotinylated
proteins. 1% input lysate is reported as reference for protein abundance before strep-tactin enrichment. To evaluate

the interaction input and eluates were immunoblotted for KEAPI, p53, and GAPDH.
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3.10 MODULATION OF ATGS IN TNBC CELLS AFFECTS NRF2 EXPRESSION
AND TARGET GENES

After having identified and validated the interaction between ATGS5 and KEAPI, we
investigated whether this interaction has an effect on the KEAP1/NRF2 axis. First, we
examined the protein expression of NRF2 and KEAP1 in MDA-MB-231 cells in which ATGS
was knocked down. Downregulation of ATGS (Fig. 18A) leads to an increase in NRF2 protein
levels, whereas KEAP1 protein levels are slightly increased in an ATGS downregulated context
suggesting that ATGS5 has probably no role in KEAP1 modulation but it might act in
conjunction with KEAP1 to control NRF2 levels.

To further investigate the effect of NRF2 increase upon ATGS downregulation in our model,
we utilized an RNAseq analysis previously performed in our laboratory on MDA-MB-231
ATGS knockdown cells and performed a Gene Set Enrichment Analysis (GSEA). A NRF2
target genes signature (NAMANI BOCCI _NRF2 UP) was built from a literature based on
(Bocci et al., 2019; Namani et al., 2017), moreover a signature (SINGH_NRF2 UP) based on
(Singh et al., 2021) was obtained from the Broad Institute Molecular Signatures Database. As
shown in Figure 18B, a significant enrichment of genes was found in the MDA-MB-231 ATGS
knockdown samples.

This result suggests that the increased NRF2 protein level is associated with upregulation of
NREF2 target genes in ATGS knockdown. Overall, these results suggest that downregulation of
ATGS leads to increased expression of NRF2 target genes.
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Figure 18. ATGS5 downregulation affects NRF2 protein levels and NRF2 target genes expression. (A) Western
Blot for the expression of NRF2, KEAPI and ATGS in MDA-MB-231 shATGS (shATG5#1, shATG5#4)
compared to control (shRFP). Tubulin was used as loading control. (B) GSEA enrichment results for two
signatures for NRF2 downstream targets. The plots show an enrichment of both signatures in MDA-MB-231
ShATGS class. The Y axis reports the enrichment score (ES), the X axis shows the gene enrichment between
ShATGS (left) and control (right). In the figure NES (normalized enrichment score) and FDR (false discovery

rate) are reported.
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4 DISCUSSION
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In this study, we describe an unconventional role of ATGS, one of the key molecules of
autophagy, as an inducer of the EMT phenotype. ATGS5 emerged from a phenotypic screen
aimed at identifying modulators of EMT in breast cancer cells. The role of ATGS was
confirmed using in vitro genetic manipulations demonstrating that ATGS sustains the
mesenchymal properties of TNBC cells. Moreover, ATG5 was found to modulate the EMT
phenotype independently of the interaction with its canonical autophagic partner ATG12, thus
suggesting a novel function for ATGS5 in regulating the EMT phenotype.

We therefore studied the overall survival of breast cancer patients and the expression levels of
ATGS and its autophagic binding partners ATG12 and ATG16L1. The study of overall survival
in a series of primary breast tumors showed that ATGS plays a prognostic role for the Luminal
B patients. The luminal B subgroup includes tumors with a more aggressive behavior and a
worse prognosis compared to Luminal A group. In addition, luminal B cancers show increased
recurrence rates in the first 5 years after diagnosis and a similar time pattern of metastatic
dissemination as basal-like and HER2-enriched cancers (Ades et al., 2014). Characterization of
peculiar molecular alterations is leading to the identification of agents that define more
precisely luminal tumors behavior. In this context, ATG5 expression seems to be useful to
identify and stratify patients with the worst prognosis among luminal B subtype.

Evaluation of ATGS levels the same patients cohort used for the survival analysis revealed that
ATGS transcript expression is particularly high in the breast cancer basal subgroup. On the
other hand, ATG16L1 and ATG12 are downregulated in the basal subgroup, suggesting a
possible non-autophagic function of ATGS. The existence of autophagy-independent functions
for proteins belonging to the autophagic machinery is an emerging topic (Galluzzi & Green,
2019; H. Guo et al., 2018). For example, a non-canonical function has been proposed for LC3,
which appears to promote anoikis in ovarian cancer cell models with a mechanism independent
of autophagy (Satyavarapu et al., 2018). Similarly, a role for FIP200 in the maintenance and
differentiation of neural stem cells independent of the autophagic process has been proposed
(Liu et al., 2021). Functions that are not subordinate to the autophagic process have also
recently been discovered for ATGS. In particular, ATG5 has been shown to interact with
molecules with E3 ubiquitin ligase activity and form macromolecular complexes with functions
independent of the canonical partner ATG12. In a paper by Li and collaborators ATGS was
found to bind the ubiquitin ligase FBXW7 and form a complex that promotes proteasomal

degradation of the c-MYC oncogene (S. Li et al., 2021).
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A LC-MS/MS-based interactomic analysis coupled to the interrogation of the interactomic
database Hippie (Luck et al., 2020; Rolland et al., 2014) allowed us to identify another
ubiquitin ligase, KEAPI, as an ATGS interactor. The interaction was confirmed by two
orthologous techniques: affinity purification and the TurboID proximity biotynilation assay. It
would be useful to further confirm the interaction between ATGS and KEAP1 in endogenous
conditions by immunoprecipitation exploiting MDA-MB-231, as this cell line represents the
background of our study.

We investigated whether ATGS can affect protein levels of NRF2, the major transcription factor
negatively regulated by KEAP1. Indeed, we observed that downregulation of ATGS5 caused an
increase in NRF2 levels and upregulation of canonical NRF2 target genes. Whether NRF2 has
an EMT-promoting or EMT-restraining function is currently controversial, and recent reports
suggest that this relationship probably is context-dependent and may vary between different
cancer types and stages (Rojo de la Vega et al., 2018). NRF2 has been shown to influence the
expression of genes that are important regulators of EMT. For example, activation of NRF2 has
been associated with downregulation of the EMT-promoting transcription factor SNAII (W.
Zhou et al., 2016) and the activation of NRF2 downstream targes HMOX1 and NQOI1 reduces
Numb-mediated EMT (Zhang et al., 2018). On the other hand, HMOX1 accumulation induced
by NRF2 activation can cause stabilization of mesenchymal transcription factor BACH1 and
contribute to the poor prognosis in lung cancer patients (Lignitto et al., 2019). NRF?2 is able to
transcriptionally repress E-cadherin by binding its promoter region (Arfmann-Kniibel et al.,
2015) and it can promote migration and invasion by modulating the RhoA-ROCK1 pathway
(Ko et al., 2021). According to these studies, NRF2 can either play a role in reducing EMT or
promoting it.

The controversial function of NRF2 in EMT has led to the discussion of a possible NRF2 role
as a phenotypic stability factor of partial EMT (Bocci et al., 2019; Vilchez Mercedes et al.,
2022). Partial EMT has been defined as a mixed epithelial/mesenchymal phenotype that has
been associated with a greater proliferative capacity of cancer cells compared to fully
mesenchymal cells (Brabletz et al., 2021; Gupta et al., 2019). Moreover, cells with partial EMT
have the ability to disseminate as clusters rather than single cells and survive to a greater extent
in the bloodstream (Pastushenko et al., 2018). Studies have shown that breast cancer cell
populations comprise cells that have both epithelial and mesenchymal markers, conferring them
greater aggressiveness (Grosse-Wilde et al., 2015; Kroger et al., 2019). In basal breast cancer,

cells located at the migration front (leader cells) exhibit high mobility and co-express epithelial
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and mesenchymal markers (Dang et al., 2015). In luminal breast cancer, the leader cells show
molecular signatures of partial EMT and the context of collective invasion, these cells show
high plasticity to maximize their invasive capacity (C. Yang et al., 2019). Whether partial EMT
is occurring in our experimental models cannot be determined based on the data here reported.
To confirm ATGS5-KEAPI1-NRF2 circuit, KEAP1 and NRF2 should be modulated
(overexpressed or downregulated) in combination with ATGS5 to assess the effect on NRF2
downstream targets. Moreover, the phenotype of these models should be evaluated (EMT
markers expression, cellular invasion capability). It also remains to be clarified how ATGS5
controls E-cadherin expression considering a possible regulation of ATGS5 on NRF2 activity.
Moreover, it remains unknown how ATG5-KEAP1 interaction regulates NRF2 protein levels.
The most obvious possibility is that ATGS could interact with KEAP1 to boost NRF2
proteasomal degradation.

Importantly, it should be considered that KEAP1 is an autophagic substrate of SQSTMI. In a
study by Komatsu et al. it was found that the sequestration of KEAP1 by SQSTM1 in a state of
autophagic block enables the stabilization of NRF2 (Komatsu et al., 2010). The possible
influence of the autophagic block in NRF2 activation was not investigated in the current study.
KEAP1 has a number of functions beyond NRF2 regulation in cellular homeostasis in which
ATGS may be involved. KEAP1 has been identified in focal adhesions and adherens junctions,
where it has been suggested to be responsible for maintaining the integrity of adhesion
complexes during actin cytoskeletal reorganization events (Velichkova & Hasson, 2003,
2005). However, these proposed functions of KEAP1 have not been deepened in further studies.
In summary, the details of the molecular mechanism regulating the ATG5/KEAP1/NRF2 axis
have not been fully revealed in this work and further efforts are needed to clarify how ATGS-

KEAPI interaction influences the mesenchymal features of breast cancer.
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S CONCLUSIONS AND FUTURE
PERSPECTIVES
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Overall, we found in this study that high ATGS expression is associated with a poorer prognosis
in luminal B breast cancer subtype. We examined the ATGS interactome to identify other
proteins that may be involved with ATGS5 in EMT regulation and identified KEAP1 as an ATGS
interactor. Finally, we provide preliminary results suggesting a role of ATG5-KEAPI1
interaction in the regulation of NRF2 controlled transcription.

Further studies are required to rule out the contribution of SQSTM1 to the ATG5-KEAPI-
NRF2 axis. Moreover, NRF2 protein availability is known to be regulated by KEAPI.
Therefore, assessment of NRF2 protein stability upon ATGS5 modulation could be useful to
verify the effect of the KEAP1-ATGS axis. In addition, identification of NRF2 targets that are
upregulated upon ATGS downregulation would help to elucidate the role of the ATG5-KEAP1-
NRF2 axis

In particular, understanding the molecular consequences of the ATGS-KEAP1-NRF2
interaction will clarify how this axis is involved in EMT or partial EMT in a context-dependent

way.
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6 MATERIALS AND METHODS
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6.1 PATIENTS EXPRESSION DATA AND SURVIVAL ANALYSIS

RNA-seq data for ATGS, ATG12, ATG16L1 and patients clinical data (PAMS50 mRNA, OS
event, OS time) according to (Cancer Genome Atlas Network, 2012) of the Breast Cancer
TCGA cohort (TCGA BRCA) were obtained from UCSC Xena Browser
(https://xenabrowser.net). Expression levels of ATGS5, ATG12 and ATG16L1 were divided

based on the PAMS50 mRNA classification and samples were filtered to select Luminal A,
Luminal B, HER2+ and Basal subgroups and it were excluded Normal Like subgroup, normal
samples, and unclassified samples.

Survival analysis was performed wusing the online app Kaplan Meier-Plotter

(https://kmplot.com/analysis/) for custom data uploading a .csv file pepared based on the data

obtained from the UCSC Xena Browser and formatted as required by the system (PatientID,
Survival time, Survival event, gene symbol - ATGS). The cutoff threshold was set as auto best
cutoff for the “ALL BC” analysis then, the 9.76 value was used for the evaluation of all the BC

subgroups. No filter option was selected and plot options were kept as default.

6.2 CELL LINES

The triple-negative human breast cancer cell lines MDA-MB-231, MDA-MB-157 and the
human embryonic kidney line HEK 293T were obtained from ATCC (American Type Culture
Collection, Manassas, VA, USA). HEK 293T cells, expressing the SV40T antigen, are used as
a packaging line for the production of lentiviral vectors and for transfections. The cell lines
were maintained in culture at 37°C in a humidified atmosphere with 5% CO2. MDA-MB-231,
MDA-MB-157 cell lines were grown in MEM medium (Minimum Essential Medium, Gibco)
supplemented with 10% fetal bovine serum (FBS, Gibco), non-essential amino acids (NEAA)
and gentamicin 10 pg/ml (Fisiopharma). The HEK 293T cell lines were cultured in DMEM
(Dulbecco's Modified Eagle's Medium, Gibco) supplemented with 10% FBS and gentamicin
10 pg/ml (Fisiopharma). Cell lines are periodically authenticated by short-tandem repeat
profiling and assessed for the presence of mycoplasmas by PCR.

To generate ATGS5-silenced or stably overexpressing cell models, MDA-MB-231 cells were
infected using lentiviral supernatants. The lentiviral supernatants were obtained by co-
transfecting, via the calcium phosphate method, HEK 293T cells with the vectors either for
gene silencing (pRSI19) or for ectopic expression (pWPT) together with the lentiviral packaging
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vectors (psPAX2 and PMD2.G). In detail, HEK 293T cells were seeded in 6-well plates to
obtain, at the time of transfection (24 hours later), a confluence of 50-60%. At the time of
transfection, chloroquine (25 uM) was added to the culture medium in order to prevent
lysosomal degradation of exogenous DNA. Then, cells were transfected with the DNA-calcium
phosphate complexes prepared using 2X BBS, 2.5 M CaCl2, and 6 pg of DNA (2 pg of pRSI9
or pWPT, 2.6 pg psPAX2, and 1.4 pg PMD2.G). The culture medium into which the viral
particles were released, conventionally defined as “lentiviral supernatant”, was collected 48
hours after transfection.

For lentiviral infection cells to be infected were trypsinized the and resuspended in culture
medium added with protamine sulphate (final concentration 4 ng/ml) before plating. Protamine
sulfate is a cationic polymer that increases the efficiency of viral infection.

Cells infected with pRSI9 vectors were selected with Puromycin (1 pug/mL for MDA-MB-231
and 0.5pg/mL for MDA-MB-157) 24-48 hours after infection for 3-5 days.

MDA-MB-231 models overexpressing STREP-ATGS5¢def, were generated by infection with
pWPT vectors containing the STREP-ATGS5edef or control (STREP-EMPTY) coding
sequences. The infection efficiency was verified by Western-Blot and immunofluorescence
with anti-STREP antibodies.

HEK 293T cells were transfected with the vectors pCS3strepEMPTY, pCS3strepRENILLA,
pCS3strepATGS, pCS3strepATGS5pdef, pcDNA3.1flagKkEAP1 or pflagCMV10-ATG16L1 for
the AP Assay. DNA-calcium phosphate complexes were prepared using 2X BBS, 2.5 M CaCl2,
and 5 pg of DNA (2 pg of pes3strep vectors, 2 ug of pcDNA3.1flagKEAP1 or pflagCMV10-
ATGI16L1 and 1 ug Salmon Sperm DNA) for a 3.5 cm plate.

HEK 293T cells were transfected with the vectors pflagATGSTbID pflagATGS5¢defTbID
pflagTwist1 TbID and pflagGFPTbID for the PBD Assay. DNA-calcium phosphate complexes
were prepared using 2X BBS, 2.5 M CaCl2, and 7 pg of DNA (4 pg of pflagTbID vectors, 3
ug Salmon Sperm DNA) for a 10 cm plate.
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6.3 VECTORS GENERATION AND SEQUENCING

In the present study, the expression vectors pCS3, pWPT, pflagTurbolD, pRSI9 and the vectors
encoding the proteins essential for the lentiviral packaging process psPAX2 and PMD2.G were
used.

pWPTGFP was obtained by Addgene, #12255. pWPT ATGS and pWPT ATGSedef vectors
were kindly donated by prof. Simmons (Bern).

To obtain pCS3strepATGS5 and pCS3strepATGS¢def vectors ATGS, ATGSedef were
amplified by PCR from the pWPT ATGS and pWPT ATGS5odef vectors with oligos allowing

the insertion of Ncol at 5’:

Fw 5’-AAAAACCATGGCCACAGATGACAAAGATGT-3”
Rev 5’-AAGCAGCGTATCCACATAGC-3’

after Ncol/Xhol digestion the sequence was cloned in the Strep-Tag Ppsgl05 vector (IBA
LifeSciences, #5-4105-001) to obtain STREP-tagged coding sequences. To obtain
pCS3strepRENILLA the RENILLA sequence obtained from PRL-CMV-Renilla (Promega,
#E2261) was digested by Ncol/Xbal and was cloned in the Strep-Tag Ppsg105 vector, then the
consturcts were cloned in pCS3 vector by BamHI/Xhol digestion. pWPTstrepGFP was
obtained by cloning GFP sequence obtained from pWPTGFP digested by Ncol/Xbal in the
Strep-TagPpsgl105 vector and then cloned in the pWPT vector by BamHI/Xhol digestion.
pWPTstrepATGS, pWPTstrepATGS5¢pdef were obtained by restriction cloning of the
pCS3strepATGS and pCS3strepATGS5¢def by BamHI/Sall and inserted in the pWPT backbone
obtained from pWPTGFP.

pflagATGSTbID pflagATGSedefTbID pflagTwist1 TbID and pflagGFPTbID were obtained by
cloning ATGS, ATG5¢def and GFP obtained from the pWPT constructs in the flagTurbolD
vector (Addgene, #124646) by BamHI/Xhol digestion. TWIST1 was obtained from a construct
available in our laboratory and inserted BamHI/Xhol into flagTurbolID vector. All the inserts
were mutagenized to remove their STOP codon and insert a Xhol restriction site to allow in-
frame expression with the TurbolD biotin ligase.

3xFlag-CMV10-ATG16L1 was obtained by Addgene, #24302

PcDNA3.1KEAP1flag vector was syntetized by GenScript.
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The silencing of ATGS was achieved by exploiting the RNA interference pathway mediated by
short-hairpin RNAs cloned in pRSI9 (shATG5#1 and shATG5#4). Two shRNA sequences
directed against irrelevant genes (RFP, Red fluorescent Protein; GFP, Green fluorescent
Protein) were employed as controls.

The pRSI9 vector was used for the generation of lentiviral vectors expressing the shRNA
sequences directed against ATGS. Specifically, the shRNA-F and shRNA-R oligo pairs for
ATGS, reported below, were designed using the publicly accessible sequences of module I of
the DECIPHER library (Cellecta) and added with restriction sequences for Agel and EcoRI

useful for cloning into the pRSI9 vector:

shATGS-1-F 5’-CCGGCCTTGGAACATCACAGTATATGTTAATATTCATAGCATGTACTGTGATGTTCCAAGGTTTTTT-3’
shATGS5-1-R 5’-AATTAAAAAACCTTGGAACATCACAGTACATGCTATGAATATTAACATATACTGTGATGTTCCAAGG-3’
shATGS-4-F 5’-CCGGCCTGAACAGAATCATCTTTAAGTTAATATTCATAGCTTAAGGATGATTCTGTTCAGGTTTTTT-3’
shATG5-4-R 5’-AATTAAAAAACCTGAACAGAATCATCTTTAAGCTATGAATATTAACTTAAGGATGATTCTGTTCAGG-3’
shGFP-F 5’- CCGGGCTACCTGTTCCATGGCCAGTTAATATTCATAGCTGGCCATGGAACAGGTAGCTTTTTT -3’
shGFP-R 5’- AATTAAAAAAGCTACCTGTTCCATGGCCAGCTATGAATATTAACTGGCCATGGAACAGGTAGC -3’
shRFP-F 5’- CCGGGCTCCGTGAACGGCCACGAGTGTTAATATTCATAGCACTCGTGGCCGTTCACGGAGCTTTTTT -3°
ShRFP-R 5’- AATTAAAAAAGCTCCGTGAACGGCCACGAGTGCTATGAATATTAACACTCGTGGCCGTTCACGGAGC-3’

The F and R oligos were annealed in solution, phosphorylated using T4 Polynucleotide Kinase
(Promega) and cloned into the pRSI9 vector, previously digested with the restriction enzymes
Agel and EcoRI (Biolabs) and dephosphorylated, to generate directional ends and compatible

with oligos.

All vectors used in this study were amplified by transformation of ultracompetent XL-10-Gold
bacteria (Agilent) and selected in LB medium (LB Broth with agar - Lennox - Agar 15 g/L;
NaCl 5 g/L; Tryptone 10 g/L; Yeast Extract 5 g/L, Sigma Aldrich) containing Ampicillin at a
concentration of 50 ng/L (Biopharma). After the selection and amplification of the transformed
colonies in LB Broth solution (NaCl 5 g/L; Tryptone 10 g/L; Yeast Extract 5 g/L, Sigma
Aldrich), the plasmid DNA was extracted following the instructions of Plasmid Plus Maxi Kit
(Qiagen). The purity of the extracted DNA and its concentration were determined using the
spectrophotometric reading technique (280 and 260 nm, respectively) via Nanodrop2000c
(Thermo Scientific). The vector coding sequences were then verified by automated Sanger

sequencing using the SeqStudio genetic analyzer (Applied Biosystems®).
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6.4 AFFINITY PURIFICATION

MDA-MB-231 models overexpressing ATGS or HEK293T cells transfected with pCS3strep
vectors together with pcDNA3.1flagKEAP1 or pflagCMV10-ATGI6L1 were prepared as
previously described. Cells were then lysed with lysis buffer (150mM NaCl, 20mM Tris-HCI
pH 7.5, ImM EDTA, 0.5% Igepal) by incubating on ice for 40 minutes. The lysate was clarified
by centrifugation at 4°C for 15 minutes at 13000rpm and a portion (1%) was analyzed by
western blot. 20uL of Strep-Tactin resin were added to the remaining lysate and incubated at
4°C in rotation 1 hour. The resin was then washed 5 times with the aforementioned lysis buffer.
For western blot processing the proteins were resuspended in 40 ul of 2x Laemmli buffer
(0.125M Tris, 4% SDS, 10% glycerol, 10% 2-mercaptoethanol, 0.004% bromophenol blue).
For LC-MS/MS processing the proteins were incubated for 20 minutes using 40 uL of the
elution buffer (150mM NaCl, 100mM Tris-HCI pH 8, ImM EDTA, Desthiobiotin 2.5mM).

6.5 INTERACTOMIC ANALYSIS

Affinity purified samples were prepared as described in 7.4. Protein eluates were analyzed by
Silver Stain to verify the enrichment of strep-tagged constructs, 4.5mg protein samples were
then precipitated with Trichloroacetic acid solution 100% w/V and sent for LC-MS/MS analysis
to the EdyP Service (Grenoble).

6.6 PROXIMITY BIOTINYLATION DEPENDENT (PBD) ASSAY

HEK 293T cells were transfected with the vectors pflagATGSTbID pflagATGS¢edefTbID
pflagTwist] TbID and pflagGFPTbID as previously described in two 10cm plates for each
construct. 24 hours after transfection, biotin 500 uM in DMSO (B451, Sigma Aldrich) was
added to one plate of each type, and DMSO was added to the other as a negative control. The
treated cells were placed in incubation with 5% CO?2 for 10 minutes. The biotinylation reaction
was then stopped by placing the cell plates on ice and washing them five times with ice cold
PBS. Cells were then lysed with lysis buffer (100mM NaCl, 20mM Tris-HC1 pH7.5, 1% Igepal)

by incubating on ice for 40 minutes. The lysate was clarified by centrifugation at 4°C for 15
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minutes at 13000rpm and a portion (1%) was analyzed by western blot with a-streptavidin-HRP
antibody (S911 Inviotrogen) a-Flag antibody (FG4R Invitrogen) to verify the biotinylation and
flagged contructs overexpression. 20uL of Strep-Tactin resin were added to the remaining
lysate and incubated at 4°C in rotation overnight. The resin was then washed 3 times with a
specific washing buffer (150mM NaCl, 20mM Tris-HCI pH 7.5, 1% Igepal) and resuspended
with 50ul of elution buffer (NaCl 250mM, Tris pH 7.4, 20mM, Igepal 1%, destiobiotin 2,5mM)
and incubated on ice for 20 minutes. A portion of the eluted proteins was separated on SDS-

PAGE and analyzed by Western blot.

6.7 WESTERN BLOT

Cells were lysed in lysis buffer (150mM NaCl, 50mM Tris-HCI pH7.5, 0.2% TritonX100, 0.3%
IGEPAL, 2mM EGTA, 2mM EDTA) or the buffer reported for the specific application (AP,
PBD). Samples were quantified by the Bradford method. Equal protein quantities were
separated by SDS-PAGE on Criterion TGX Stain-free 4-15% gels (Biorad). Protein transfer
was performed by wet blotting on a nitrocellulose membrane (Sartorius Stedim Biotech
GmbH). Membranes were blocked for aspecific hybridization 1 hour at room temperature using
a solution of 5% skimmed milk (AppliChem) or 5% bovine serum albumin (BSA) (fraction V,
SERVA) in TBST (150Mm NaCl; Tris -HCI 10mM PH=7.5; detergent Tween® 20 0.1% w/v)
based on the primary antibody used. The membranes were then incubated for 16-20 hours at

4°C with the following primary antibodies:
Sreptavidin-HRP — 1:3000 in milk, Invitrogen #S911
Mouse

anti-TUBULIN - 1:10.000 milk, Sigma Aldrich #0000128072; anti-FLAG — 1:1000 milk
#F3165; anti-STREP — 1:1000 milk, IBA #21507001, Abcam; anti-GAPDH — 1:5000 milk,
Santa Cruz #sc-32233; anti-p53- 1:1000 milk, Santa Cruz #sc-126

Rabbit

anti-ATGS - 1:1000 in BSA, Cell Signaling #12994; anti-KEAP1 1:3000 in BSA, Cell
Signaling #7705S; anti-NRF2 1:5000 milk, Abcam #ab137550
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Primary antibodies were detected with anti-mouse/rabbit HRP-conjugated antibodies (Perkin
Elmer). Blots were visualized by enhanced Chemiluminescence (Western Lightning Plus-ECL
reagent, Perkin Elmer) and imaged on a Chemidoc XRS+ Imaging System (BioRad). The
Image-Lab software was employed to for the densitometric analysis and image output

(BioRad).

6.8 FUNCTIONAL ANNOTATION ANALYSES

The gene annotation of the non-autophagic ATGS interaction partners identified by affinity
purification coupled to LC-MS/MS as reported in Table 1 was carried out using Metascape

online tool keeping default settings and analysis as species= H. Sapiens (Y. Zhou et al., 2019).

Functional annotation of RNA-Sequencing data was carried out using Gene Set Enrichment
Analysis (GSEA) (Mootha et al., 2003; Subramanian et al., 2005) GSEA was run in the
standard mode using the broad institute GSEA desktop app (version 4.3.2). Analysis was
conducted with default options, including number of permutations=1000, enrichment
statistic=weighted, metric for ranking genes=Signal2Noise. GSEA was run against a gene set
downloaded from the Broad Institute Molecular Signatures Database (MSigDB v7.4)
SINGH_NRF2 UP (Singh et al., 2021). Another signature (BOCCI NAMANI NRF2 UP)

was generated from a literature dataset based on (Bocci et al., 2019; Namani et al., 2017).
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