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Summary

Selective autophagy, is a cellular process that targets specific cellular components for lysosomal
degradation, maintaining cellular homeostasis and determining cell fate under stress. The degradation
process involves selective autophagy receptors and the ATGS8 family of proteins, the latter consisting of
small ubiquitin-like proteins. This thesis explores the interactions of ATG8s with nuclear components,
a fairly unexplored aspect in autophagy research, and examines how these interactions may impact

cellular processes previously unrelated to autophagy.

We address in this thesis the role of LC3B, a well-studied member of the ATG8 family, in the NRF2 —
KEAPI1 oxidative stress response pathway. We find that LC3B binds to the NRF2-ECH homology 5
domain (Neh5) of NRF2, a region important for its transcriptional activation, due to its interaction with
p300/CBP and other co-factors, and that this interaction occurs in the nucleus. Binding of LC3B or
other ATGS8s to their interaction partners occur in most cases between the LC3 interacting region
(LIR), a short sequence motif with a conserved core motif, and the LC3 docking site (LDS) in the
ATGS8s. We show that the mode of the NRF2 — LC3B interaction has attributes that fit the LIR —
LDS model. Moreover, we demonstrate that NRF2 is not degraded by autophagy under oxidative
stress. The lack of evidence for the autophagic degradation of NRF2, correlated with the localization
of the interaction between NRF2 and LC3B in the nucleus, suggests that LC3B has a role in
transcriptional regulation of NRF2 target genes. Consistent with this notion we showed that LC3B
competes with p300/CBP for binding to an overlapping binding site in NehS5. Hence, LC3B can
negatively regulate NRF2 target genes by competing for binding to NRF2 with p300/CBP.

Opposite from the role of LC3B in transcriptional repression, we report on a study which demonstrates
that ATG8s can act as co-factors to the transcription factor LMX1B, stimulating transcription of

autophagy genes and contributing to the maintenance of midbrain dopaminergic neurons.

Following previous studies that show that LC3B is mediating the autophagic degradation of nuclear
components in senescence, we also explore the role that GABARAP plays in the same process. We find
that GABARAP interacts with WSTF, a component of the nuclear ISWI chromatin remodeling complex,
and drives its lysosomal degradation under senescence. The GABARAP-mediated degradation of WSTF
has consequences in the transcriptional activation of genes of the senescence-associated secretory

phenotype (SASP), with negative effects on inflammation.

We finally provide an overview of the ancestral selective autophagy receptor NBR1, which like NRF2
and WSTF, is an ATGS interaction partner. Here, we delve into the evolution of NBR1 and discuss what

is its molecular relationship with its more recent and well-studied homolog, p62.
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1. Introduction

1.1 Protein degradation systems

Proteins must maintain structural cohesion to function properly (Klaips et al., 2018). Stress
conditions leave them at risk of misfolding and aggregation. As proteins become terminally
misfolded, or are no longer functionally required, they must be degraded to avoid damaging effects

that might arise from their presence.

There are two systems responsible for the degradation of intracellular material and cellular homeostasis
in eukaryotic cells, the ubiquitin-proteasome system (UPS) and the autophagic pathway (Dikic,
2017). The ubiquitin-proteasome system (also known as ubiquitin proteasome pathway, UPP)
selectively targets the degradation of intracellular proteins tagged with ubiquitin to a protein complex
known as the proteasome. While the UPS is the designated degradation process for short-lived and
soluble misfolded proteins, the cell also requires mechanisms that are able to perform degradation of
components with a greater size. Autophagy (for the Greek word: avtogayog (autdophagos) meaning
self-eating) requires the formation of a double membrane structure containing the sequestered
cytoplasmic material, called the autophagosome, which ultimately fuses with the lysosome to achieve
degradation (Yu et al., 2018). The autophagic pathway can recognize and remove large cellular
components, like aggregated proteins, organelles or macromolecular complexes. Both systems
contribute to the cell’s protein quality control and communicate with each other via different
mechanisms in order to maintain cell homeostasis, playing important roles in physiological

conditions and disease (Figure 1).

Both the ubiquitin-proteasome system and the autophagy process rely on the ubiquitin code for their
function. Ubiquitin is a 76-amino acid protein that can be covalently linked to lysines (K) on other
proteins through ubiquitination, by utilizing its C-terminal glycine (Komander & Rape, 2012). The
process of ubiquitin attachment to a substrate involves an enzymatic cascade with E1, E2, and E3
ubiquitin enzymes. The term monoubiquitination refers to the addition of a single ubiquitin molecule to
a substrate. Ubiquitin itself contains lysine residues, which allow the formation of polyubiquitin chains
by consecutive attachment of other ubiquitin proteins. Polyubiquitin chains can be created using the
internal ubiquitin lysines (K6, K11, K27, K29, K33, K48, K63) and the N-terminal methionine (M1).

The diverse combinations of polyubiquitin types and lengths constitute the ubiquitin code.

Various ubiquitin modifications can be identified by specific proteins, leading to distinct outcomes. For
example, K48-linked polyubiquitination primarily signals proteasomal degradation, whereas K63-
linked polyubiquitination plays a role in the formation of protein complexes and can also

designate substrates for degradation by autophagy, even though not exclusively.
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Figure 1. Overview of the UPS and autophagy. The UPS and selective autophagy represent distinct cellular
mechanisms for maintaining protein homeostasis. (Left) The UPS relies on polyubiquitination of soluble proteins
with Lys48 (K48)-linked polyubiquitin chains. These ubiquitinated substrates are recognized by proteasomal
ubiquitin receptors or shuttle factors, before being deubiquitinated and degraded by proteases within the
proteasome. (Right) Selective autophagy is capable of degrading diverse cytosolic materials, including aggregated
proteins, organelles or bacteria. Recognition signals for autophagy include ubiquitin, lipid-based signals like
galectins, or selective autophagy receptors by utilizing the ubiquitin binding domain (UBD) or the LC3 Interacting
Region (LIR). The autophagic machinery engulfs the cargo and forms an autophagosome that fuses with
the lysosome for degradation. Figure from (Pohl & Dikic, 2019).

1.2 Autophagy

Autophagy is an evolutionary conserved, lysosome-dependent degradation mechanism in eukaryotic
cells that facilitates the organized breakdown and recycling of cellular components. The history
of autophagy begun with the discovery of the lysosome by Christian De Duve in 1955 (Duve, 2005;
Duve et al., 1955). The lysosome is an acidic organelle that contains hydrolytic enzymes which can
degrade proteins and protein complexes (Bonam et al., 2019). At the time of discovery it was difficult
to imagine how the cells utilized the lysosome as a degradation medium, due to its acidic nature. The
advancement of the electron microscopes led to the observation of double-membrane structures that
engulf material and consecutively fuse with the lysosomes, delivering their contents for degradation
(Arstila & Trump, 1968). The term autophagy was coined by de Duve at a conference in 1963
(Ohsumi, 2013).

Since its discovery there has been an overwhelming advancement in our understanding of the autophagic

process and several types of autophagy have been uncovered. The engulfment of cytoplasmic material



within double-membrane structures, known as autophagosomes, and the consecutive fusion with the
lysosomes is termed macroautophagy. Moreover, cytoplasmic material can also be taken up directly into
the lysosomes by invagination of the lysosomal membrane, a process referred to as microautophagy
(Galluzzi et al., 2017). The third type is called chaperone-mediated autophagy, and it involves the
transfer of material into the lysosomes with the assistance of chaperone proteins and the lysosomal

membrane protein LAMP2A (Kaushik & Cuervo, 2018) (Figure 2).
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Figure 2. Overview of the different types of autophagy, showcasing how the autophagic cargo is degraded in
the lysosome by macroautophagy, microautophagy and chaperone-mediated autophagy. Figure was modified from
(Kaur & Debnath, 2015).

Even though autophagy was initially identified as a non-selective degradation pathway activated to
safeguard the cell against starvation insult (Ohsumi, 2013), it is now evident that autophagy is triggered
by a wide range of stressors and can be utilized accordingly for the degradation of specific substrates in
a more targeted approach — a process now known as selective autophagy (Johansen & Lamark, 2011;
Lamark & Johansen, 2021). Dysfunctions in autophagy have been associated with a range of human
diseases, such as neurodegenerative disorders and cancer (Klionsky et al., 2021; Mizushima & Levine,
2020). Consequently, there has been an increasing interest in manipulating autophagy as a potential

therapeutic approach for addressing these diseases.

1.2.1 Overview of the autophagic pathway

The process of macroautophagy involves a multistep process that begins with the initiation and
nucleation of the double-membrane structure of the autophagosome, the sequestration of cargo and
expansion and finally, the sealing and subsequent maturation and fusion with the lysosomes (Dikic &

Elazar, 2018). These steps require the action of several proteins and protein complexes, including a



group of autophagy-related proteins (ATGs), which make up the core autophagic machinery
(Mizushima et al., 2011). A number of these genes were discovered first in yeast through the pioneering
work of Yoshinori Ohsumi, paving the way for understanding the process in higher eukaryotes (Ohsumi,

2013) (Figure 3).
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Figure 3. Schematic representation depicting the processes and main regulatory machinery of autophagy.
For details, see main text. Figure was modified from (Hansen et al., 2018).

1.2.1.1 Initiation and nucleation

The complex which takes the role of initiation of autophagy is the Unc-51-like kinase 1 (ULK1)
complex, consisting of the ULK1 kinase, ATG13, ATG101 and FAK family interacting protein of 200
kDa (FIP200, also known as retinoblastoma 1-inducible coiled-coil 1 (RB1CC1)) (Zachari & Ganley,
2017) (Figure 3). The central regulator of cellular metabolism and growth is the mechanistic target of
rapamycin (mTOR), a serine-threonine kinase of the phosphatidylinositol-3-kinase (PI3K) related
kinase family, that is present in two complexes, mMTOR Complex 1 (mTORC1) and mTOR Complex 2
(mTORC2) (Brown et al., 1994; Jacinto et al., 2004; Loewith et al., 2002), with mTOR being the

catalytic subunit common to both complexes.

Upon nutrient deprivation, the kinase activity of mTOR is inhibited, alleviating an inhibitory
phosphorylation of the ULK1 complex by mTORC1 (Hosokawa et al., 2009; Jung et al., 2009). The
ULK1 complex then is allowed to dissociate from mTOR, in order to phosphorylate targets that mediate
other steps of autophagosome formation. The activated ULK1 complex marks the mammalian

phagophore assembly site (mPAS) (Dikic & Elazar, 2018) or omegasome in mammals (Axe et al., 2008).



Beclin-1 is an important target of the ULK 1 complex, being recruited by it to the phagophore nucleation
site in order to form the phosphoinositide 3-kinase (PI3K) class III complex 1 (Russell et al., 2013). The
class III PI3K complex 1, consisting of -Beclin 1, VPS34, VPS15 and ATG14L, mediates the nucleation
of the phagophore by generating phosphatidylinositol-3-phosphate (PI3P) from phosphatidylinositol
(PtdIns) (Mizushima et al., 2011). The PI3P generated recruits PI3P-binding proteins to the forming
phagophore. Among these are proteins of the WD-repeat protein interacting with phosphoinositides
family (WIPI) 1-4 and the FYVE-containing protein 1 (DFCP1) (Axe et al., 2008; Proikas-Cezanne et
al., 2015), which are needed for further expansion of the phagophore (Figure 3).

1.2.1.2 Elongation and sealing

Among the WIPI proteins, WIPI2b is recognizing PI3P and recruits the ATG12-ATG5-ATG16L1
complex, which mediates the conjugation of ATG8 family proteins to phosphatidylethanolamine (PE)
(Dooley et al., 2014; Polson et al., 2010). The ATGS8 family of proteins are ubiquitin-like proteins that
consist of 7 functional members in humans, divided in two subfamilies: the microtubule-associated
protein light chain 1 (MAP1LC3) subfamily consisting of LC3A, LC3B, LC3B2 and LC3C; and the
GABA type A receptor-associated protein (GABARAP) subfamily, consisting of GABARAP,
GABARAPL1 and GABARAPL2 (Johansen & Lamark, 2019; Rogov et al., 2023; Shpilka et al., 2011).
The ATGSs are expressed as precursors, which become cleaved to expose a C-terminal glycine that can
conjugate to PE. After PE conjugation — termed also ATGS lipidation — the ATGS proteins can anchor
to the growing phagophore, where they play important roles, ranging from the further elongation of
the phagophore to the selection and recruitment of cargo (Johansen et al., 2017; Slobodkin & Elazar,
2013; Wesch et al., 2020). The roles of the ATGS8 family of proteins, especially in the nucleus, will be

elaborated further in a later section.

The incorporation of ATGS family proteins into the phagophore through conjugation to PE, requires the
activity of two ubiquitin-like conjugation systems; the ATG12 conjugation and the ATGS
modification (Ichimura et al., 2000; Tanida et al., 2004). After the expression of an ATGS8 as a
precursor, it is subsequently cleaved by the cysteine protease ATG4, exposing the C-terminal
glycine. The ATGS is then activated by the El-like ATG7 and then transferred to the E2-like ATG3
enzyme. ATG12 is also being activated by ATG7, before being attached to the E2-like ATG10.
ATGI12 is then conjugated to ATGS, subsequently interacting with ATGI16L1 to form the
ATG12-ATG5-ATG16L1 complex (Mizushima et al., 1998; Tanida et al., 2004). Finally, the ATGS8-
ATG3 conjugate interacts with the ATG12-ATG5-ATG16L1 complex and ATGS is lipidated
through PE-conjugation. ATG4, the initial cysteine protease that cleaves pre-ATGS, plays also an
important role in deconjugating ATG8 from PE, limiting the expansion of the phagophore and
allowing the recycling of the ATGS8s (Satoo et al., 2009).



In the same way as with the ATG8s, there is only one A7g4 gene in yeast, whereas there are four Atg4
homologs in mammals (Atg4A, Atg4B, AtgdC, and Atg4D) (Betin et al., 2013; Marifio et al., 2003).
The protease activity and binding efficiency to ATGSs varies significantly among Atg4 homologs. For
instance, ATG4B demonstrates a processing efficiency of LC3B that is 1500-fold or more compared to
other Atg4 homologs (Li et al., 2011). ATG4A exhibits a preference for GABARAP-L2 over LC3B,
whereas ATG4B processes all Atg8 homologs (Li et al., 2011; Tanida et al., 2004), but also contains an
LC3-Interacting Region (LIR) for efficient cleavage (Rasmussen et al., 2017). On the other hand,
ATG4C and ATG4D display minimal protease activity towards any mammalian Atg8 homologs
(Marifio et al.,, 2003). Interestingly, despite their vastly different catalytic efficiency, these four
homologs exhibit similar binding affinity to Atg8 homologs (Li et al., 2011). Although not firmly
established, it is possible that higher eukaryotes employ different homologs depending on cell type and

specific contexts.

The main lipid source to be mobilized for the expansion of the phagophore membrane is believed to be
the ER (Bento et al., 2016). Small vesicles that originate from the plasma membrane, recycling
endosomes and the Golgi are also speculated to act as lipid sources (Nakatogawa, 2020). These vesicles
can be positive for ATG9A, a lipid scramblase that can transfer phospholipids between the leaflets of a
lipid bilayer (Maeda et al., 2020; Matoba et al., 2020). It has also been reported that ATG2, a lipid
transferase that can move lipids between membranes, could also mediate phagophore expansion (Maeda
etal., 2019; Osawa et al., 2019; Valverde et al., 2019). The widely accepted model suggests that ATG2
transfers lipids from the ER to ATG9A on the phagophore which then mediates the distribution of lipids
between the lipid bilayers during phagophore formation (Ghanbarpour et al., 2021).

The autophagosome is considered to be complete when it is a closed double-membrane structure. The
sealing of the phagophore has been suggested to be mediated by the endosomal sorting complex
required for transport (ESCRT) proteins and the vacuolar protein sorting 37 homolog A (VPS37A)
(Takahashi et al., 2019; Zhen et al., 2020).

1.2.1.3 Maturation and fusion with the lysosomes

The fusion of the autophagosome with the lysosome, leads to the formation of an autolysosome. Inside
that organelle, hydrolases degrade the autophagic cargo into building blocks. Autophagosomes, apart
from fusing with lysosomes, can also fuse with endosomes to form amphisomes (Seglen et al., 1991),
that also subsequently fuse with the lysosomes (LOrincz & Juhasz, 2020). Among the proteins and
protein complexes that have been implicated in the autophagosome-lysosome fusion are the Rab
GTPases and membrane tethering factors and soluble N-ethylmaleimide-sensitive factor attachment
protein receptors (SNAREs). The interaction between the SNARE syntaxin 17 (Stx17), which sits on

the membrane of sealed autophagosomes, and the synaptosomal-associated protein 29 (SNAP-29),
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vesicle-associated membrane protein 8 (VAMP8) and the homotypic fusion and protein sorting (HOPS)
complex, which sits on the lysosomes, mediates the autophagosome-lysosome fusion (Itakura et al.,

2012; Jiang et al., 2014; Saleeb et al., 2019).

1.2.2 Selective autophagy and Sequestosome 1-like receptors

As previously mentioned, autophagy was initially considered to be a bulk process, where under nutrient
deprivation, amino acids and other building blocks are made available by degradation of
macromolecules and recycling the building blocks to maintain cellular homeostasis (Zaffagnini &
Martens, 2016). While non-selective bulk autophagy is clearly being employed in yeast, a recent study
has proposed that autophagy under nutrient deprivation in mammals is characterized by a prioritization
of membrane protein cargo, specifically a targeted degradation of Golgi and the ER (Hickey et al., 2023).
This model would suggest that autophagy was evolutionarily programmed to prioritize the recycling of
lipids as well as proteins during nutrient stress in mammals. The different types of selective autophagy
are usually named after the component that is being degraded; for example, mitophagy refers to the
degradation of mitochondria; aggrephagy to the degradation of protein aggregates; xenophagy to the
degradation of intracellular pathogens; pexophagy to the degradation of peroxisomes and ERphagy to
the degradation of ER (Galluzzi et al., 2017) (Figure 4).
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Figure 4. Schematic representation of mitophagy and aggrephagy. When mitochondria are damaged,
they generate elevated levels of reactive oxygen species (ROS), which can endanger various cellular
components such as proteins, lipids and DNA. Their elimination via selective autophagy is crucial in
balancing oxidative stress. Harmful protein aggregates also need to be eliminated via selective autophagy, to
avoid physiological implications. Figure modified from (Dikic & Elazar, 2018).



Mainly in a context other than nutrient starvation, selective autophagy, the targeted degradation of cargo,
depends on a group of adaptor proteins termed selective autophagy receptors (SARs), which are
responsible for targeting the specific cargo (Johansen & Lamark, 2019). The SARs achieve the targeting
by binding to the cargo and interacting with members of the ATGS8 family proteins, through their LC3-
interacting regions (LIRs), the latter being lipidated and anchored in the membrane on the concave side
of the developing autophagosome, allowing the cargo to be enclosed in the forming phagophore.
(Birgisdottir et al., 2013; Lamark & Johansen, 2021). These receptors can be either soluble or

membrane-bound (Johansen & Lamark, 2020a).

The most studied group of soluble SARs are the Sequestersome- 1-like receptors (SLRs), which mediate
cargo targeting through ubiquitin-binding domains (Lamark & Johansen, 2021). In addition, soluble
SARs that involve cargo binding independently of ubiquitin-binding domains have also been identified,
like the calcium-binding and coiled-coil domain-containing protein 1 (CALCOCO1), nuclear receptor
coactivator 4 (NCO4) and tripartite motif-containing protein 5 a (TRIM5a) (Mancias et al., 2014;
Mandell, Jain, et al., 2014; Nthiga et al., 2020).

1.2.21 The sequestosome-1-receptors p62 and NBR1

The sequence and functional similarity of all the SLRs are converging on the molecular characteristics

of the first identified SAR: p62/SQSTM1 (Bjerkey et al., 2005; Johansen & Lamark, 2011).

Specifically, p62 is central to the process of clearing polyubiquitinated aggregates (Pankiv et al., 2007;
Zaffagnini & Martens, 2016). It contains among others, a C-terminal ubiquitin-binding domain (UBA),
an N-terminal Phox and Bem1 (PB1)- domain which facilitates p62 oligomerization and formation of
the structures referred as p62 bodies (Sun et al., 2018; Wurzer et al., 2015). These are dynamic liquid-
liquid phase separated structures, considered to function as signaling and protein degradation
platforms (Kageyama et al., 2021). Among others, p62 also plays a significant regulatory role in the
antioxidative response, especially in the NRF2 — KEAPI pathway, as will be explored in later

sections.

The neighbor of BRCA1 gene 1 (NBR1) is another PB1 domain — containing protein which is a
functional homolog of p62 (Lamark et al., 2003). Considering that plants lack the p62 gene, but they
do express an ancestral version of NBR1 with a PB1 domain capable of polymerization, it has
been hypothesized that p62 is the result of a gene duplication of that ancestral gene (Svenning et al.,
2011). The formation of p62 bodies is assisted by NBR1 and the history of the two genes has been
closely linked as it will be explored in paper IV of this thesis.



1.2.3 The ATGS8 family of proteins

1.2.3.1 LIR motif: Consensus sequence and functions

The existence of LIR motifs within the SARs sequences is central to the concept of selective autophagy,
since they are responsible for the interaction with the ATG8s and consequently with the phagophore.
The first LIR motif was identified in p62/SQSTMI1 (Pankiv et al., 2007). The canonical LIR motif is
described by the core sequence: [W/F/Y]o-X1-Xo-[I/L/V]3, where X is any amino acid (Birgisdottir et
al., 2013; Lamark & Johansen, 2021). The binding site on the ATGS8 proteins responsible for the
interaction with the LIR motif on the SAR, or other LIR-containing ATGS8 interactors, is named LIR
docking site (LDS) and consists of two hydrophobic pockets, HP1 and HP2. The aromatic residue
(W/F/Y) at position 0 of the LIR docks into HP1 and the hydrophobic residue (I/L/V) at position 3 docks
into HP2 (Noda et al., 2010) (Figure 5).

GABARAPL1

ATG14 LIR

Figure 5. Structural model depicting the LIR of ATG14 in the LDS of GABARAPLI1. The side chains of the
aromatic tryptophane (W435) and the hydrophobic leucine (L438) in the ATG14 LIR dock into the pockets of the
LDS of GABARAPLI (highlighted in blue). Figure from (Johansen & Lamark, 2020).

The binding affinity and specificity of the interaction between the LIR motif and the ATGS8 proteins is
also affected by residues that flank the core LIR motif both N- and C- terminally. The generally basic
surface of the LDS, for example, can explain the higher frequency of acidic residues, like aspartate (D)
and glutamate (E), or residues that can be phosphorylated, like serine (S) and threonine (T), located N-
terminally to the core LIR (Johansen & Lamark, 2020b). The residues in the positions X; and X,, while



theoretically they can be any amino acid, a selection arises because of the basic surface of the LDS
against arginine (R) and lysine (K), in favor of acidic residues (Alemu et al., 2012). Amino acids like
glycine (G) and proline (P) have a lower chance of being selected for these positions due to the structure
interference they may impose on the LIR (Alemu et al., 2012; Johansen & Lamark, 2020b). Finally, the
electrostatic interactions facilitated by residues that are flanking the core LIR motif are also very

important in LIR — LDS interactions.

The ATGS family of proteins is characterized by sequence homology and structural similarity. However,
differences in the binding, even to the same LIR, exist. This specificity is mostly driven by the residues
in the core LIR or in its flanking regions (Figure 6). The term GABARAP-interaction motifs (GIMs),
for example, refer to LIRs that are preferentially binding to GABARAP over other ATGS8s. The
respective core consensus sequence is [W/FJo-[I/V]i-X5-V3 (Rogov et al., 2017). In addition, some
LIRs lack the aromatic [W/F/Y]o residue (Shrestha et al., 2020; Muhlinen et al., 2012). Others do
not contain the hydrophobic [I/L/V]s; residue. Hence, TRIMS5a possesses an interesting core LIR,
DW'E, that interacts with both LC3 and the GABARAP subfamily members, but only the HP1
pocket is involved (Keown et al., 2018). This half-LIR corresponds to an a-helical coiled coil region
of TRIMS5a with W' extending into the HP1 hydrophobic pocket. This atypicality in the
structural interface between TRIMSa and the ATGS8s, broadens the scope of LIRs to include a-helical

binding motifs, a concept very relevant to this thesis.
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Figure 6. Sequence comparison generated by 100 known LIRs. Total stack height (upper diagram) corresponds
to amino acid conservation at that position. The size of the lettering (lower diagram) indicates the probability of
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finding a specific amino acid in the given position, relative to the aromatic residue at position 0 of the LIR. Figure
adapted from (Johansen & Lamark, 2020).

1.2.3.2 Roles of ATG8s in the nucleus

The functional significance of the ATGS8s in the nucleus is largely unexplored, most studies focus on
LC3B. While LC3 was for a long time believed to operate predominantly within the cytosol where the
process of autophagy unfolds, there appeared to be a noticeable enrichment of LC3B in the nucleus
compared to the cytoplasm in fluorescence images presented in several papers published before 2010

(Bampton et al., 2005; Ciechomska & Tolkovsky, 2007; Kochl et al., 2006; Kuma et al., 2007).

Up until then, no specific study of the nuclear pool of LC3B had been done, and the mechanisms
governing the shuttling of LC3B between the cytoplasm and nucleus remained unidentified. In 2010, a
study by Drake et al. explored the nucleocytoplasmic distribution of EGFP-LC3B. They showed that
the rates of passive nuclear import and export of EGFP-LC3B are relatively slow and that when
autophagy was induced by nutrient starvation, soluble EGFP-LC3B levels in the nucleus versus
cytoplasm increased in the early stages. In this but also other studies (Drake et al., 2010; Kraft et al.,
2014, 2016), they favored a model in which the diffusion of LC3B (tagged with Venus or EGFP) is slow
(unusual for a protein of its size) because of its association with high molecular weight complexes in
the nucleus, preventing its rapid equilibrium across the nuclear envelope under starvation and potentially
other types of stress. In addition, Huang et al. demonstrated that nuclear LC3B is deacetylated and
subsequently trafficked to the cytoplasm under starvation, postulating that the nuclear pool of LC3B is
a source of autophagosome-targeted LC3B in starved cells (Huang et al., 2015).

A limited number of studies have focused also on the role of LC3B inside the nucleus. For example, it
has been indicated that nuclear LC3B interacts with the promyelocytic leukemia (PML) protein (He et
al., 2014), components of the extracellular signal-regulated kinases (ERK) pathway (Martinez-Lopez et
al., 2013) and the ribosome receptor NUFIP1 (Shim et al., 2020). LC3B has also been identified in older
studies as a fibronectin mRNA-binding protein enhancing fibronectin’s translation (Ying et al., 2009;
Zhou et al., 1997). In a more mechanistic approach, Dou et al. showed that LC3B directly interacts with
lamin B1 in senescence, associates with transcriptionally inactive heterochromatin domains known as
lamin-associated domains (LADs) and participates in the degradation of nuclear lamina in response to
oncogenic insults (Dou et al., 2015). Sirtuin 1 (SIRT1), an important deacetylase whose levels have
been shown to be low during ageing, was shown to be targeted to the lysosome by selective autophagy,
involving direct nuclear capturing by LC3B (Xu et al., 2020). Recently, a study showed that the stability
and transcriptional activity of the LIM homeodomain transcription factor (LMX1B) are in part regulated

through LC3B, acting also as a transcriptional cofactor (Jiménez-Moreno et al., 2023).
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Since the aforementioned studies suggest different functions of LC3B in the nucleus, ranging from
degradation of nuclear proteins, like lamin B1 and SIRTI to mRNA binding and presence in PML

bodies, further research is needed in order to discover the exact roles of LC3B in the nucleus.

1.3 The cellular antioxidant defense

1.3.1 Reactive oxygen species (ROS) and oxidative stress

The term “oxidative stress” was first defined by Helmut Sies (Sies, 1985, 2015) as an imbalance between
the production of oxidants and the biological systems’ antioxidant defense. When the cells are in such
balance, they achieve a homeostatic redox status. In the event of an oxidative stress insult, an
accumulation of reactive oxygen species (ROS) is being facilitated. Under homeostatic conditions, ROS
are implicated in various physiological processes, such as cell survival, host defense, apoptosis,
autophagy and cell differentiation (Forman & Zhang, 2021). Several signaling proteins and/or
transcription factors, like NF-kB, MAPKs, PI3K and p53, execute their cellular functions in response to
the homeostatic ROS generation (Budanov, 2014; Koundouros & Poulogiannis, 2018; Truong &
Carroll, 2013; Wang et al., 2015).

The term ROS encompasses molecules derived from O, such as superoxide radicals (O,"), hydrogen
peroxide (H»0»), hydroxyl radicals (*OH), and singlet oxygen ('O2). The cellular (or endogenous) ROS
are constantly produced in aerobic organisms as by-products from the mitochondrial oxidative
metabolism and through the activity of oxidases. The exogenous ROS can be the result of xenobiotic
compounds (like anticancer drugs) or external stressors, such as UV radiation, ionizing radiation,

pollutants, heavy metals, that can significantly elevate ROS production (Figure 7).

The generation of ROS starts with the production of O, as a consequence of electron leakage from the
mitochondrial respiratory chain, particularly from ubisemiquinone (QH™) and the NADPH oxidases
(Boveris et al., 1976; Lambeth, 2004). This O," dismutates to H,O» either spontaneously or catalyzed
by the superoxide dismutases (McCord & Fridovich, 1969). The rate of H>O, production determines
whether redox signaling, oxidative stress or no oxidation will occur. H>O: is reduced enzymatically by
different enzymes, like catalase or glutathione (GSH) peroxidases, to H>O (Jones, 2008). In
addition, H>O; can react rapidly with transition metals such as iron to produce *OH, a reaction commonly
referred to as the Fenton reaction (Koppenol, 1993). *OH is a strong oxidant that will rapidly oxidize
nearby molecules, like lipids with allylic hydrogens present in polyunsaturated fatty acids. The final
oxidants to be considered are the hypohalous acids (HOX) that are catalyzed from H,O» by peroxidases
(where X may be CI” or Br’) (Pattison et al., 2012).
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Exposure to a changing environment causes cells to face circumstances that can affect their homeostatic
redox status. ROS are counterbalanced by an antioxidant defense network, which functions to modulate
ROS levels to allow their physiological roles whilst minimizing the oxidative damage they cause
(Davies, 1986; Halliwell, 2023). Overwhelming the cellular antioxidant system through excessive ROS,
or impairment of the antioxidant defense network, results in oxidative stress. Oxidative damage
negatively affects the physiological function of macromolecules such as nucleic acids, proteins, and
lipids. Excessive levels of ROS are constantly linked with several pathological conditions, such as

ageing, diabetes, cancer, and neurodegenerative diseases (Pizzino et al., 2017).
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Figure 7. Simplified representation of the generation of reactive oxygen species (ROS). The majority of ROS,
arise as byproducts of mitochondrial oxidative phosphorylation or as intermediates of oxidoreductase enzymes
and metal-catalyzed oxidation. Due to the presence of two unpaired electrons in separate orbits, oxygen is prone
to radical formation. The sequential reduction of oxygen, involving the addition of electrons, results in the
generation of various ROS, such as superoxide anion (O;"), hydrogen peroxide (H,0»), and hydroxyl radical
(*OH). For more details, see main text.

1.3.2 The mechanisms of antioxidant action

As it was previously described, some ROS are free radicals (atoms or molecules containing one or more
unpaired electrons), whereas others are non-radicals (all their electrons are paired together). Some ROS
are generated accidentally (for example, by autoxidation reactions and leakage of electrons from

electron transport chains) and others deliberately through signal transduction pathways, to support
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essential processes such as defense against pathogens (Halliwell, 2023). To regulate the accumulation

of ROS, biological systems are exploiting substances known as antioxidants.

An antioxidant is defined as a substance that reacts with ROS to regulate its reactions with other targets,
thus influencing redox-dependent biological signaling pathways and/or oxidative damage (Murphy et
al., 2022). Different antioxidants react with different ROS at variable rates, act in various cellular,

subcellular and intra-organellar (especially in mitochondria) locations and protect molecular targets.

The primary defense includes enzymatic and non-enzymatic antioxidants that focus on the elimination

of ROS. They encompass (Halliwell, 2023):

1. ROS-removing agents, such as the superoxide dismutase (SOD) enzymes, peroxiredoxins,
glutathione peroxidases and catalases.

2. Proteins such as haptoglobin and transferrin, that bind or store putative pro-oxidants, like iron
and copper ions, in non-redox forms, minimizing their availability.

3. Physical "quenchers" of ROS, such as some carotenoids, which scavenge several ROS and
quench O, by converting it back to O, (Bohn et al., 2023; Han et al., 2012), glutathione (GSH),
ubiquinol, a-tocopherol, ascorbate (also known as vitamin C, (Padayatty & Levine, 2016)),
albumin, mucus and plasmalogens.

4. Subcellular compartmentalization of pro-oxidant transition metal ions since the disruption of
metal ion-restricting cellular structures (such as lysosomes) can accelerate oxidative damage.

5. Antioxidant effects stemming from lifestyle changes, like increasing exercise, avoiding obesity,

control of blood glucose and cholesterol and following a high-quality diet (Halliwell, 2023).

These antioxidants can be produced in eukaryotic organisms or be obtained from dietary compounds of
fruits and vegetable origin (like the vitamin C and E, carotenoids and sulforaphane) (Guerrero-Beltran

et al., 2012; Sies, 1997).

Organisms also employ various other strategies to minimize the production of ROS, which are also often
characterized as antioxidants by the researchers that study them. For example, the mitochondrial
uncoupling proteins (UCP1, UCP2, UCP3) regulate ROS production by preventing excessive
protonmotive force, thus reducing electron leakage from the electron transport chain (Brand, 2016;
Hirschenson et al., 2022). The organization of the mitochondrial electron carriers into complexes (I, 1L,
IIT and IV) and supercomplexes also decreases electron leakage (Brand, 2016). In addition, the human
vascular system has evolved to deliver an optimal amount of O, to cells and tissues, avoiding both
energy production impairment and oxidative damage and stem cells reside in hypoxic niches to
minimize oxidative damage until needed (Harwell, 2007). Other strategies involve cells responding to

increased ROS by modifying membrane lipids for increased resistance to peroxidation or replacing
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ROS-sensitive enzymes with ROS-resistant ones (Cao et al., 2023; Liochev & Fridovich, 1993; Pedroso

et al., 2009). These mechanisms collectively contribute to cellular protection against oxidative stress.

1.3.3 Transcription factors in the cellular antioxidant system

Oxidative insults can affect the transcriptional regulation of many genes. These either encode for
antioxidant proteins and detoxifying enzymes that are participating in the antioxidant defense, or they
are targets of other transcription factors that are directly disturbed by oxidants (Dharshini et al., 2020).
For example, it has been well established that ROS can directly affect the conformation and activity of
diverse sulthydryl-containing proteins like transcriptional factors, by oxidation of their thiol functional

groups, impacting protein-protein and protein-DNA interactions.

Among the transcription factors that can be regulated by H,O; and other ROS, is NF-xB and AP-1
(Meyer et al., 1993; Schreck et al., 1991). The mechanism of NF-kB activation involves its release in
the cytoplasm from IkB (inhibitor of NF-kB). Upon exposure to oxidants, [kB gets phosphorylated and
degraded by the proteasome and the released NF-kB translocates to the nucleus and transactivates its
target genes. In the case of AP-1, its DNA-binding and transactivation ability are induced upon treatment
with antioxidants, due to reduction of its cysteines’, but are decreased when the same residues are
oxidized (Nordberg & Arnér, 2001). Additionally, other important transcription factors are also directly
or indirectly affected by the status of cellular ROS levels. These include p53, FOX (Forkhead Box O),
HIF-1a (Hypoxia Inducible Factor-1) and, importantly, NRF2 (Dharshini et al., 2020).

1.3.3.1 Cap ‘n’ collar transcription factors

Cap'n'collar (Cnc) proteins are a family of basic leucine zipper (bZIP) transcription factors (Sykiotis &
Bohmann, 2010). They are found across a variety of organisms such as worms, insects, fish, birds and
mammals but are not present in plants and fungi. These proteins are characterized by a conserved 43-
amino acid Cap ‘n’ collar (Cnc) domain located on the N-terminal side of the DNA binding domain.
Members of the Cnc family play key roles in development, while others are vital for maintaining
homeostasis amid environmental insults, like oxidative stress (Sekine & Motohashi, 2021; Sykiotis &

Bohmann, 2010).

The Cnc transcription factor family encompasses the Caenorhabditis elegans SKN-1 (Skinhead family
member-1) (Blackwell et al., 2015), the Drosophila melanogaster Cnc (Pitoniak & Bohmann, 2015)
and four vertebrate counterparts—the p45 NF-E2 (Ney et al., 1993), the NFE2-related factors NRF1
(Chan et al, 1993), NRF2 (Moi et al., 1994), and NRF3 (Kobayashi et al., 1999). In D.

melanogaster and vertebrates, Cnc proteins contain a bZIP motif which is rich in basic residues, required
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for DNA-binding, followed by six heptad repeats of hydrophobic residues, creating a leucine zipper
utilized for homo- and heterodimerization (Landschulz et al., 1988). SKN-1 in C. elegans lack a leucine
zipper region and it binds to DNA as a monomer (An & Blackwell, 2003). The p45 NF-E2 has been
reported to play a role in platelet development transducing signals via an AP-1-like DNA binding motif
but lacks the N-terminal hydrophobic and transactivation domains present in other Cnc’s in vertebrates

(Andrews, 1998; Shivdasani, 1996) (Figure 8).
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Figure 8. The putative evolutionary path of the NRF/Cnc transcription factors. Gray bars and subscripts (sl
and s2) denote putative products of alternative splicing. Figure from (Fuse et al., 2017).

The NRF1, NRF2 and NRF3 transcription factors have a Cnc-bZIP domain for DNA binding on the
promoter of their target genes (Toki et al., 1997). They have distinct but partly overlapping expression
patterns and function as stress-activated transcription factors. They are also reported to trigger the
transcription of cytoprotective genes by interacting with antioxidant response elements (AREs) present
in their cis regulatory regions (Sykiotis & Bohmann, 2010). NRF2 and CncC have emerged as the main

regulators of the cellular antioxidant defense system in vertebrates and D. melanogaster, respectively.

16



1.3.3.2 Antioxidant Response Elements

The transcriptional regulatory elements known as antioxidant response elements (ARE) or electrophile
response elements (EpRE) are conserved sequence motifs in the cis regulatory regions of antioxidant
defense genes (Raghunath et al., 2018). AREs are recognized as crucial regulators of cellular redox

balance and protection against oxidative stress.

The ARE motif was first identified as a xenobiotic response element (XRE), a B-NF responsive element
in the 5’-flanking region of rat GSTY2 (glutathione transferase a 2) gene (Telakowski-Hopkins et al.,
1988). Later, while studying the NOO1 (NAD(P)H: quinone oxidoreductase 1) and GSTY2 genes, XRE
was renamed to ARE with the consensus 5> — RGTGACnnnGC - 3’ (n = A, C, G or T) due to its
responsiveness to H,O» and phenolic antioxidant stress (Rushmore et al., 1991). Some years after its
establishment, essential nucleotides outside the previously identified core sequence were shown to be
required for inducible expression and the suggested ARE consensus sequence was extended to 5° —
TMAnnRTGAYnnnGCRwwww -3’ M =AorC,R=AorG,Y=CorT,w=A orT, core sequence
underlined) (Wasserman & Fahl, 1997). To converge ARE sequences found in previous studies,
a computational analysis was performed (Wang et al., 2007), where experimentally identified ARE
sequences from the NCBI literature database were used to identify ARE sequences in the human

genome (Figure 9).

2.0—_
8. o
= TcA
0 0 : EA?-i P TAgT A = =

5 10 15 20

Figure 9. The ARE consensus based on 57 functional AREs tested by experimental methods. The ARE
consensus sequence logo, showing contributions of individual nucleotides and their respective positions. The
overall height of each stack indicates the sequence conservation at that position (measured in bits), and the
height of each nucleotide within the stack corresponds to its occurrence at that position. Figure adapted from
(Wang et al., 2007).

1.3.3.3 Small musculoaponeurotic fibrosarcoma proteins (sMAFs)

The Cnc family of transcription factors require the small Maf proteins as dimerization partners in the

nucleus, in order to bind to the AREs (Itoh et al., 1997). The Maf proteins were named after the initial
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member of the family known as the avian musculoaponeurotic fibrosarcoma (vMAF) viral oncogene,
which encodes a leucine zipper motif sharing similarities with other bZIP proteins (Nishizawa et al.,
1989). They are divided into large and small Mafs but only the small Mafs are relevant for the Cnc
transcriptional activity. Notably, Fujiwara and colleagues initially identified two small Maf proteins,
MafK and MafF, with an approximate molecular weight of 18 kDa (Fujiwara et al., 1993). Then another
related gene, MAFG, displayed significant homology with MafK and MafF (Kataoka et al., 1995).
MafK, MafF, and MafG constitute the small Maf (sMaf) protein group (Katsuoka & Yamamoto, 2016)
(Figure 10).

The sMafs create heterodimers with members of the Cnc family of transcription factors, which can
recognize AREs. Depending on whether the Cnc subunit possesses a transactivation domain, these

heterodimers function as either transcriptional activators or repressors (Raghunath et al., 2018).

In addition, sMaf proteins have the ability to form homodimers that selectively bind to sequences called
Maf-responsive elements (MARES), acting as transcriptional repressors (Katsuoka & Yamamoto, 2016).
The consensus sequences of AREs and MARESs exhibit similarities, and both Cnc—sMaf heterodimers
and sMaf homodimers often bind to these elements, albeit with slightly different binding affinities.
Competitive binding occurs between Cnc—sMaf heterodimers, sMaf homodimers, and other bZIP
proteins on regulatory DNA elements (Motohashi et al., 2000; Roychoudhuri et al., 2016; Yang et al.,
2010). The relative abundances and affinities of these dimers for the elements play a crucial role in

determining whether their target genes undergo transcription.

sMafs possess two important domains: a basic DNA-binding
region and leucine zipper domain that mediates their
dimerization (Katsuoka & Yamamoto, 2016). Through
structural and computational analyses, a recent study
uncovered distinctive characteristics inherent in the
interaction between NRF2 and the sMaf proteins (Sengoku et
al., 2022). Notably, the authors showed that the affinity to
DNA was significantly elevated in the NRF2-MafG-DNA
complex (Figure 10), owing mainly to the CNC motif of
NRF2, than with other canonical bZIP family members, such
as AP-1 proteins.

Figure 10. Overall structure of the NRF2-MafG-CsMBE
complex. The DNA binding domain of NRF2, which contains
three o helices (a1-a3) followed by a large one (04), is also known
as the CNC motif and mediates the interaction with MafG and the
DNA. NRF2 and MafG each contact a half-site of the CNC-sMAF
binding element (CsMBE). (PDB ID: 7X5F) (Sengoku et al., 2022)
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Figure 11. Schematic representation of Cnc transcription factors, KEAP1 and small MAF. NRF2: for details
on the functions of the NRF2 regions, see main text. KEAP1: The Broad Complex, Tramtrack, and Bric-a-Brac
(BTB) domain is responsible for binding with CUL3 and homodimerization and contains the C151 residue which
is part of the response to NRF2-activating compounds. The Intervening Region (IVR) contains redox-sensitive
cysteines and Kelch-repeats domain binds to NRF2 through the DLG and ETGE motifs in the Neh2 domain.
SMAF: The general domain architecture of MafF, MafG and MafK contains a bZIP domain for its interaction with
members of the CNC transcription factor family, which include NRF2.

1.3.4 The NRF2-KEAP1 pathway

As mentioned, NRF2 is a transcription factor that is vital for the antioxidative response. It was identified
as an interactor of the NF-E2 element of the hemoglobin subunit beta (HBB) gene promoter (Moi et al.,
1994). It is ubiquitously expressed in all tissues but not required for development of mice into adulthood

(Chan et al., 1996). NRF2 is activated by several different oxidative insults such as ROS,
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electrophiles, xenobiotics, UV radiation and heavy metals, and it induces the expression of antioxidant

response genes (Hayes & Dinkova-Kostova, 2014; Tonelli et al., 2018).

NRF2 is comprised of seven NRF2-ECH homology domains (Neh1-7), each serving distinct functions
(Tonelli et al., 2018) (Figure 11). The Neh1 domain encompasses the CNC-bZIP region, which plays a
vital role in DNA binding and its interaction with NRF2 dimerization partners, specifically the sMaf
proteins. The Neh2 domain contains two highly conserved amino acid sequences, known as the DLG
and ETGE motifs. They facilitate the interaction with NRF2's negative regulator, Kelch-like ECH-
associated protein 1 (KEAPI). The C-terminal Neh3 domain possesses transactivation activity and
collaborates with the Neh4 and NehS domains to activate the transcription of NRF2 target genes. The
Neh6 domain, characterized by its serine-rich region, plays a role in negatively regulating NRF2’s
stability, independently of KEAP1. The Neh7 domain is involved in repressing NRF2's transcriptional
activity through a physical association between NRF2 and the retinoid X receptor o (RXRa).
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Figure 12. Overview of the NRF2-KEAP1 pathway. (A) Under basal conditions, NRF2 is polyubiquitinated by
the KEAP1-CUL3 complex. CUL3 is a ubiquitin ligase and KEAP1 a substrate adaptor. This polyubiquitination
results in NRF2 being degraded in the proteasome. (B) The ubiquitylation is blocked due to KEAP1 being rendered
non-functional by a drug or electrophile, and NRF2 is not degraded by the proteasome. The newly translated NRF2
translocates then to the nucleus, where it becomes transcriptionally active by the MAF proteins or other co-
factors, upregulating the transcription of antioxidative genes. Figure from (Sporn & Liby, 2012).
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The NRF2 levels are intricately regulated by the UPS, through its interaction with KEAP1, which serves
as a redox-sensitive adapter for the E3 ubiquitin ligase (Itoh et al., 2003; McMahon et al., 2003) (Figure
12). In basal cellular conditions, KEAP1 forms a complex with the Neh2 domain of NRF2. Two
molecules of KEAP1 bind one molecule of NRF2, at the DLG and ETGE motifs, respectively, through
its Kelch-repeat domain (Baird & Yamamoto, 2020; Cuadrado et al., 2019) (Figure 13). Within this
complex, KEAP1 acts as an essential adaptor for the CUL3 E3 ubiquitin ligase, which is responsible for
maintaining NRF2's low levels by facilitating its constant ubiquitylation and degradation (Kobayashi et
al., 2006). NRF2 typically has a short half-life of around 10-30 minutes in unperturbed conditions
(Nguyen et al., 2003; Stewart et al., 2003).

I[IVR Kelch domain

Electrophiles

BTB

Figure 13. Regulation of NRF2 by KEAP1. Representation of a KEAP1 dimer, highlighting the BTB domain
(red ribbons; Protein Data Bank identifier: SNLB) and Kelch-repeat domains (green ribbons; PDB ID: 1ZGK).
The reactive cysteines C151 and C613 are represented as blue spheres. The KEAP1 homodimer interacts with the
transcription factor NRF2, at two motifs with varying affinities (29-DLG-31 and 79-ETGE-82), leading to
ubiquitylation and proteasomal degradation of NRF2. Disruption of this interaction can be achieved through
strategies such as the use of electrophiles that modify sulthydryl groups of cysteines (e.g., C151, C273, and
C288) in KEAP1 and protein—protein interaction inhibitors that affect the docking of NRF2 to KEAP1. Figure
from (Cuadrado et al., 2019).

However, when the cells experience oxidative stress, KEAP1 undergoes oxidation at specific cysteine
residues, rendering it inactive (Takaya et al., 2012). This event leads to the stabilization of NRF2 via a
Hinge-Latch mechanism (Tong et al., 2007). The Hinge-Latch model explain that under a relevant
oxidative insult, NRF2 remains associated with KEAP1, and the newly translated pool is the one that

translocate to the nucleus (Horie et al., 2021). After its nuclear translocation, NRF2 forms heterodimers
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with members of the sMaf protein family. The NRF2-sMaf complex exhibits sequence-specific binding
to the AREs found in the promoter region of NRF2’s target genes. Further research has broadened the
scope of genes regulated by the ARE gene battery, encompassing those associated with drug

detoxification, antioxidant responses, NADPH regeneration, and metabolic regulation.

1.3.5 NRF2 target gene activation via p300/CBP

NRF2 orchestrates the initiation of transcription through the recruitment of co-activators and
components of the transcription machinery, with p300/CBP histone acetyltransferases and sMafs being
detected in the ARE-binding complex (Fahl, 2001). One of the earliest co-activators identified to interact
with NRF2 is the CREB binding protein (CBP) with two NRF2 domains, Neh4 and Neh5, acting
synergistically to bind to CBP (Katoh et al., 2001). It was later also shown that the Neh5 domain is
crucial for the inducible expression of NRF2 target genes with specific residues in the same domain
being differentially utilized for the activation of different genes (Zhang et al., 2007). Regarding the
importance of CBP, it has also been demonstrated that displacement of CBP from the CBP-NRF2

complex leads to repression of NRF2-induced transcription (Brown et al., 2008).

The mechanism by which p300/CBP directly binds to NRF2 and acetylates the C-terminal Neh1 domain
under arsenite-induced oxidative stress, in order to augment the promoter-specific DNA binding
ability of NRF2 (Sun et al., 2009), revealed a big piece of the puzzle regarding NRF2 target gene
activation. This concept was expanded by another study where the Neh3 domain was revealed to be
acetylated as well, being functionally relevant, especially in terms of the HO-1 gene activation (Kawai
et al.,, 2011). In addition, it was found that SIRT1 can deacetylate NRF2, resulting in a decrease in
NRF2-dependent gene transcription and a redistribution of NRF2 in favor of re-localization to the
cytoplasm. Regarding the nucleocytoplasmic shuttling of NRF2, it has also been shown that sustained
interaction between Nrf2 and the sMafs prevented nuclear exit of NRF2 (Li et al., 2008). The authors
suggested that this interaction masks the nuclear export signals in NRF2, preventing it from interacting
with the CRM1/exportin 1 nuclear export receptor. The precise mechanism by which NRF2 and CBP
collaborate to activate the ARE gene battery, as well as the interactions that are regulating this

apparatus, remain to be fully understood (Figure 14).

Consequently, this affects the transcription of genes such as NOO1, TXNRD1 and GCLM. In conjunction
with histone-modifying enzymes, NRF2 also interacts with MED16 of the Mediator, a multi-subunit
protein complex responsible for conveying activation signals from a DNA-bound transcription factor to
RNA polymerase II (Pol IT) (Sekine et al., 2016) or Brahma-related gene 1 (BRG1), the central ATPase
subunit of the SWI/SNF chromatin-remodeling complex (Zhang et al., 2006), with the Neh5 domain to

be relevant in these interactions.
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Figure 14. The NRF2 transcription complex in the nucleus. NRF2 occupies a central position within an intricate
regulatory network. The control of gene expression depends on factors such as cellular context, the inducing agent,
recognition of the ARE, interactions with binding partners, cofactors, and competitors, cross-influences with other

signaling pathways, and even the epigenetic configurations of the target gene promoters. Figure adapted from
(Tonelli et al., 2018).

1.3.6 NRF2-activating compounds

The induction of NRF2 is mediated by several substances, like phenol antioxidants, electrophilic
compounds and/or heavy metals (Hayes & Dinkova-Kostova, 2014). One of the best characterized class
of NRF2 activators are the KEAP1 Cys'*'-targeting compounds, with sulforaphane (SFN) and
tert-butylhydroquinone (tBHQ) being the most prominent (Robledinos-Anton et al., 2019). SFN
is a naturally occurring isothiocyanate originating from cruciferous vegetables, such as broccoli. It
activates NRF2 without disrupting the KEAP1-Neh2 interaction (Horie et al., 2021). In addition,
tBHQ, a phenol oxidant, utilizes the same Cys"' residue of KEAP1 to activate NRF2.
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1.3.7 Cytoprotective functions of NRF2 and its target genes

As it was previously discussed, the upregulation of NRF2 target genes containing upstream AREs is
important for retaining the homeostatic redox status under oxidative insults and imbalances. These gene
products perform cellular functions (among others drug metabolism, ROS scavenging and glutathione
homeostasis) that are part of the antioxidant defense system (Zhang, 2021). Extensive studies on
antioxidant enzyme induction focus on regulatory mechanisms, disease implications, and potential
therapeutic inducers. While various redox-sensitive transcription factors are involved, NRF2, through
the induction of antioxidant genes including GCLC, GCLM, HOIl, NQOI, TXNRDI, p62, has the
broadest impact. The induction of drug metabolism and transport via ARE gene products most likely
originated as a detoxification strategy against endogenous oxidants, evolving to adapt to exogenous (or
environmental) toxicants. NRF2 governs the metabolic fate of various pro-oxidants and electrophiles
by controlling both basal and induced expression of drug-metabolizing enzymes and transporters

(Hayes et al., 2014).

Among these, NAD(P)H:quinone oxidoreductase 1 (NQO1) is a central reductase, which catalyzes
the two-electron reduction of quinones (reactive molecules that cause DNA damage), using
either NADH or NADPH as the hydride donor, reducing the chance of ROS intermediates
generation (Dinkova-Kostova & Talalay, 2010). The ARE sequence in the NQO-1 promoter has been

mapped and reported to be responsible for its expression in response xenobiotics (Nioi et al., 2003).

The genes coding for the two subunits of a glutamate cysteine ligase (Gcl), GCLC (catalytic subunit)
and GCLM (modifier subunit) are responsible for the synthesis of y-glutamyl-cysteinyl-glycine
(GSH), a tripeptide important for redox status maintenance. GSH detoxifies xenobiotics and
scavenges free radicals by functioning as a cofactor of the glutathione peroxidase (GPx), a H,O,
metabolizing enzyme. In addition, it serves as a glutathione S-transferase (GST)-assisting electron
donor, reducing disulfide bonds. Both the promoters of GCLC and GCLM contain ARE motifs
(Dickinson et al., 2004; Erickson et al., 2002).

The GST gene battery products play also an important role in detoxifying xenobiotic electrophiles,
conjugating them with glutathione. The different isoforms of GST contain ARE-motifs in their

promoters and are sensitive to NRF2-activating agents (Chanas et al., 2002).

Heme oxygenase 1 (HMOX1, commonly HO-1), is an enzyme that mediates the catabolism of heme
to biliverdin which consecutively catalyzes to bilirubin by the biliverdin reductase (Otterbein et al.,
2003). The expression of HO-1 is mediated by the ARE-motif in its upstream regulatory region (Alam
et al., 1999).
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Thioredoxin reductase 1 (TXNRD1) is an enzyme belonging to the mammalian thioredoxin reductases
(TrxRs), which is a family of selenium-containing pyridine nucleotide-disulphide oxidoreductases with
mechanistic and sequence identity (J. Huang & Zhong, 2012). TrxRs catalyzes the NADPH-dependent
reduction of the redox protein thioredoxin (Trx), as well as of other endogenous and exogenous

compounds, having a central role in the protection against oxidative stress.

The expression of the selective autophagy receptor p62 was also shown to be induced by NRF2, through
the direct binding of NRF2 to a conserved ARE in its promoter/enhancer. The p62 protein itself is able
to augment its expression via that same element forming a positive feedback loop (Jain et al., 2010,
2015). The role of p62 is even more extensive in the NRF2-KEAP1 pathway, as it can bind to KEAP1
and mediate its degradation by autophagy, leading to the stabilization of NRF2 and the increase in its

target gene expression (Jain et al., 2010).

1.3.8 NRF2 in cancer

Since NRF2 is considered to be a master regulator of the antioxidative response, there is a debate that
revolves around the dual nature of NRF2, questioning whether it acts as a tumor suppressor or,
conversely, whether it promotes oncogenesis. This dilemma raises the crucial issue of targeting NRF2
in anticancer therapeutic strategies. As it was so far described, NRF2 under physiological conditions,
maintains the cellular redox homeostasis and also exerts anti-inflammatory functions (Chowdhry et al.,
2010; 1. T. Lee et al., 2009; Rushworth et al., 2008), and other anticancer activities which inhibit
tumorigenesis (Chen et al., 2009; Dickinson et al., 2009; Gorrini et al., 2013), supporting cell

survival.

Clinically, the excessive expression of NRF2 is associated with poor prognosis (Solis et al., 2010).
Various mechanisms have been identified to explain the constitutive activation of the NRF2 signaling
pathway in different cancers. These include: (a) enhanced Nrf2 transcription facilitated by oncogenic
Myec, K - Ras, and B - Raf mutations via mitogen - activated protein kinases (MAPKs) (Denicola et
al., 2011), (b) somatic mutations or loss of exons in the KEAP1, NRF2, or CUL3 genes which disrupt
the interaction between NRF2 and KEAP1, affecting the stability of NRF2 (Goldstein et al., 2016; Kim
et al.,, 2010; Ooi et al., 2013; Yoo et al., 2012), (c) epigenetic methylation of the KEAP1 gene
promoter, which have been shown to reduce KEAP1 expression levels (Hanada et al., 2012), (d)
mutations in the tumor suppressor gene PTEN and epigenetic changes amplifying Nrf2 levels (Mitsuishi
et al., 2012), or (e) interference with the interaction between NRF2 and KEAP1 by KEAP1 - competing
proteins such as the partner and localizer of BRCA2 (PALB2), dipeptidyl peptidase 3 (DPP3), Wilms
tumor gene on X chromosome (WTX), p21, and the selective autophagy receptor p62 (Hast et al., 2013;
Komatsu et al., 2010; Ma et al., 2012).
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Different mechanisms and correlations have been described by which persistent activation of NRF2 can
potentially lead to cancer cell growth and proliferation (Reddy et al., 2008; Singh et al., 2013; Wu et al.,
2011), suppression of cancer cell apoptosis (Niture & Jaiswal, 2012; Rushworth & MacEwan, 2008),
promotion of cancer stem cell renewal (Blanpain et al., 2011; Murakami et al., 2014; Zhu et al., 2014),
promotion of anti-inflammation processes (lizuka et al.,, 2005; Kobayashi et al., 2016;
Thimmulappa et al., 2006), induction of angiogenesis (Kim et al., 2011; Meng et al., 2010; Shibuya et
al., 2010) or the enhancement of chemoresistance and radioresistance of cancer cells (Jayakumar et al.,
2014; Moeller et al., 2004; Singh et al., 2010; Wang et al., 2008; Zhan et al., 2012). This has prompted
the development of NRF2 inhibitors, as proof of concept specifically for cancer treatment (Bollong
et al., 2015; Singh et al., 2016; Tsuchida et al., 2017). However, reviews in the field argue that the
pathological context is important and NRF2 is double-edged sword when it comes to tackling cancer

diseases (Wu et al., 2019).

In addition, studies that advocate for the continued pharmacological development of drugs enhancing
NRF?2 activity and their proponents, argue that such drugs could not only prevent cancer but also address
various diseases where oxidative and inflammatory stress play pivotal roles in pathogenesis (Sporn &
Liby, 2012). Numerous drugs that activate NRF2, alongside other targets, are currently undergoing
clinical trials for diverse indications (Robledinos-Anton et al., 2019b). Examples include sulforaphane
for neuroprotection in oxidative stress conditions (Egea et al., 2015), dimethyl fumarate for multiple
sclerosis treatment (Li et al., 2017; Smith et al., 2017) and bardoxolone methyl for diabetic
nephropathy (Lynch et al., 2019).

The aforementioned studies have sparked considerable interest, but the role of NRF2 in carcinogenesis
and cancer development remains actively disputed and unresolved (Hayes et al., 2020). Beyond the
academic discourse, the ongoing clinical use of NRF2 activators underscores the urgent need to assess

the long-term safety of administering these drugs .

1.4 Senescence

Cellular senescence is a process in which cells irreversibly halt their division and experience notable
phenotypic changes, including significant alterations in chromatin and their secretome, along with
activation of tumor-suppressor mechanisms (Van Deursen, 2014). The term “senescence” was initially
coined by Hayflick and Moorhead to describe the irreversible growth cessation observed in human
diploid cell strains, following extensive serial passaging in a cultured environment (Hayflick &
Moorhead, 1961). Subsequently, this specific form of senescence, known as replicative senescence, was
associated with the process of telomere shortening, which can lead to chromosomal instability and foster
tumorigenesis. This connection reinforced the theory suggesting that senescence serves as a protective

measure against the unchecked proliferation of damaged cells.
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Cellular senescence serves beneficial biological functions in regulating embryonic development, wound
healing, fibrosis resolution, and tumor suppression (Huang et al., 2022). In contrast, prolonged
senescence can lead to adverse consequences, including tumor development, immune deficiency and
chronic inflammation. There is a growing interest in cellular senescence and interventions that modulate
senescence due to observations suggesting its involvement not only in aging but also in the pathogenesis
of chronic diseases such as osteoporosis, metabolic syndrome, type 2 diabetes mellitus, cancer,
reproductive aging, atherosclerosis, neurodegeneration, glaucoma, and chronic kidney disease

(Micco et al., 2020).

141 The Senescence-associated secretory phenotype (SASP)

The senescence-associated secretory phenotype (SASP) is a characteristic phenotype that represents a
crucial aspect of senescent cells, involving the release of various cytokines, chemokines, growth
factors, into the extracellular environment (Basisty et al., 2020; Huang et al., 2022). SASP is
mediated through the release of extracellular vesicles, containing cargoes such as proteins, lipids,
and nucleic acids, that play a role in inter-cellular communication under senescence (Terlecki-
Zaniewicz et al., 2018). Through the secretion of these SASP factors, senescence can influence
pathways in nearby cells, tissues, and even distant locations. Senescent cells can be induced by

different stress stimuli that may exhibit distinct SASP components (Ozcan et al., 2016).

The regulation of the SASP involves intricate mechanisms which depend on DNA damage response
(DDR) and non-DDR pathways (Huang et al., 2022). The transcription factors NF-kB and the
CCAAT/enhancer-binding protein-p (C/EBP) cooperatively activate SASP gene promoters (Salotti &
Johnson, 2019). NF-kB-independent pathways also exist, as seen in cytoplasmic DNA accumulation,
which triggers the cGAS-STING cytoplasmic DNA sensors, inducing interferon-§ and promoting
SASP gene activation (Takahashi et al., 2018). Downregulation of the lamin B receptor, crucial
for heterochromatin organization, is essential for cytoplasmic DNA generation (En et al., 2020).
Infections, such as exposure to lipopolysaccharide and the SARS-CoV-2 S antigen, are associated with
increased release of pro-inflammatory, pro-fibrotic, and pro-apoptotic SASP factors by senescent cells

(Tripathi et al., 2021).

SASP factors exhibit dual roles, manifesting both beneficial and detrimental effects. Among the positive
effects, CXCLS plays a role in embryonic development (Kawagoe et al., 2020), PDGF-AA aids in tissue
repair (Demaria et al., 2014), IL-6 supports cellular reprogramming (Mosteiro et al., 2018), MMP1 and
MMP33 aid in fibrosis resolution (Jun & Lau, 2010), and CCL2 exhibits anti-tumorigenic properties
(Iannello et al., 2013). Additionally, SASP factors play a role in attracting immune cells for the

elimination of pre-malignant senescent cells (Kang et al., 2011). This mechanism, known as senescence
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surveillance, significantly contributes to the anti-tumorigenic characteristics of senescent cells (Kang et
al., 2011). In contrast, negative effects include the roles of IL-8, IL-10, and TNF in promoting
inflammation (Alimbetov et al., 2016), PDGF-BB's involvement in fibrogenesis (Rana et al., 2020),
and the tumorigenic potential of MMP1 and MMP3 (Liu & Hornsby, 2007). Certain SASP
cytokines, such as IL-6, IL-8, and CCL2, additionally foster vascular smooth muscle cell calcification

and impair insulin sensitivity (Barinda et al., 2020; Zuccolo et al., 2020).

1.4.2 Cytoplasmic Chromatin Fragments (CCFs)

Cells in a senescent state exhibit structures in the cytoplasm resembling chromatinized micronuclei
(Suzuki et al., 2002) (Figure 15). However, contrary to actual micronuclei, a considerable number of
these structures materialize independently of the cell cycle progression. They seem to originate from an
evidently intact nucleus through a process resembling chromatin blebbing into the cytoplasm, and they
carry unique molecular markers (Miller et al., 2021). These cytoplasmic DNA forms were defined as

cytoplasmic chromatin fragments (CCF), to distinguish them from micronuclei or other cytoplasmic
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Figure 15. Formation of cytoplasmic chromatin fragments (CCFs). The formation of CCFs involves multiple
mechanisms, including the loss of lamin B1, potentially triggered by nuclear autophagy and other processes,
leading to compromised nuclear membrane integrity. Mitochondria contribute to CCF formation by generating
mitochondrial reactive oxygen species (mtROS), activating the JNK1/2 signaling pathway. In the nucleus, the
protein 53BP1 suppresses CCF formation, potentially by inhibiting MRE11-dependent resection of double-strand

DNA breaks. CCFs are characterized by various markers, such as the DNA damage marker YH2AX, the
heterochromatin marker H3K27me3, the topoisomerase 1 cleavage complex (TOP1cc) that enhances DNA binding

to cGAS, and the nuclear lamina protein lamin B1. Figure from (Miller et al., 2021).

DNA species. CCFs exhibit a range of chromatin alterations, which include the presence of
heterochromatin-associated H3K27me3 and a relative lack of euchromatin-associated H3K9Ac,
indicating their formation from heterochromatin, even though the exact genome locus of origin is yet to
be determined (Adams et al., 2013). The emergence of CCFs is linked with the breakdown of the nuclear

membrane integrity in senescent cells (Dou et al., 2015).

1.4.3 Chromatin Remodeling Complexes

The eukaryotic genome is highly compacted inside the nucleus of every cell. The foundation of this
condensed DNA structure is the nucleosome. Comprising 147 base pairs of DNA coiled around a histone
octamer, each histone octamer consists of two copies each of histones H2A, H2B, H3, and H4 (Luger
et al., 1997). The compaction state of the DNA is dynamic, leading to varied folding levels in chromatin
regions during the cell cycle, transcription, and repair processes (Klemm et al., 2019). Heterochromatin,
characterized by lower transcriptional activity compared to euchromatin, is closely linked to prolonged
gene silencing (Lee et al., 2020). The formation of heterochromatin establishes a physical barrier
between DNA and the transcription machinery, suppressing gene expression. The molecular motors
responsible for nucleosome positioning and displacement, are known as ATP-dependent chromatin
remodelers. These nuclear complexes exploit the energy from ATP hydrolysis for assembly,
repositioning, or eviction of nucleosomes, thereby exposing (or covering) specific sections of DNA that

are necessary for transcription, replication, or repair (Magafi a-Acosta & Valadez-Graham, 2020).

The chromatin remodeling complexes are classified into subfamilies based on the specific ATPase the
complex utilizes. The imitation switch complexes ISWI and ISW/SNF are two of the most extensively
studied subfamilies of ATP-dependent remodelers (Goodwin & Picketts, 2018; Toto et al., 2014) (Figure
16). The SWI/SNF complexes have both activation and repression functions and tend to be larger
complexes, containing up to 15 subunits, while the ISWI complexes generally contain fewer subunits,
often 2—4, and are commonly involved in remodeling chromatin to repress gene activity (Aydin et al.,

2014; Goodwin & Picketts, 2018; Li et al., 2021).
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Figure 16. Functions of the ISWI and SWI/SNF chromatin remodelers. (Left) The ATPase subunit is depicted
in pink; the imitation switch (ISWI) subunit and the switch/sucrose non-fermentable (SWI/SNF) subunit are
depicted in green and brown respectively. (Left) The ISWI complex participates in the nucleosome assembly
through the maturation, assembly and spacing of nucleosomes. (Right) The SWI/SNF chromatin remodelers alter
the chromatin by repositioning or ejecting nucleosomes or by histone dimer eviction. It is noted that the illustration
above is a simplification and that the same remodelers can promote different actions depending on context. Figure
from (Clapier et al., 2017).

1.4.4 Williams Syndrome Transcription Factor (WSTF)

The bromodomain adjacent to the zinc finger domain 1B (BAZI1B) or Williams syndrome
transcription factor (WSTF) belongs to the BAZ/WAL protein family and is characterized by the
presence of six specific motifs arranged sequentially, starting from the N-terminus (Jones et al.,
2000): a WW domain-containing adapter protein with a coiled-coil (WAC) motif that spans
107 residues, distinguishing it from other BAZ proteins (Ito et al., 1999); a DNA-binding
homeobox-containing proteins and Different Transcription and chromatin remodeling factors (DDT)
domain (Doerks et al.,, 2001); a bromodomain adjacent to the zinc finger domain 1 (BAZ1),
facilitating WSTF interaction with ISWI; BAZ2; a WAKZ motif (Ito et al., 1999; Jones et al., 2000;
Quong et al., 1993); a PHD finger and a bromodomain (Jones et al., 2000) (Figure 17).

30



WAC DDT BAZ1  BAZ2 WAKZ ﬁﬁg'gr Bromodomain

Figure 17. Schematic representation of WSTF/BAZ1B. The WAC domain is presumed to play a role in DNA
binding and associating with the PHD finger and Bromodomain (Ito et al., 1999). It encompasses residues 21-120.
DDT, representing DNA-binding homeobox-containing proteins and various transcription and chromatin
remodeling factors, shares a domain spanning nearly 60 residues. This domain is exclusively linked to nuclear
domains, including the PHD finger, Bromodomain, and DNA-binding homeodomain (Doerks et al., 2001),
covering residues 604-668. DDT is followed by two BAZ motifs (Jones et al., 2000). The C-terminally
positioned domains include the WAKZ and PHD zinc finger (residues 1184 to 1234) and bromodomain (residues
1356-1426).

It is a known subunit of two ATP-dependent chromatin remodelers: (a) the WSTF-ISWI chromatin
remodeling complex (WICH) and the (b) B-WICH (Barnett & Krebs, 2010; Bozhenok et al., 2002; Lu
et al., 1998). It is universally expressed, with the highest transcript levels to be detected in the adult

brain, heart, ovaries, placenta and skeletal muscle tissues (Sharif et al., 2021).

The WICH complex is constituted by WSTF and the human sucrose nonfermenting protein 2 homolog
(SNF2H, encoded by the SMARCAS5 gene) and extends across vertebrate phyla (Aydin et al., 2014;
Bartholomew, 2014). In each mammalian chromatin remodeling complex, either SNF2L or SNF2H,
both members of the SNF2 family, is present (Aydin et al., 2014). SNF2 serves as the ATPase subunit
in human chromatin remodeling complexes. WSTF interacts with SNF2H via its DDT domain, while
SNF2H is bound to DNA via its SANT domain (Sharif et al., 2021). Through participating in WICH,
WSTF is hypothesized to play a role in facilitating heterochromatin replication or its assembly post-
replication (Bozhenok et al., 2002; Culver-Cochran & Chadwick, 2012), but also in contributing to
opposite roles, such as the maintenance of an open chromatin structure by interacting with the

proliferating cell nuclear antigen (PCNA) (Poot et al., 2004).

Other findings report the participation of WSTF in RNA Pol-I and Pol-IIl transcription, through
a distinctive variant of B-WICH complex (Cavellan et al., 2006; Percipalle et al., 2006). B-WICH, a
unique 3-MDa assembly, becomes evident during active transcription and encompasses six extra
proteins that engage with the fundamental elements of the WICH complex (WSTF/SNF2H) and have
distinct functions. Notably, one of the components, Cockayne syndrome protein B (CSB) is involved
in transcription-coupled repair, base excision repair, and neurogenesis (Bradsher et al., 2002;
Ciaffardini et al., 2014; Selby & Sancar, 1997). Nuclear RNA helicase Il (DDX21) plays a crucial role
in ribosomal RNA transcription and processing (Calo et al., 2014). Other subunits include splicing
factor 3B subunit 1 (SF3bl), essential for pre-mRNA splicing (Cretu et al., 2016), and Myb-
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(MYBBP1a), linking ribosome biogenesis to cell cycle regulation (Yamauchi et al., 2008). Additionally,
the complex includes DEK (a ubiquitous chromatin protein named after the initials of the acute myeloid
leukemia (AML) patient it was discovered in), associated with various human diseases and functioning
as a proto-oncogene senescence inhibitor and transcriptional target of HPV E7 proteins (Waldmann et
al., 2004; Wise-Draper et al., 2005). Nuclear myosin 1 (NM1 or MYO1C) is a crucial component of the
B-WICH complex, characterized as a splice isoform of myosin 1b, and known to colocalize with RNA
Pol-II within the nucleus (Percipalle et al., 2006; Pestic-Dragovich et al., 2000). NM1 plays a vital role
in stabilizing the B-WICH complex, as well as in facilitating the correct repositioning of nucleosomes,

a process mediated by SNF2H (Almuzzaini et al., 2015).

WSTF plays a crucial role in multiple chromatin remodeling processes by serving as a subunit in two
widely recognized chromatin remodeling complexes, namely WICH and B-WICH (Sharif et al., 2021;
Toto et al., 2014). These complexes are responsible for coordinating diverse molecular functions, such
as the generation of newly formed heterochromatin after DNA replication (Bozhenok et al., 2002;
Culver-Cochran & Chadwick, 2013), enabling the activity of RNA polymerases I, II, and III through
the creation of open chromatin and accessible DNA (Almuzzaini et al., 2015; Cavellan et al., 2006;
Sadeghifar et al., 2015), overseeing the DNA damage repair response by inducing specific protein
modifications on H2AX nucleosomes (Xiao et al., 2008), or contributing to the cell's determination
between survival and apoptosis, as well as developmental processes (Barnett et al., 2012; Lalli et al.,
2016; Zanella et al., 2019). As part of the ISWI-including chromatin remodeling complexes, its function

can be either repression or activation of gene expression.
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2. Aims of the study

The ATGS family proteins are involved at different stages of the autophagic pathway. Specifically, they
act in cargo selection and sequestration, autophagosome formation and membrane expansion,
autophagosome maturation and fusion with lysosomes, among others. These processes are contained in
the cytoplasm, where the autophagic machinery is located. However, a small number of publications
have described the dynamics of LC3B, an autophagy marker and member of the ATG8s, in the nucleus,
or its interaction with nuclear substrates, i.e. the nuclear lamina protein lamin B1, reporting on its
autophagic degradation. An overarching hypothesis in this work is that ATGS8s can function as

transcriptional regulators in the nucleus. To this end, the following aims were put forward for this study:

i.  Identify nuclear ATGS interactors that have the capacity to bind to ATGS8s in the nucleus and/or
cytoplasm.

ii.  Explore whether these interactions are based on the previously described LIR-LDS model or if
they are atypical, possibly suggesting a new expanded mode of interaction that is specific for
nuclear interactions.

iii.  Investigate the functional significance of the mechanisms by which ATG8s affect the activity of

these nuclear interactors and whether these are autophagy-dependent or -independent.
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3. Summary of papers

Paper 1

Competitive binding between LC3B and p300/CBP to the NRF2 Neh5 domain regulates target
gene transcriptional activation

Athanasios Kournoutis, Birendra Kumar Shrestha, Hallvard Lauritz Olsvik, Yakubu Princely Abudu,
Ashish Jain, Gry Evjen, Aud @vervatn, Trond Lamark and Terje Johansen

Manuscript

In this study we established LC3B as a nuclear interactor of NRF2. We performed an interaction
mapping and uncovered that the Neh5 region of NRF2 is responsible for the binding to LC3B
through a LIR-LDS interaction. Earlier studies have shown that p300/CBP binds to NehS5 to acetylate
lysine residues in the two C terminal domains, Nehl and Neh3. Here, we found that LC3B can
compete with p300/CBP for binding to NRF2 in a highly conserved region of Neh5. We demonstrated
that the subcellular location of the interaction between NRF2 and LC3B was the nucleus. We
verified the functionality of this interaction by examining the expression of NRF2 target genes under
oxidative stress and overexpression of LC3B. The accumulation of LC3B inside the cell, and
importantly in the nucleus, became apparent after prolonged oxidative stress, suggesting that the
interaction between LC3B and NRF?2 is acting as a brake to the antioxidative response transcription

program driven by NRF2, with LC3B taking on the role of a negative transcriptional regulator.

Paper 11

Nuclear autophagy interactome unveils WSTF as a constitutive nuclear inhibitor of inflammation
Yu Wang, Vinay V. Eapen, Athanasios Kournoutis, Angelique Onorati, Xianting Li, Xiaoting Zhou,
Murat Cetinbas, Lu Wang, Jihe Liu, Corey Bretz, Zhuo Zhou, Shannan J. Ho Sui, Srinivas Vinod Saladi,
Ruslan 1. Sadreyev, Peter D. Adams, Robert E. Kingston, Zhenyu Yue, Terje Johansen, Zhixun Dou
(bioRxiv 2022.10.04.510822; https://doi.org/10.1101/2022.10.04.510822)

In this study, we identified and investigated the role of WSTF as a novel nuclear substrate of autophagy.
We showed that the autophagic degradation of WSTF is facilitated by its interaction with GABARAP.
This degradation induced senescence-associated inflammation, by enhancing chromatin accessibility
over inflammatory genes, and affected the immune surveillance of activated oncogenes in mice. The
mapping and in silico modeling of the interaction between WSTF and GABARAP indicated that the 10
amino acids long region of WSTF that is required for binding to GABARAP is predicted to be a helical.
WSTF is shown to be degraded in the cytoplasm by autophagy mediated by GABARAP during
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senescence. This is the first study that demonstrates GABARAP to have a role in the degradation of a

nuclear component.

Paper 111

LC3B is a cofactor for LMX1B-mediated transcription of autophagy genes in dopaminergic
neurons (Spotlight)
Athanasios Kournoutis and Terje Johansen

(Journal of Cell Biology, 222(5), 2023; https://doi.org/10.1083/JCB.202303008)

In this mini-review, we report on a study that was published by Jiménez-Moreno et al. and explores a
concept similar to paper 1. Specifically, LC3B binds here to the LIM homeodomain of LMXI1B, a
transcription factor that has been published to control the expression of dopaminergic neuronal
regulatory and autophagy gene pathways. This LIR-like interaction allows LC3B to act as a co-factor
for the LMX1B-transcription of autophagy genes, ensuring the survival of midbrain dopaminergic
neurons. The difference to the concept we report on in paper I is that there, we demonstrate that LC3B
acts as a negative transcriptional regulator of NRF2, while for LMX1B it acts as a positive regulator.
We discuss the contribution of the study to our understanding of transcriptional regulation of autophagy

genes by LC3B.

Paper IV

NBR1: The archetypal selective autophagy receptor
Nikoline L. Rasmussen, Athanasios Kournoutis, Trond Lamark, Terje Johansen

(Journal of Cell Biology, 221(11), 2022; https://doi.org/10.1083/JCB.202208092/213552)

In this review, we draw parallels between the selective autophagy receptor NBR1 and its more
evolutionarily recent cousin p62/SQSTMI1. While the number of studies focusing on p62 vastly
outnumbers those focused on NBRI1, evolutionary analyses suggest that NBR1 is the archetypal
autophagy receptor. We discuss the NBR1 homologs in yeast, specifically Atgl9 and Atg34, as well as
the roles of NBR1 in the regulation of p62 bodies, aggrephagy and pexophagy. We also highlight studies
that have demonstrated an important role for NBR1 in pathogens and pathogen components clearance
in plants, the same not being true in mammals. We also draw attention to roles of NBR1 associated with
disease, specifically cancer development and metastasis. We attempt in this review not only to bring
NBRI1 to the forefront, but also to emphasize how central the evolutionary context is to the functionality

of a protein, a concept that is relevant both to paper I and paper I1.
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4. Discussion

During the past years, the field of autophagy has expanded greatly, with knowledge being produced that
attempts to unravel the complexity of the pathway and how autophagy can that affect health and disease.
In this thesis, we set out to study the functionality of the interactions between ATGSs, critical
components of the autophagic machinery, and nuclear proteins or components. We find that this
functionality can be either autophagy-dependent or -independent, according to context and can have

consequences that affect important physiological processes.

In paper I, we set out to elucidate the direct role of LC3B in the transcriptional regulation of the target
genes of NRF2, a notion which originated conceptually from two reports published by our group. Both
reports focused on the involvement of p62/SQSTM1 in the NRF2-driven gene transcription (Jain et al.,
2010, 2015). In the earlier report (Jain et al., 2010), it was demonstrated that p62 is a target gene of
NRF2, and that when it is translated, it can bind directly to KEAPI, via a motif named KEAP1-
interacting region (KIR), leading KEAP1to the lysosome for degradation resulting in stabilization of
NRF2. This raised questions regarding the role of autophagy and, by proximity, the role of ATGS8s in
the NRF2 pathway. The latter report (Jain et al., 2015) explored Ref(2)P, the Drosophila melanogaster
p62 homolog, which neither has a functional KIR motif nor does it interact with DmKeap1 (Jain et al.,
2015). It was also shown that DmAtg8a, the homolog of LC3B in D. melanogaster, directly interacts
with DmKEAPI1, even though the authors did not show that this interaction was required for its
degradation through autophagy. This emergence of a more direct interaction of DmAtg8a with CncC
stabilization laid the grounds for us to ask whether LC3B directly interacts with NRF2, in D.
melanogaster or in mammals, which we confirmed. In the same paper, we find no evidence of
autophagic degradation of NRF2. Instead, our data support a role for LC3B in the nucleus and the

transcriptional regulation of NRF2 target genes.

In paper II, we examine the degradation of WSTF by autophagy, which is a different fate in terms of the
ATGS interaction than the concepts demonstrated in paper I and reported on in paper III. Here, the
novelty lies in that this is the first study to our knowledge, where GABARAP is exhibited to be
responsible for the degradation of a nuclear component in senescence. Even though the function of the
ATGS protein is different here, we spotted similarities in the mode of WSTF’s interaction with

GABARAP and NRF2’s interaction with LC3B, which will be discussed further in this section.

Lastly, the emergence of proteins that contain LIRs and how they evolved in terms of functional
diversification and specialization is relevant in the discussion regarding ATGS interaction partners and
can shed light in the functionality of the ATGS interaction itself in these instances. This concept is
reviewed in paper IV, where we focus on NBR1 as the archetypal selective autophagy receptor. It is
relevant to consider that the majority of LIR-containing proteins are cytoplasmic and the ATGS8s

participating in interactions with them are lipidated/conjugated to the phagophore (Lamark & Johansen,
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2021). Of these proteins, those that sit on the outer side of the phagophore, are usually adaptors
responsible for the recruitment and transport of proteins relevant for the autophagic machinery and the
autophagosome biogenesis, while at the inner, concave membrane face of the phagophore selective
autophagy receptors recruit cargo destined for degradation (Johansen & Lamark, 2020b; Lamark &
Johansen, 2021). However, the nuclear ATG8s are probably not lipidated and whether they are cleaved
by ATG4 is also unexplored (Rasmussen et al., 2017), leaving the question as to how they functionally
evolved to acquire roles in the nucleus. Their degradation route is also unclear. The nuclear proteasome
has not been excluded as a possibility (Frani¢ et al., 2021). We are also not aware of how their nuclear
levels are regulated. Is it a balance between continuous and regulated nucleocytoplasmic shuttling? Is
the nuclear pool of LC3B protected from degradation via the association with heterochromatic lamin-

associated domains (LADs)?

4.1 Ildentification of NRF2 and WSTF as ATGS8 interactors

In paper 1, we demonstrated using in vitro and in vivo assays, that NRF2 is a very strong interactor of
the ATGS family of proteins. We consequently asked whether this is also the case for NRF1 and CncC,
a mammalian and the D. melanogaster homologs, respectively. Indeed, their binding to Atg8s was of
comparable levels with NRF2 demonstrating the evolutionary conservation of this interaction.
Specifically, in the assay using the mammalian ATGS8 proteins, we observed that the binding of NRF2
with GABARAP and GABARAPL1 was stronger than with the other ATG8s. It is clear that most ATGS
interactors bind best to GABARAP and GABARAPLI1 (Alemu et al., 2012; Bhujabal et al., 2017;
Birgisdottir et al., 2019; Genau et al., 2015; Ichimura et al., 2014; Rogov et al., 2017). A recent study,
using x-ray crystallography and mutational analyses, demonstrated that the residues within a core LIR
and its flanking C-terminal region, combined with specific residues in the LDS on the respective ATGS,
are the ones determining specificity between members of the ATG8 family (Wirth et al., 2019). This
difference in specificity could potentially be a matter of ATGS8 redundancy of the interaction between
NRF2 and the ATG8s. Or it could be that ATGS8s are characterized by different modes of action when
they interact with NRF2.

Due to the strong ATGS interaction, we examined whether NRF2 could be degraded through the
lysosomal route and autophagy. This was considered due to the already well described functions of the
ATGS:s in the autophagic machinery and their role in selective autophagy (Johansen & Lamark, 2020b;
Lamark & Johansen, 2021), involving recruitment of LIR-containing proteins to the phagophore.
Another indication was previous reports demonstrating that the inner nuclear membrane protein lamin
B1 and the NAD-dependent deacetylase SIRT1, both acting in the nucleus, are autophagy substrates
under senescence (Dou et al., 2015; Xu et al., 2020). Here, we observed that there was no degradation

of NRF2 upon Bafilomycin Al treatment (an inhibitor of the lysosomal vacuolar-type H+-ATPase (V-
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ATPase, which neutralizes the lysosomes and inhibits the autophagy flux) when coupled with DL-
sulforaphane (SFN) treatment, which stabilizes NRF2 through KEAP1 degradation (Cullinan et al.,
2004). As a positive control in the same experiment, we used the proteosomal inhibitor MG132 in
combination with SFN, which causes total proteasomal inhibition. Functionally, this result forced us to
postulate that the role of ATGSs in their direct interaction with NRF2 is not coupled to any autophagy-
dependent degradation pathway for NRF2, but rather could have a role in regulating the transcriptional
activity of NRF2. The role of LC3B in its indirect role in the NRF2 — KEAP1 pathway, specifically in
the selective degradation of the p62 — KEAP1 complex in mammals and Keap1 in D. melanogaster, had
already been explored by others, including our group (Copple et al., 2010; Jain et al., 2010, 2015;
Kageyama et al., 2018).

The emergence of WSTF as an autophagic substrate in senescence was uncovered in an interactome
analysis which focused on nuclear and chromatin interactions of members of the ATG8 family of
proteins, and is one of the main findings of paper II. While unbiased proteomic studies of the interactions
of ATG8s with other proteins have been conducted before (Behrends et al., 2010a; Le Guerroué et al.,
2017; Wild et al., 2014), the nuclear ATGS interactome demonstrated in the paper, is a systematic
resource for identifying and studying nuclear proteins whose interaction with the ATGSs is functionally
important for the senescent phenotype. NRF2 was not found in this specific nuclear ATGS interactome,
possibly because it doesn’t have a role in senescence, in which the interactome analysis was focused on.
But mainly, we show here that the degradation of WSTF depends on its interaction with GABARAP,
and the autophagic degradation of WSTF promotes chromatin accessibility of inflammatory genes and
upregulates the SASP program. Paper Il is also novel because previous reports have only indicated that
the ISWI complex and WSTEF, are playing roles in neuronal development (Barnett et al.,
2012b; Percipalle et al., 2006; Zanella et al., 2019), but not in senescence and inflammation,
uncovering a new way in how SASP can be regulated. It also adds to the two already mentioned
reports in the literature that demonstrate that lamin B1 and the SIRT1, both acting in the nucleus, are

autophagy substrates under senescence (Dou et al., 2015; Xu et al., 2020).

4.2 The interactions between the ATG8s and NRF2 and WSTF

The assessment that NRF2 is not an autophagic substrate degraded under oxidative stress, which we
made in paper [, prompted us to ask two questions. First, whether the interaction is based on the well-
established LIR — LDS model (Birgisdottir et al., 2013; Johansen & Lamark, 2020b; Rogov et al., 2023),
as is the case with most ATG8 binding partners, autophagic substrates or receptors. Second, whether the

spatio-temporal relationship between NRF2 and LC3B was unfolding in the nucleus or in the cytoplasm.

We addressed the first question in paper I, by performing interaction mapping by GST pulldown assays

aided by in vitro mutagenesis, peptide array, and structure modeling of the interaction between NRF2
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and the ATGS8s, most specifically LC3B with some studies done with GABARAP. We concluded that
the region responsible for binding to LC3B is specifically the Neh5 domain of NRF2 (amino acid
residues 178 to 208), while for GABARAP the same domain is partially redundant, as it was
demonstrated in a GST pulldown assay where we tested NRF2 with a deletion (A178-208)
encompassing Neh5 for binding both to LC3B and GABARAP. We decided not to proceed with further
experiments using GABARAP to address it, since we considered LC3B as the most likely interaction
partner in the nucleus. The focus on LC3B also simplified our approach since it only required the Neh5
domain for binding. In the Neh5 domain, the tryptophan and leucine residues W188 and L191, as well
as their proximal residues, fit the aromatic and hydrophobic residues in positions one and four of the
core LIR motif consensus (Birgisdottir et al., 2013; Rogov et al., 2023). One could speculate then that
by mutating these residues into alanines, there would be a reduction in the binding affinity of NRF2
with LC3B. We verified that NRF2 W188A/L.191A has indeed a significant decrease in the binding with
LC3B, making us speculate that the interaction is indeed fitting the LIR — LDS model. However, by
testing alanine substitutions of phenylalanine in position 52 (F52) and leucine in position 53 (L53) on
the LC3B sequence corresponding to the LDS (Behrends et al., 2010; Pankiv et al., 2007), we noticed
that the interaction between NRF2 and LC3B was not affected. This either meant that F52 and L53 are
not important for this particular interaction or that the binding interface doesn’t fit the LIR — LDS model,
leaving the HP1 and HP2 hydrophobic pockets without being properly occupied and/or off-core LIR
residues to be stabilizing the NRF2 — LC3B interaction.

To obtain a more nuanced perspective of the binding, we performed in silico NRF2-LC3B complex
predictions using the ColabFold tool, which utilizes the AlphaFold2 prediction model (Mirdita et al.,
2022; Pettersen et al., 2021), and we initially concluded that the Neh5 domain is helical, and not an
extended P sheet, which is usually the case for most studied LIRs (Rogov et al., 2023). The only other
LIR which has been characterized to be a helical is that of TRIM5a (Keown et al., 2018; Mandell et al.,
2014), whose LIR is projected on its coiled coil region, protruding into the hydrophobic pocket HP1 of
LC3B. Even though the binding affinity between TRIM5a and LC3B is not strong (Keown et al., 2018),
it can form a dimer due to its coiled coil domain and can bind two ATGS8 molecules, increasing its
binding affinity. In that particular model, we also observed that the HP1 and HP2 were not engaged in
the binding interface, which we considered highly unusual. In contrast with NRF2, AlphaFold2
predictions of the binding of NRF1 and NFE2 (p45) to LC3B, showed that the aromatic and hydrophobic
residues of the respective evolutionarily conserved domains docked within the hydrophobic pockets
HP1 and HP2 of LC3B in a parallel B-strand configuration, as expected in a typical LIR — LDS
interaction (Rogov et al., 2023). By utilizing AlphaFold2 and the SWISS MODEL (Guex et al., 2009;
Kiefer et al., 2009), we used the used the structure of the NFE2 — LC3B complex as a template to guide
the positioning of a peptide incorporating the putative NRF2 LIR to LC3B. In this final model, we
observed that the docking of W188 and L191 to HP1 and HP2 respectively was successful.
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Then, in addition to the F52 and L53 alanine substitutions, we also tested whether other residues on
LC3B, namely the arginines R10 and R11 in the N terminal arm, which have been deemed important
for the binding to lamin B1 upon its nuclear exodus and autophagic degradation (Dou et al., 2015), as
well as the arginines R69 and R70, which belong to a surface exposed a helical triple arginine motif
shown to be important for the association of LC3B with large complexes in the nucleus (Kraft et al.,
2014, 2016). It is also key to mention that the electropositive residues R10 and R11 are distinctive
features specific to the LC3 subfamily. These residues establish crucial electrostatic interactions with
acidic residues found at positions N terminal to the core LIR motif (Ichimura et al., 2008; Noda et al.,
2008; Olsvik et al., 2015). For instance, in the FYCO1 LIR, an electrostatic interaction is maintained
between R10 in LC3B and D1277 at the -3 position of the FYCO1 LIR, stabilizing the interaction
(Olsvik et al., 2015). Similarly, the p62 LIR is stabilized through interactions involving R10 and R11 in
LC3B with D337 and D338 at the -3 to -2 positions in the p62 LIR (Ichimura et al., 2008). Regarding
the R70, there are LIR motifs, like the FYCOI1 LIR, which feature a negatively charged residue at the
+7 position (Cheng et al., 2016; Olsvik et al., 2015) which facilitates the establishment of an electrostatic
interaction with R70 in LC3B (or R67 in GABARAP). Specifically, in the AlphaFold2 prediction of the
NRF2 — LC3B complex, we saw that a number of residues flanking the core LIR, are indeed engaged in
electrostatic interactions with the R10/R11 and R69/R70 residues on LC3B. We verified this
experimentally through alanine substitutions of these arginines, demonstrating that they indeed have a
strong effect in reducing the binding affinity of LC3B to NRF2, especially when a combinatory LC3B
R10A/R70A was used.

Consequently, we tested other alanine substitutions in the Neh5 domain in a search for important
residues that could shed light in how the binding interface is materializing, like in aspartic acids (D) in
the positions 176, 178 and 183 or the glutamic acids (E) between W188 and L191 on the sequence. The
D183A and E189A/E190A did lead to significant reductions in the binding of NRF2 to LC3B. We deem
the interaction between NRF2 and LC3B to be canonical, but an extended mutational analysis coupled
with in vitro interaction assays or x-ray crystallography need to be employed, in order to make that
statement with confidence. In addition, we cannot exclude the possibility that the NRF2 LIR is helical,
as the initial AlphaFold2 prediction showed.

We answered the latter question, whether the spatiotemporal relationship between NRF2 and LC3B was
unfolding in the nucleus or in the cytoplasm, using endogenous staining but also by performing a
bimolecular fluorescence complementation assay (Hu et al., 2002; Kerppola, 2006; Shaner et al., 2013),
where we tagged NRF2 at its N terminus with the 10 N-terminal B strands of the B barrel of NeonGreen
and fused the 11™ B strand to the N terminus of LC3B. The complementation of the two splits of
NeonGreen inside the cell produces fluorescence with an excitation peak at 506 nm, similar to the green
fluorescent protein (GFP), which peaks at 588 nm (Hu et al., 2002; Shaner et al., 2013). We saw the

interaction to be localized inside the nucleus in a diffused state, possibly due to the transfection-induced
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overexpression. To our knowledge, this is the first time the interaction between LC3B, and a
transcription factor is spatially detected in such a manner, in the nucleus. As a positive control we used
MafG tagged with the N terminal O B strands of NeonGreen, instead of NRF2. This interaction was also
verified to occur in the nucleus. It has been reported that LC3B passively diffuses into the nucleus and
that its rudimentary partial detention there is mediated by its association with high-molecular weight,
slowly diffusing complexes (Drake et al., 2010; Kraft et al., 2014, 2016). It is possible that these high-
molecular complexes are transcriptional complexes, in this case the NRF2 — sMaf heterodimer
associated with the histone acetyltransferase p300/CBP, the Mediator complex, the SWI/SNF
remodeling complex and/or other co-activators or transcription factors (He et al., 2001; Hirotsu et al.,
2012; Itoh et al., 1997; Kawai et al., 2011; Sekine et al., 2016; Sun et al., 2009). We also showed in
paper I, that the endogenous interaction between NRF2 and LC3B is occurring under prolonged
oxidative stress, specifically after 8 hours of treatment with SFN, which also coincides with the
accumulation of LC3B in the nucleus. This could be explained either by the possibility that the promoter
of LC3B contains an ARE sequence, in the same manner that p62 does (Jain et al., 2010), thus oxidative
stress would drive an NRF2-mediated upregulation of LC3B transcription and translation with LC3B
stabilizing under prolonged stress, or by another LC3B-stabilizing mechanism like obstruction of its
autophagic degradation. We do observe here using a western blot analysis that p62 is indeed stabilized
after 4 or 8 hours of SFN treatment, which led us to postulate that same mechanism could be employed
with LC3B. It is also worth noting that a pool of LC3B might be stabilizing, through its engagement
with p62 (Pankiv et al., 2007).

The interaction between WSTF with GABARAP, which we demonstrate in paper II, is shown to be
based on an a helical LIR motif, as it was predicted using ColabFold/Chimera X (Bertoline et al., 2023;
Mirdita et al., 2022; Pettersen et al., 2021). While the WSTF LIR is seemingly atypical, in the sense that
our in silico prediction shows it to be helical, it is possible that a different binding interface is taking
place, like an extended B sheet configuration. Further experiments that can increase the confidence in
the model, like x-ray crystallography of the LIR peptide, would shed light on the WSTF — GABARAP
and assist in theorizing a more specific mode of interaction. It is also important to note that the
interaction between NRF2 and GABARAP would also be an interesting one to explore, since the

possibility of a different binding mode is highly likely.

While there are molecular determinants between LC3B, GABARAP and the other ATGS8s that can lead
to differences in their binding affinities to LIR-containing proteins (Wirth et al., 2019), it is possible that
there is no specific feature which could potentially differentiate the binding between nuclear and
cytoplasmic proteins to ATG8s. For example, we can’t be confident that the helicality of the LIR, which
was our initial hypothesis after the initial prediction of the NRF2 LIR and the WSTF LIR, can be the
defining factor for the selectivity of ATGS8s to nuclear proteins and components. By producing

AlphaFold2 predictions for NRF1 and NFE2 (p45) in paper I, this notion was confirmed.
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4.3 The role of LC3B in the transcriptional regulation of NRF2
target genes

It has been reported that the mutation of 18 lysines to arginines in the Neh1 domain, where it was shown
that p300 is acetylating NRF2, compromised the ability of NRF2 to bind to DNA and consequently
the transcription of the NOQOI1, TXNRD1 and GCLM genes but not that of HO! (Sun et al., 2009). That
is relevant because in paper I, we observed a significant downregulation of the HOI gene in
different experimental settings compared with other NRF2 target genes, under prolonged oxidative
stress coupled with overexpression of LC3B. In another paper, however, it was shown that the
p300-mediated acetylation in the Neh3 was relevant for the HO! gene (Kawai et al., 2011). The HO!
downregulation could be the result of a displacement of a different NRF2 co-factor by LC3B,
like the activating transcription factor 4 (ATF4), since the NRF2-ATF4 has been shown to be a
potent inducer of HOI specifically (He et al.,, 2001; Rdssler & Thiel, 2017). Whether the Neh5

domain is important for the ATF4-NRF2 dimer interaction, is unknown.

In collaboration with histone-modifying enzymes, it also has been shown that NRF2 operates by
recruiting the Mediator, a protein complex with multiple subunits that facilitates the transmission of
regulatory signals from a DNA-bound transcription factor to the RNA polymerase II (Pol II) (Allen &
Taatjes, 2015; Sekine et al., 2016). The composition of the Mediator subunits is dynamic, allowing for
the addition or removal of subunits, thereby impacting its biological function (Allen & Taatjes, 2015).
NRF2 has been shown to establish a direct interaction with the MED16 subunit of the Mediator complex
through its Neh1, Neh4 and Neh5 domains (Sekine et al., 2016). The authors show that MED16 acts as
an intermediary, bridging the interaction between NRF2 and the Mediator complex. They also find that
depletion of MEDI16 specifically hampers the transcription of several NRF2 target genes without
impacting cell proliferation. Apart from the histone modifying enzymes p300 and CBP and the Mediator
complex, it has also been reported that NRF2 recruits ATP-dependent nucleosome remodeling
complexes (Zhang et al., 2006). Here the authors showed that BRG1, the central ATPase subunit of
the SWI/SNF chromatin-remodeling complex, interacts with NRF2 and enhances its transcriptional
activity, also through the Neh4 and Neh5 domains. The interesting finding is that, while NRF2 recruits
BRGI1 to both to the HO-1 and NQOI regulatory regions, BRG1 knockdown selectively decreased the
recruitment of RNA Pol II to the HO-1 promoter and not to the NOOI promoter (Zhang et al., 2006).
The authors explain that this is because HO-1, but not the other NRF2 target genes, contains a sequence
of TG repeats that can lead to Z-DNA formation with BRG1 assistance. The significant activation
reduction we observe in the HO-1 gene in paper I after LC3B overexpression, for example, could also
be partly because of a putative competition between LC3B and BRG1 on the Neh5 domain of NRF2,
that would result in a reduction in BRGI recruitment to NRF2 and a subsequent target gene activation

reduction.
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Taking the above into consideration, our results in paper I that demonstrate differences in the levels of
downregulation of the target genes of NRF2 after LC3B overexpression, we postulate that there might
be a competition between LC3B and another single protein or subunit of a transcriptional complex that
is different from p300/CBP, like MEDI16, the subunit of the Mediator, or BRG1, the ATPase subunit of
the SWI/SNF chromatin-remodeling complex. It is crucial to note that all of the aforementioned
proteins/subunits do interact with NRF2 and affect its transcriptional activity through the Neh5 domain,
among others, and that that is the region where we demonstrate a strong interaction between LC3B and
NRF2. To take this further, we hypothesize that LC3B affects multiple nodes of the transcriptional
network which has NRF2 at its center.

It is also true that the differences in NRF2 target gene downregulation, can be explained by what has
been demonstrated in previous studies in integrated analyses of NRF2 binding and transcription profiles,
specifically that not all the genes in the vicinity of bound NRF2 are transcriptionally regulated as a result
of NRF2 binding (Chorley et al., 2012; Hirotsu et al., 2012; Malhotra et al., 2010). It is possible that
these genes require the recruitment of specific co-factors for a complete activation that are different
from the ones involved in the experiments in paper I, a hypothesis we can’t exclude when discussing
the LC3B-mediated effect on the transcriptional activity of NRF2. This is also indicated in the fact that
in a motif analysis of NRF2 binding sites, consensus motifs for other transcription factors, such as Fos,
Mafb, Lhx3 and MEF2A, were also identified (Malhotra et al., 2010). In addition, other CNC
transcription factors and/or members of the AP1 complex, such as Jun, Fos and ATF3, have been
reported to recognize ARE-like sequences when tested using electrophoretic mobility shift assays (Alam
et al., 2003), with NRF2 also having been reported to form heterodimers specifically with ATF4 (He et
al., 2001), an interaction that is important for the expression of HO-1. This suggests that other
transcription factors acting on ARE-like sequences might be concealing the measurable effect that LC3B

has in the target gene expression of NRF2.

In addition to the above, in order to mimic oxidative stress in paper I we used SFN, which we know acts
on the cysteine code of KEAP1 and changes its conformation, disrupting its interaction with NRF2 and
eventually inducing the latter’s stabilization (Horie et al., 2021), it is possible that other chemical
inducers of NRF2 stabilization used in the literature, like sodium arsenite (As(Ill)) (Cordova et al.,
2014; Sun et al., 2009) or tert-butylhydroquinone (tBHQ) (Lau et al., 2013) can have a different impact
on different target genes of NRF2. It is also important to note, that while this might be the case, there is
agreement in the field that NRF2 regulates a common set of genes, such as Ngol, Gcle, Gelm and
Txnrdl, irrespective of the type of stimulus and the cellular context (Barve et al., 2008; Cérdova et al.,
2014; Kobayashi et al., 2016; Lau et al., 2013; Mitsuishi et al., 2012; Woods et al., 2009; Wu et al.,
2011Db), and that that is a program conserved from Drosophila to humans (Lacher et al., 2015).
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Whether different chemical inducers would lead to different LC3B-mediated effects on the transcription

of NRF?2 target genes would require further experiments and remains to be determined.

To conclude this section, in order to fully understand the effect we see LC3B has on the NRF2-mediated
gene transactivation, a holistic approach needs to be considered, that includes the notion of cooperation
and/or competition of NRF2 with other transcriptional factors and co-factors, the possibility that default
NREF?2 target genes can be activated by transcriptional factors without NRF2 participation, as well as the
variability produced by the different chemical agents we use to mimic oxidative stress and induce NRF2
stabilization. Our conclusion is that an increase in nuclear LC3B appears to have a significant effect on
the transcriptional activity of NRF2 target genes, and definitely on HO!, but further experiments need

to be performed in order to improve the accuracy of our model.

4.4 LC3B as a transcriptional co-factor

In paper II1, we discuss an article that is highly relevant with the content of paper I, reporting on the role
of LC3B as a co-factor of the LMX1B transcription factor (Jiménez-Moreno et al., 2023). The authors
show that LMX1B is responsible for the upregulation of autophagy genes through the FLAT elements
in the promoters of these genes, by engaging in interactions with members of the ATG8 family of
proteins. Opposite to what we observed with NRF2 in paper I, the use of the LC3B F52A and L53A
mutants in in vitro binding assays significantly reduced the binding to LMX1B, possibly conforming to
the tyrosine-type group of identified LIR-containing proteins, such as NBR1 and ATG4B (Kirkin et
al., 2009; Satoo et al., 2009). However, the core LIR alanine substitutions of the aromatic
residues (Birgisdottir et al., 2013; Rogov et al., 2023). However, alanine substitutions of the key
tyrosine and leucine residues (Y309A/L312A) within the proposed LMX1B LIR did not impact the
binding to the ATGSs, possibly due to off-core LIR interactions (Johansen & Lamark, 2020; Rogov et
al., 2023). An expanded truncation the LMXI1B putative LIR (A308-317) did have an effect,
having no effect in stimulating expression from FLAT element reporters or protecting against
rotenone-induced cell death in midbrain dopaminergic neurons. Due to the lack of an extended
mutational analysis of the LMX1B LIR-like interaction with LC3B, we cannot draw parallels with the
NRF2 — LC3B predicted complex which we demonstrate in paper 1.

Nevertheless, it is important to note that Jiménez-Moreno et al. clearly demonstrated evidence
showcasing the ability of ATG8s to function as transcriptional cofactors within mammalian cells.
Questions arise then as to how does LC3B function to enhance transcription? Does it serve as an adaptor
that binds to recruit transcriptional cofactors, or competes with transcriptional repressors? While in
paper I, our conclusion is that LC3B displaces p300, or possibly other transcriptional co-factors, from
nuclear NRF2, hence negatively affecting its target gene expression, in this case, the opposite seems to
be the case. Notably, the role of ATGSs as a transcriptional repressor is not entirely new, as it has been
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previously shown in a Drosophila model that another transcription factor that interacts with ATGS
through the LDS, called Sequoia, can repress autophagy gene transcription (Jacomin et al., 2020). The
mechanism hasn’t been described in detail, but the authors clearly show that DmAtg8a leads to
autophagy gene transcriptional suppression in nutrient-replete conditions. It is evidently anticipated that
new roles for ATG8 family members within the nucleus will be unveiled, identifying new roles of

additional transcription factors influenced by ATGS8 binding, as is the case in paper L.

4.5 Evolving selectivity in autophagy: NRF2 and NBR1

In paper IV, our review of the autophagy receptor NBR1 sheds light on the origin of selective autophagy.
We put forward the hypothesis suggested by phylogenetic, structural and biochemical analyses that
NBRI1 is the ancestral selective autophagy receptor and the origin of selective autophagy. A gene
duplication during the development of early multicellular organisms (metazoans), between the
Precambrian and Cambrian eras around 500 million years ago, likely gave rise to p62 (Svenning et al.,
2011). Most non-metazoans contain only NBR1, while generally, metazoans contain both NBR1 and
p62. As a selective autophagy receptor, NBR1 interacts with ATG8s, the latter in turn being lipidated
and sitting on the phagophore (Johansen & Lamark, 2020).

While NRF2 emerged very early in evolutionary time, having evolved from an early eukaryotic peptide
which contained a bZIP/CNC domain sequence during the last stage of the Great Oxygenation Event
(GOE), there is a lack of nuclear NRF2-like response to oxidative stress in plants (Shao et al., 2008),
and an absence of detectable homology to the NRF2 — KEAP1 pathway in plant genomes (Gacesa et al.,
2015). The earliest evolutionary homolog of NRF2 with a similar function in the antioxidative response
to mammals, that has been empirically studied, is SKN-1 in C. elegans (An et al., 2005; Choe et al.,
2012). SKN-1 lacks the regulatory KEAP1 interaction which is present in D. melanogaster (Gacesa et
al., 2016; Sykiotis & Bohmann, 2008), through which it has been demonstrated that dmAtg8 regulates
NREF2 stability (Jain et al., 2015). The lack of a KEAP1-like regulatory mechanism in C. elegans,
possibly indicates that SKN-1 and/or earlier metazoan ancestors interacted directly with an ancestral
Atg8, since it is also already known that the two conjugation systems with ATG8 and ATG12
are conserved in most eukaryotic clades (Zhang et al., 2022). It is also possible that the KEAPI-
like regulation of NRF2 existed before the C. elegans split and it was lost later in evolution, after the
split of the C. elegans evolutionary line. In order to validate this hypothesis, SKN-1 would also have
to be tested for an interaction with the two Atg8 homologs in C. elegans, namely LGG-1 and LGG-2
(Wu et al.,, 2015). Either SKN-1 is an autophagic substrate and like NBR1, can be directly
degraded by autophagy, which as we showed in paper I it doesn’t occur in mammals, or a similar
regulation of transcription is taking place, like the one we investigated in paper 1. Both would be

interesting to explore in future studies.
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4.6 Conclusions

The elucidation of the nuclear roles of the ATGS8 family of proteins, affecting autophagy or autophagy-
independent processes, will have a big impact in the field and can prove valuable when it comes to
targeting these processes in clinical treatment regimens for cancer and/or neurogenerative diseases. Here
we show that LC3B, the most prominent member of the ATGS8 proteins, competes with p300 for binding
to NRF2 under prolonged oxidative stress, negatively regulating the transcriptional program of NRF2
and by proxy, the NRF2-mediated antioxidative response. We propose that the purpose of this
competition is for LC3B to act as a brake of this antioxidative response, in order to avoid complications
that may rise from a prolonged oxidative stimulus. In addition, we contribute to the mapping of the
interaction between WSTF, a subunit of a chromatin remodeling complex with roles in senescence-
associated inflammation, and GABARAP. This binding is crucial for the autophagic degradation of
WSTF and the promotion of chromatin accessibility over inflammatory genes to allow their
expression. These observations highlight the need to expand the knowledge in the field of ATG8

signaling in the nucleus, uncovering the roles in different gene regulatory programs.
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5. Methodological considerations

5.1 Cell lines as model systems

Selecting appropriate cell lines is a critical consideration for cell-based studies. In this thesis, numerous
cell biological findings were based on HeLa cells, a widely used model in biomedical research
established in 1951 from a cervical adenocarcinoma patient, Henrietta Lacks (Lucey et al., 2009). HeLa
cells have been extensively employed globally and come with various tools, including established

knockout clones, which were beneficial for our study, like the ATG8 KO HeLa cells made in our lab.

However, the widespread use of HeLa cells has led to genetic divergence, attributed to their inherent
genetic instability as a cancer cell line (Frattini et al., 2015). Multi-omics analyses have revealed
significant heterogeneity among HeLa cells from different laboratories, and the accumulation of
genetic alterations over passaging time can impact reproducibility (Liu et al.,, 2019). To enhance
robustness, it is advisable to replicate experiments in different HeLa variants and other cell lines.
Because of the above, U20S cells, a human osteosarcoma cell line, were also utilized in paper I,

yielding similar results to HeLa cells.

The primary human IMR90 and BJ fibroblasts, isolated from lung and skin tissue respectively, were
used for the senescence experiments, due to their finite lifespan, and they have been previously used in

similar studies (Dou et al., 2015; Xu et al., 2020).

5.2 In vitro interaction studies

In this work, in vitro GST pulldown assays were employed as part of a process to profile the binding of
NRF2 and its homologs, as well as WSTF, with the ATGS8 proteins. The advantage this method provides
is its cell-free nature, enabling detailed biochemical examinations of direct protein interactions and
affinity assessments. However, the absence of cellular components raises the possibility of bringing
together proteins that may not encounter each other in a physiological context. For example, proteins
found in different cellular compartments may interact in vitro but not in vivo. Post-translational

modifications crucial for cellular interactions may be absent in vitro, and protein folding may differ.

It is of also possible that these interactions can’t be pinpointed in vivo because of the technical issues,
like the lack of antibodies that recognize the regions where the interactions don’t take place, leading to
false negative results. The in vitro translation system used in our studies has been reported to involve
ubiquitination of proteins. This also introduces the potential for false negative or positive results. To
address these limitations, it is recommended to complement in vitro GST pulldown studies with other

assays assessing interactions in a cellular context, such as immunofluorescent microscopy for
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colocalization, proximity labeling like bimolecular complementation assays and/or co-
immunoprecipitation. Another drawback of co-immunoprecipitations, beyond the putative lack of the
right antibodies, is that it cannot distinguish between direct and indirect interactions through complexes

or that the cell lysis may expose proteins normally confined to distinct subcellular compartments.

In the case of our observed interaction of ATGS8 proteins with NRF2 and WSTF, multiple validation
methods were employed, including co-localization studies, bimolecular fluorescent complementation
assays, co-immunoprecipitations and subcellular fractionations. For the interactions between LC3B and
NRF2 mutants, confirmation has been limited to in vitro studies, with others reporting similar findings
from large-scale screens. Regarding the competition assays, we want to note that only the three proteins
we studied in paper I, namely NRF2, LC3B and p300, were used, which opens up the question whether
other regulatory proteins or co-factors contribute to this interaction, which were not present in the assay
but are present in the cells. This is observations lead to the conclusion that further experiments are

needed to expand the validation of these interactions in a cellular context.

5.3 Luciferase assays

In order to examine the binding capacity of NRF2 to the ARE promoter, we performed luciferase assays
using the promoter of ngol. While there are small differences in the ARE sequences between the
promoters of the target genes of NRF2, there has been no comparative experimental study, to our
knowledge, that attempts to explore these differences. Hence, the changes we saw in the NRF2 target
gene activation in paper I, could be either because of differences in the ARE sequences but also because
of other parameters, such as the contribution of co-factors, as these were discussed in section 4 of this
thesis. Lastly, due to the co-expression of plasmids and for reasons that will be explained in the next
paragraph, luciferase assays can be unstable between repeats. This is the reason we decided to use RT-

gqPCR to measure the target gene mRNA levels, and in combination, produce conclusions.

5.4 Transient and stable protein expression

To investigate the LC3B-NRF2 and the impact of mutations to NRF2 target gene expression, we
employed both stable and transient protein expression methods. Transient transfection offers a quick
and simple approach, but its downside lies in the temporary nature of expression and challenges in

regulating protein levels, often resulting in overexpression compared to endogenous levels.

However, in the case of paper I, NRF2 levels under basal conditions are low, almost undetectable, which
makes it easier to measure a phenotype by RT-qPCR after overexpression of different mutants. In the

same paper, RT-qPCR experiments with both transient overexpression and stable expression (HA-
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tagged) of LC3B led to similar results. NeonGreen-tagged 1-10 B-strands NRF2 and -11 LC3B,
expressed through transient transfection, cells displaying very high levels of both proteins, seemed to
generate strong green signal in the nucleus. It's important to acknowledge that overexpression of these
two proteins might contribute to a forced interaction in the nucleus, of which the affinity is much
stronger or localized in different nuclear components, than what actually happens under non-external
expression conditions. Furthermore, transient transfection involves introducing DNA as a plasmid,
which might inadvertently trigger changes that can resemble oxidative stress. Given NRF2's role in

responding to oxidative insults stimuli, this kind of stress could impact our study.

5.5 Western blotting

Western blotting was utilized to assess protein levels in diverse cellular conditions and treatments. This
widely adopted technique involves the separation of proteins through sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and subsequent transfer to a nitrocellulose or
polyvinylidene fluoride (PVDF) membrane. Primary antibodies against the target protein, followed by
secondary antibodies containing a probe (e.g., horseradish peroxidase or a fluorophore), are used for
protein detection (Mahmood & Yang, 2012). The multistep process introduces various opportunities for
variations or errors, encompassing sample preparation, electrophoresis, buffers, transfer systems,
immunolabeling, and detection, potentially complicating result comparisons across labs, researchers,

and experiments.

Despite its limitations, western blotting is frequently employed to quantify protein levels and attain
statistically significant results. Due to the numerous variables affecting outcomes, it is generally
considered a semi-quantitative method, allowing for relative comparisons within a membrane but
lacking absolute protein quantity values (Mahmood & Yang, 2012). Relative protein levels are
normalized against housekeeping genes, yet discrepancies in the dynamic range of housekeeping genes

compared to the protein of interest can impact normalization accuracy (Pillai-Kastoori et al., 2020).

In our lab, two detection systems are employed: chemiluminescent and near-infrared detection.
Chemiluminescent detection relies on an enzymatic reaction between a substrate and horseradish
peroxidase, where the reaction rate and signal are substrate and enzyme concentration-dependent,
introducing non-linearity (Pillai-Kastoori et al., 2020). Uneven substrate distribution and strong signals
from highly expressed proteins may affect signal quality. Near-infrared detection, relying on direct
fluorophore detection without substrate addition, allows simultaneous detection of two proteins with
different emission spectra, reducing variabilities associated with chemiluminescent detection and

enhancing reliability.
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In our studies, near-infrared detection was the standard for achieving quantifiable results, with
chemiluminescent detection used when certain antibodies proved incompatible or when the signal was
too weak. To enhance confidence in quantification, at least three individual experiments were conducted
and quantified for each western blot, unless stated otherwise. However, the obtained values provide only
an approximation of changes in protein levels, considering potential sources of variation and error

discussed here that could impact result interpretation.

5.6 Protein structure prediction using AlphaFold2

The structural predictions for the interactions between NRF2, NRF1, p45 and LC3B in paper I were
made using the ColabFold tool, which utilizes the AlphaFold2 deep learning model (Bertoline et al.,
2023; Mirdita et al., 2022; Pettersen et al., 2021). While AlphaFold2 is a powerful tool for protein
structure prediction, there are certain limitations and challenges associated with its use. Specifically, the
system is trained on a large dataset of known protein structures, such as those found in the Protein Data
Bank (PDB), using a deep learning architecture that includes attention mechanisms and convolutional
neural networks. If there have no similar structure complex solved, of the protein complex which we
want to predict, which is determined by the aminoacidic sequence and among others, the evolutionary
conservation of the specific regions that participate in the binding, the accuracy of the prediction can be
compromised. On top of that argument, different regions within a protein structure may be structurally
disordered or long loops, which, when coupled with the dynamic nature of proteins and the
conformational changes that they can undergo, predictions of structural complexes can be challenging.
Solving the structure with experimental techniques, like nuclear magnetic resonance (NMR) or cryo-
electron microscopy could provide complementary information that is crucial for determing the binding
interface. In our studies, we approached the interaction mapping between NRF2 and LC3B using a

mutational analysis and in vitro studies of their direct interaction.
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ABSTRACT

The transcription factor NRF2 serves as a master regulator orchestrating the anti-oxidative response,
significantly contributing to cellular defense mechanisms against oxidative stress. NRF2 undergoes
transcriptional activation upon translocation to the nucleus, a process that is facilitated by its interaction
with the acetyltransferase p300/CBP. This interaction occurs on the Neh5 (Nrf2-ECH homology 5)
domain of NRF2, followed by acetylation events on Nehl and Neh3, and results in enhancing NRF2's
affinity to its target gene promoters. In this study, we explore the involvement of LC3B, a member of
the ATG8 family of autophagy proteins, in the p300/CBP-driven transcriptional activation of NRF2.
Our findings reveal that NRF2 strongly interacts with LC3B and the other ATGSs, but its stability
remains unaffected by LC3B. LC3B binds to the Neh5 domain of NRF2, the same domain responsible
for its interaction with p300/CBP. We show that LC3B competes with p300/CBP for binding to Neh5.
LC3B interacts with NRF2 in the nucleus and acts as a negative regulator of NRF2, functioning as a
brake to the NRF2-driven antioxidative stress response within the nucleus by inhibiting its activation

by p300/CBP.



INTRODUCTION

Oxidative stress, defined as the negative effect of oxidants in different physiological functions, is well-
established as an important factor in acute toxicity caused by different environmental stressors (Sies,
1985, 1997). Dysfunctional oxidative stress regulation is widely implicated in the pathogenesis of
cancer, neurodegenerative disorders, and various diseases associated with aging (Chen et al., 2008;
Forman & Zhang, 2021; Pizzino et al., 2017). The transcription factor NRF2 (nuclear factor erythroid
2-related factor 2) serves as a crucial regulator of the oxidative stress response. It activates the
transcription of antioxidant response genes by binding to the antioxidant response elements (AREs) on

their promoters (Katsuoka et al., 2005; Nioi et al., 2003; Tonelli et al., 2018).

The regulation of NRF2 protein levels is intricately managed by the ubiquitin-proteasome system
(UPS), through its interaction with KEAP1 (Itoh et al., 2003; McMahon et al., 2003). Under basal
conditions, KEAP1, acting as a redox-sensitive adapter, regulates NRF2’s degradation by forming a
complex with CUL3 and RBX1 to form a functional E3 ubiquitin ligase, via the Neh2 domain of NRF2
(Cullinan et al., 2004; Kobayashi et al., 2004; Zhang et al., 2004). This complex involves two KEAP1
molecules binding through their Kelch-repeat domain, to the DLG and ETGE motifs of one NRF2
molecule. In this context, KEAP1 serves as a crucial adaptor for the CUL3 — RBX1 E3 ubiquitin ligase
complex, responsible for maintaining low levels of NRF2, by facilitating constant ubiquitylation and
degradation. Hence, NRF2 has a short half-life of approximately 10-30 minutes under normal,
unperturbed conditions (Nguyen et al., 2003). However, during oxidative stress, specific cysteine
residues on KEAPI undergo oxidation, rendering it inactive (Takaya et al., 2012). This inactivation
leads to NRF2 stabilization through a Hinge-Latch mechanism (Horie et al., 2021). This model explains
that under oxidative stress, NRF2 remains stably associated with KEAP1, and the newly translated pool
of NRF2 translocates to the nucleus and activates its antioxidant program. The activation of ARE-
containing gene promoters by NRF2 is generally leading to the induction of the expression of
antioxidant proteins, which allow cells to respond to oxidative stress (Raghunath et al., 2018). NRF2
achieves this by recruiting co-activators like p300/CBP histone acetyltransferases and the small
musculoaponeurotic fibrosarcoma proteins (SMAFs) to form the ARE-binding complex. It was initially
suggested that two NRF2 domains, Nrf2-ECH homology 4 and 5 (Neh4 and NehS5) cooperate to bind
to CBP (Katoh et al., 2001) and that displacement of CBP from the CBP-NRF2 complex leads to
repression of NRF2-induced transcription (Brown et al., 2008). However, the crucial domain for
NRF2’s target gene expression is Neh5, and specific residues in this domain affect the activation of
different target genes (J. Zhang et al., 2007). Under oxidative stress conditions, p300/CBP directly binds
to NRF2, acetylating the C-terminal Neh1 domain to enhance the binding of NRF2 to the promoter of
its target genes (Sun et al., 2009). Among the genes tested, were HO-1, GCLM, TXNRD1 and NQOI,

with HO-1 having the weakest Nehl-acetylation dependent activation. Interestingly, it was shown in



the same study that mutations of the Nehl lysine sites didn’t affect NRF2 stability. Then, Kawai and
colleagues, complemented the findings by Sun et al. by revealing that acetylation of the Neh3 domain
by p300/CBP is especially relevant for the HO-1 gene activation as well, on top of NRF2’s other target
genes (Kawai et al., 2011), and that SIRT1 can deacetylate NRF2, reducing NRF2-dependent gene

transcription.

Macroautophagy (hereafter referred to as autophagy), is an evolutionarily conserved lysosomal
degradation pathway that plays a crucial role in preserving macromolecular and organellar homeostasis
(Klionsky et al., 2021). The members of the ATGS8 family of proteins are crucial components of the
autophagic pathway, functioning as membrane scaffolds for other ATG proteins, and facilitating the
formation and fusion of autophagosomes with lysosomes (Johansen & Lamark, 2020). They also
participate in selective autophagy, a form of selective autophagic degradation of cellular components.
Selective autophagy receptors directly bind to the ATGS8s through a 10-15 amino acid-long LC3
interacting region (LIR) motif (Birgisdottir et al., 2013; Johansen & Lamark, 2020). This motif,
characterized by a core sequence [W/F/Y Jo-X1-X2-[I/L/V]3, involves the aromatic residue in position 0
docking into hydrophobic pocket 1 (HP1) and the hydrophobic residue in position 3 docking into
hydrophobic pocket 2 (HP2) of the LIR docking site (LDS) on the ATGS protein.

The functions of ATGS8 proteins extend beyond autophagy, among others in the nucleus, where a few
studies have explored the role LC3B. Nuclear LC3B has been observed to interact with various proteins,
including promyelocytic leukemia (PML), components of the extracellular signal-regulated kinases
(ERK) pathway, and the ribosome receptor Nuclear FMR1 Interacting Protein 1 (NUFIP1) (He et al.,
2014; Martinez-Lopez et al., 2013; Shim et al., 2020). LC3B was also found to directly interact with
lamin Bl during senescence, associating with transcriptionally inactive heterochromatin domains
(lamin-associated domains, LADs) and contributing to the degradation of the nuclear lamina in response
to oncogenic insults (Dou et al., 2015). Sirtuin 1 (SIRT1), a key nuclear deacetylase linked to aging,
was shown to undergo lysosomal degradation through selective autophagy, involving direct targeting
in the nucleus by LC3B (L. Wang et al., 2021). Recently, their role as transcriptional co-factors for the
LMXI1B-mediated transcription of autophagy genes in dopaminergic neurons (Jiménez-Moreno et al.,

2023; Kournoutis & Johansen, 2023) was described.

Here we show that LC3B competes with p300 for the binding to the Neh5 domain of NRF2, acting as
a transcriptional repressor in the nucleus. As it has previously been reported, p300 interacts with NRF2
on its Neh5 domain and acetylates its Neh1 and Neh3 domains, resulting in an increase in NRF2’s DNA
binding capacity and subsequent target gene expression (Kawai et al., 2011; Sun et al., 2009). Through
the NRF2 — LC3B —p300 competition, we hypothesize that LC3B acts as a break to the persistent NRF2

target gene activation, regulating the antioxidant response driven by NRF2.

4



MATERIALS AND METHODS

Antibodies and reagents. The following primary antibodies were used: rabbit monoclonal anti-NRF2
(Abcam, ab62352, WB: 1:1000), rabbit anti-lamin B1 (Abcam, ab16048, WB: 1:1000, IF: 1:1000),
rabbit polyclonal anti-LC3B (Novus, NB100-2220, WB: 1:1000, IF: 1:750), rabbit polyclonal anti-
LC3B (Sigma, L7543, WB: 1:1000, IF: 1:750), mouse monoclonal anti-LC3B (Nanotools, 0231-
100/1c3-5F10, IF: 1:750), rabbit polyclonal anti-FYCO1 (Sigma, HPA035526, WB: 1:1000), mouse
anti-p62 (BD Biosciences, #610833, WB: 1:1000), mouse monoclonal anti-Myc (Cell Signaling, 9B11,
WB: 1:1000), mouse anti-tubulin B (Sigma, T4026, WB: 1:2000), rabbit anti-actin (Sigma, A2066, WB:
1:3000). The following secondary antibodies were used for WB: IRDye 800CW goat anti-rabbit IgG
(LI-COR, 926-32211), IRDye 680LT goat anti-mouse IgG (LI-COR, 926-68020), IRDye 680LT
donkey anti-guinea pig IgG (LI-COR 926-68030), HRP-conjugated goat anti-rabbit IgG (BD
Pharmingen™, 554021). The following secondary antibodies were used for immunofluorescent
labeling: Alexa Fluor® 555-conjugated goat anti-rabbit IgG (Life Technologies, A-21428), Alexa
Fluor® 488-conjugated goat anti-mouse IgG (Life Technologies, A-11029). Reagents used were DL-
Sulforaphane (SFN) (Thermo Fisher Scientific, ICN19378125), Bafilomycin Al (Sigma, B1793),
MG132 (Sigma, C2759), dimethyl sulfoxide (DMSO) (Honeywell, #472301).

Plasmids. The plasmids used are listed in Table 1. The truncation constructs were done using InFusion
cloning technology (Takara Bio). Cloning into pDest-vectors was done using the Gateway cloning
system (Invitrogen). QuickChange site-directed mutagenesis kit (Stratagene) was used to create desired
point mutations, which were verified by DNA sequencing (BigDye Sequencing kits, Applied
Biosystems). Oligonucleotides for mutagenesis and truncations are listed in Table 2. All plasmid

constructs were verified by sequencing (BigDye, Applied Biosystems) and/or restrictive digestion.

Cell culture and transfection. U20S, HEK293T, HelLa Flpln T-Rex (Invitrogen, R714-07) were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma, D6046 or Sigma, D5796)
supplemented with 10% heat-inactivated fetal bovine serum (Biochrom, S0615) and 1% streptomycin-
penicillin (Sigma, P4333). Sub-confluent (70-80%) cells were transfected using TransIT-LT1 (Mirus,
MIR2300) or Metafectene Pro (Biontex Laboratories GmbH), following the manufacturer’s

instructions.

Recombinant protein production and GST pulldown assay. GST or GST-tagged proteins were
expressed in Escherichia coli strain SoluBL21 (Genlantis, #C700200). Expression of recombinant

protein was induced by treating bacterial cultures with isopropyl f-D-1-thiogalactopyranoside (IPTG;



50 uM) for 4h at room temperature. GST or GST fusion proteins were purified and immobilized on
Glutathione-Sepharose 4 Fast Flow beads (GE Healthcare, 17-5132-01). Myc- or V1-tagged proteins
were translated in vitro using the TNT T7 reticulocyte Lysate system (Promega, #14610) in the presence
of ¥°S-methionine. The translated protein was pre-incubated with 10 pl Glutathione-Sepharose beads
and 100 pl of NETN buffer (50 mM Tris pH 8.0; 150 mM NaCl; 1 mM EDTA; 0,5% Nonidet P-40)
with cOmplete Mini EDTA-free protease inhibitor mixture tablet (1 tablet/10 ml) (Roche Applied
Science, 11836170001) for 30 min at 4°C to reduce unspecific binding. The pre-incubated lysate was
then incubated with the immobilized GST fusion protein on a rotator for 1 hour at 4°C. The beads were
washed five times with NETN buffer, boiled with 2x SDS gel loading buffer (125 mM Tris pH 7.5; 4%
SDS; 0.04% bromphenol blue; 8% sucrose; 100 mM dithiothreitol) and subjected to SDS-PAGE. Gels
were stained with Coomassie Brilliant Blue R-250 Dye (Thermo Fisher Scientific, #20278) to visualize
GST fusion proteins and then vacuum dried. Signals from **S-labeled proteins were detected by a

Fujifilm bioimaging analyzer BAS-5000 (Fujifilm).

Immunoprecipitation. Cell lysis was carried out using immunoprecipitation buffer (20 mM Tris (pH
7.5), 137 mM NacCl, 1 mM MgCl,, I mM CaCl, and 1% NP-40) supplemented with a cOmplete Mini
EDTA-free protease inhibitor mixture tablet (1 tablet/10 ml) (Roche Applied Science, 11836170001)
along with benzonase (Millipore, 70746) (2 units/ml). The addition of benzonase is crucial for the
release of chromatin-bound proteins into the supernatant, with MgCl, playing a pivotal role in
facilitating its activity. Subsequently, the lysates were subjected to rotation at 4 °C for 30—60 minutes.
After a centrifugation at 16000 g for 5 min at 4 °C, the supernatant was then incubated overnight at 4
°C with antibody-conjugated protein A Dynabeads (Life Technologies, 10001D). The
immunoprecipitated complexes were then washed three times and then boiled at 95 °C in the presence

of 1% SDS. The resulting samples were subjected to analysis through western blotting.

Nuclear fractionation. Trypsinized cells were centrifuged at 500 g for 5 min at 4 °C. The cell pellets
were lysed in buffer I (150 mM NaCl, 50 mM HEPES, 25 ug/ml digitonin (Sigma 11024-24-1) with
protease and phosphatase inhibitors), pipetted up and down 10 times, and rotated for 30 min at 4 °C.
Cells were then centrifuged at 3000 g for 5 min at 4 °C; the supernatant was collected as the cytosolic
fraction. The pellets were then lysed with buffer II (150 mM NaCl, 50 mM HEPES, 1% NP40 (Sigma
74285), benzonase (Millipore, 70746) (2 units/ml), I mM MgCl,, 0.1%SDS, 0.5% sodium deoxycholate
with protease and phosphatase inhibitors), pipetted up and down 10 times, vortexed for 10 s, and rotated
for 1h at 4 °C. The lysate was centrifuged at 16000 g for 10 min at 4 °C. The supernatant was collected

as the nuclear fraction.



Western blotting. For immunoblot analysis, cells were harvested in buffer containing 20 mM Tris, pH
7.5, 137 mM NaCl, 1 mM MgCl,, 1 mM CacCl,, 1% NP-40, supplemented with 1:100 Halt protease and
phosphatase inhibitor cocktail (Thermo Fisher Scientific) and benzonase at 12.5 U/ml. The lysates were
rotated at 4 °C for 1h, centrifuged at 16000g for 5 min and the supernatant was collected and boiled at
95°C in the presence of 1% SDS. The resulting supernatants were subjected to electrophoresis using
SDS-PAGE gels. Proteins were transferred to nitrocellulose membrane (LI-COR, 926-31092) and
stained with Ponceau S (Sigma, P35504). The membranes were then blocked in 5% non-fat milk in
TBS at room temperature for 1 h. Primary antibodies were diluted in Intercept® (TBS) blocking buffer,
following incubation at 4°C overnight. Membranes were subsequently washed 4x in TBS containing
0.1% Tween 20 (TBS-T), each for 10 min, followed by incubation of secondary antibodies at room
temperature for 1 h, Intercept” (TBS) blocking buffer. The membranes were washed again 4x and the
signal was detected using the LI-COR Odyssey® CLx imaging system. Quantification of the fluorescent
signal was done using the ImageStudio software (LI-COR Biosciences-GmBH).

Immunofluorescent confocal microscopy. Cells were grown in 24-well plates with #1.5 round 12 mm
coverslips (VWR, #631-0150) for immunofluorescence staining and fixed with 4% formaldehyde in
PBS for 5 min at 37°C. For immunofluorescence staining, cells were washed once with 1x PBS and
then permeabilized with 0.16% Triton X-100 (Sigma, X100) for 5 min. Next, cells were washed 2x with
Ix PBS and blocked for 10 min in 3% bovine serum albumin (BSA) (Sigma, A7906). Subsequently,
cells were incubated with primary antibodies diluted in 0.3% BSA; and 0.05% saponin in PBS for 1-2h
at room temperature. After 5x wash in 1x PBS, cells were incubated with appropriate dilutions of Alexa
Fluor secondary antibodies diluted in 0.3% BSA; and 0.05% saponin in PBS for 1h at room temperature.
Depending on the experiment, after 5x washes in 1x PBS, cell nuclei were stained with 1 pug/ml DAPI
(Thermo Fisher Scientific, #62248) diluted in 1x PBS for 5 min, followed by 2x final washes in 1x PBS.
Coverslips were mounted using ProLong™ Diamond Antifade mountant (Invitrogen, P36970). Cells
were imaged using the Zeiss LSM800 (Carl Zeiss Microscopy) using a 40x NA1.2 water immersion
lens. Images were collected in ZEN software (Zeiss). Optimal excitation and emission were determined
using the Smart Setup function. All fluorescence channels were recorded at non-saturating levels, and
settings were kept identical between all samples within replicates used for comparisons or

quantifications.

Image analysis. For the quantification of the signal of LC3B in the nucleus, cells were treated with
SFN at different time points and then imaged. All images within each replicate were taken using

identical settings, based on the signal of 24h SFN-treated cells. Next, using the open-source image



analysis CellProfiler software, the nuclei were objectified using the appropriate CellProfiler pipeline

and the signal of LC3B overlapping with these nuclei was quantified.

AlphaFold prediction. Predictions of protein complexes were performed using the ColabFold tool
(Mirdita et al., 2022) via the ChimeraX (Pettersen et al., 2021) software. To optimize the NRF2 — LC3B
binding prediction, we also used SWISS MODEL (Bertoline et al., 2023; Guex et al., 2009; Kiefer et
al., 2009).

Statistical analysis. Statistical analysis was done using GraphPad Prism 10, with the specific statistical
tests used being mentioned in the respective figure legend.

RESULTS

NRF2, NRF1 and DmCncC are ATGS interactors

It has been reported previously by our group that the selective autophagy receptor p62/SQSTMI,
participates in the antioxidative response by being transcriptionally induced upon oxidative stress, via
the direct binding of NRF2 to an antioxidant response element (ARE) in its promoter (Jain et al., 2010).
Additionally, it has been reported that p62 competes with NRF2 for binding to KEAP1, resulting in the
stabilization of NRF2, while KEAP1 is degraded by autophagy (Jain et al., 2010; Komatsu et al., 2010;
Lau et al., 2010; Taguchi et al., 2012). The corresponding mechanism in D. melanogaster is different
in that Ref(2)P, a D. melanogaster orthologue, is unable to interact with DmKEAP1 (Jain et al., 2015).
Contrarily, it has been shown that there is a direct interaction between DmAtg8a and DmKeap! in D.
melanogaster gut cells. This interaction possibly results in the removal of DmKeap1. Notably, CncC,
the NRF2 orthologue in D. melanogaster, induces an increase in Atg8a levels and promotes autophagy
independently of TFEB in the fat body and larval gut tissues (Jain et al., 2015). Since it was suggested
that Ref(2)P is bypassed in the oxidative stress response in D. melanogaster and DmAtg8a is a direct
interactor of DmKEAP1, we asked whether DmAtg8a or its mammalian homologs, the ATG8 family
of proteins, interact directly with CncC or NRF2 respectively, affecting its stability.

As a first step, we confirmed that NRF2 and NRF1, a homolog of NRF2 (Chan et al., 1993), indeed
binds to the ATGS proteins using an in vitro GST pulldown (Fig. 1A and 1B). For this assay, we used
human ATGS proteins tagged with GST. The binding affinity between the two transcription factors and
recombinant GST-tagged ATGS proteins strong for all the ATGSs (Fig. 1C). In addition, the interaction
between CncC and DmAtg8a was also tested and confirmed (Fig. 1D and 1E). The % binding relative
to input for the NRF2-LC3B interaction was found to be above 30%, corresponding to a strong binding



affinity. The strong binding suggested that the interaction is highly likely to be occurring in cellulo. To
confirm this, HEK293 cells were treated with 20 uM of the NRF2 activator and mild oxidative stress
inducer DL-Sulforaphane (SFN) or 10 uM of the proteasomal inhibitor MG132 for 6 hours, to stabilize
NRF2. Cells were then harvested, followed by endogenous LC3B immunoprecipitation (Fig. 1F). The
results showed co-immunoprecipitation of NRF2 with LC3B in the SFN- and MG132-treated samples.
To confirm the NRF2 — LC3B interaction in a cell line with increased levels of LC3B, we employed
the HeLa ATG8KO cell line reconstituted with myc-LC3B. Cells were treated with SFN for 4 and 24
hours and cell extracts were immunoprecipitated using an anti-myc antibody (myc-trap) (Fig. 1G).
Indeed, NRF2 co-immunoprecipitated with myc-LC3B in the treated samples. These results indicated

a strong interaction between ATG8s and NRF2 in vitro and in cells under oxidative stress conditions.

LC3B accumulates in the nucleus under oxidative stress

The nuclear spatiotemporal behavior of the ATG8 family of proteins has been widely unclear and there
are only a few studies, focused on LC3B, that have attempted to study it (Drake et al., 2010; Kraft et
al., 2014, 2016; Shim et al., 2020; Ying et al., 2009; Zhou et al., 1997). This might be due to their small
size and ability to passively diffuse through the nuclear envelope without any requirement for active
shuttling. Specifically, the dynamics of LC3B localization under oxidative stress have previously been
unexplored. To determine the functionality of the interaction between LC3B and NRF2, we decided to
evaluate the spatiotemporal behavior of LC3B under oxidative stress. To examine this, we treated U20S
cells with SFN for 4 and 24 hours and stained for endogenous LC3B (Fig. 2A and 2B). We observed a
statistically significant increase in the nuclear signal of endogenous LC3B after treatment with SFN for
24 hours. The increased nuclear LC3B signal doesn’t necessarily suggest that there is a redistribution
of LC3B from the cytoplasm to the nucleus, as the stabilization event of the total LC3B protein would
be evident also in the nucleus, due to the LC3B’s passive diffusion. This was further assessed by
subcellular fractionation of U20S cells after treatment with SFN for 4, 6 and 8 hours, where LC3B-I
was shown to be more prominent in the nucleus in the sample that was treated for 8 hours with SFN

(Fig. 2C).

Due to the previously studied role of p62/SQSTMI in the recruitment of nuclear polyubiquitinated
proteins to nuclear p62 bodies through nucleocytoplasmic shuttling (Pankiv et al., 2010) and its
previously mentioned role in the NRF2-KEAP1 signaling mechanism (Jain et al., 2010, 2015), we
decided to evaluate whether LC3B accumulates in the nucleus under oxidative stress because of its
interaction with p62/SQSTM1. To examine this, we treated U20S cells with Leptomycin B (LMB), an
irreversible inhibitor of the nuclear export receptor Exportin-1, for 2 hours and stained for endogenous
LC3B and p62/SQSTM1 (Fig. S1A). While we did observe a strong accumulation of p62/SQSTMI1 in
the nucleus in cells treated with LMB, the nuclear LC3B signal was not affected (Fig. S1B). This
suggested that p62/SQSTMI1 is not competent of driving nuclear localization of LC3B by itself. At the



same time, we wondered whether NRF2 is degraded by autophagy. As it was previously mentioned,
p62/SQSTMI1 interacts with KEAP1, NRF2’s negative regulator, indirectly affecting NRF2 stability
through autophagy (Jain et al., 2010; Taguchi et al., 2012). U20S cells were treated with either DMSO
or SFN for 24 hours, coupled with either Bafilomycin A1 or MG132 for 4 hours (Fig. 2D). Interestingly,
we observed no statistically significant difference in the NRF2 protein levels between the sample treated
with SFN only and the sample treated with SFN and Bafilomycin Al (Fig. 2E). That suggested that
NRF2 is not an autophagic substrate under oxidative stress conditions and that its interaction with LC3B

is not related to autophagy.

The nucleocytoplasmic transport of LC3B under starvation-induced autophagy has been described to
be dependent on an acetylation-deacetylation cycle (Huang et al., 2015). That led us to determine
whether the acetylation status of LC3B could play a role in its interaction with NRF2. Huang et al.
suggested that under basal conditions, an acetylated pool of LC3B localizes in the nucleus, and during
starvation, LC3B is deacetylated at the K49 and K51 residues by sirtuin 1 (SIRT1), which allows LC3
to return to the cytoplasm. To test this, we performed an in vitro GST pulldown, testing the interaction
between NRF2 and LC3B wild-type, K49Q/K51Q acetyl-mimic or K49R/K51R deacetyl-mimic
mutants (Fig. 2F and 2G). We observed that NRF2 showed a clear preference for LC3B wild-type and
K49R/K51R but not to LC3B K49Q/KS51. This suggested that acetylated LC3B is unable to bind to
NRF2.

The Neh5 domain of NRF2 is required for its interaction with LC3B

To acquire a better understanding of the functionality of the interaction between NRF2 and LC3B, we
performed an interaction mapping to determine which region of NRF2 is crucial for the binding to
LC3B. To this end, we created deletion constructs of NRF2 encompassing different domains and
performed an in vitro GST pulldown using recombinant GST-tagged LC3B (Fig. 3A and 3B). We
identified the aa 86-386 region in NRF2 as the one where the binding occurs, because when it was
truncated, the interaction with LC3B was lost. For better resolution, we performed a peptide array screen
for potential LC3-interacting region (LIR) motifs in NRF2 (Fig. 3C). The peptide array, containing
overlapping 20-mer peptides of NRF2 moved by increments of three amino acids to cover the 605
amino acids full-length sequence, was probed with GST-GABARAP, the strongest in binding affinity
to NRF2 among the ATGS proteins (Fig. 1B and 1C). The array revealed four putative LIR motifs (Fig.
3C), with putative LIR 2 on the panel being the most prominent, after testing the others in in vitro GST
pulldown assays (experiments not shown). This particular putative LIR is located on the aa 178-208 or
Neh5 domain of NRF2. To assess whether the interaction between NRF2 and LC3B has any differences
from the interaction between NRF2 and GABARAP, we performed an in vitro GST pulldown assay
using myc-tagged NRF2 wild-type or a A178-208 truncation and in vitro translated LC3B (Fig. 3D and
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3E). Interestingly, we observed that while the binding of LC3B to NRF2 A178-208 was eliminated, the
binding of GABARAP to NRF2 A178-208 was significantly decreased but not completely abolished,
leaving a significant residual binding of =~ 40% when compared to the binding with NRF2 wild-type.
This suggested that an additional region of NRF2 different than the aa 178 — 208 Neh5 domain is
responsible for the residual binding to GABARAP. For this reason, we decided not to explore the
functionality of the interaction between NRF2 and GABARAP. To further study the presence of a
canonical LIR in the Neh5 domain, we constructed truncations within this NRF2 domain (Fig. 3F) and
tested them in an in vitro GST pulldown assay against recombinant GST-LC3B (Fig. 3G and 3H).
Among the truncations we tested in the Neh5 domain, only the A196-202 was redundant for the binding
to GST-LC3B. This suggested that the 20 residues in the region between aa 176 and 196 are required
for the interaction between NRF2 and LC3B.

Mutational analyses reveal the "**WEEL'"' residues to be crucial for the binding of NRF2 to LC3B
Next, we wanted to determine which specific residues of NRF2, in the region between aa 175 and 195,
are crucial for binding to LC3B. First, we used a bioinformatics tool called ConSurf, to calculate the
evolutionary conservation of amino acid positions in the Neh5 domain (Ashkenazy et al., 2010; Glaser
et al., 2003) (Fig. 4A). According to the conservation scale, the most conserved region in the Neh5
domain is between the aspartic acid (D) on position 183 and the asparagine (N) on position 204. As
previously shown, the aa 196-202 region is less relevant for binding with LC3B, so we focused on the
20 residues in the region between aa 176 and 196. A canonical LIR motif is described by the core
sequence: [W/F/Y]o-X1-Xo-[I/L/V]3, where X is any amino acid (Birgisdottir et al., 2013; Johansen &
Lamark, 2020). The LIR-docking site (LDS) is described as the site on the ATG8 protein that is
responsible for the interaction with the LIR motif. The LDS contains two hydrophobic pockets where
hydrophobic pocket 1 (HP1) accommodates the conserved aromatic residue (W/F/Y) and hydrophobic
pocket 2 (HP2) the conserved hydrophobic residue (I/L/V) of the core LIR motif. The binding affinity
and specificity of the interaction between the LIR motif of a protein and the ATG8 proteins are also
affected by residues N- and C- terminal to the core motif (Wirth et al., 2019). On the Neh5 domain, the
sequence that fits the canonical LIR motif core sequence is the W'*XXL"", with tryptophan (W) being
in position 0 of the core sequence and leucine (L) being in position 3. Taking these into consideration,
we performed a set of alanine substitution mutations in the putative LIR and flanking regions of the
Neh5 domain of NRF2, to establish whether the interaction with LC3B is based on a LIR-LDS
interaction. To validate this hypothesis, we tested these mutations by in vitro translating the constructs
and performing an in vitro GST pulldown assay against recombinant GST-LC3B (Fig. 4B and 4C).
Interestingly, while we did observe that the binding of the NRF2 W188A/L191A core LIR mutant to
LC3B was significantly reduced as we hypothesized, there were other alanine substitutions on the Neh5
domain that had the same effect, like the NRF2 D183A and the E189A/E190A mutations. This result
pointed to a canonical LIR-LDS interaction hypothesis. The F52 and L53 residues have been previously
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shown to be important for some LIR-LDS interactions (Behrends et al., 2010; Birgisdottir et al., 2013;
Johansen & Lamark, 2020; Rogov et al., 2023), with F52 being among the residues that form the HP2
hydrophobic site and L53 among the residues that form the HP1, on LC3B. We decided to test alanine
substitutions of these residues to see if the in vitro direct binding of NRF2 to LC3B would be affected.
We also decided to include the R69A which is part of a triple arginine motif (R68-70), which has been
shown to be important for the size of the slowly diffusing complexes nuclear LC3B associates with
(Kraft et al., 2014, 2016), as well as the R10A, RI0A/R11A and a combinatory R10A/R70A. While the
F52A and L53A LDS mutants did not affect the binding to NRF2, the R10A, R10A/R11A, R69A and
most prominently R10A/R70A strongly reduced the binding (Fig. 4D and 4E).

To get a better understanding of the NRF2-L.C3B interaction, we predicted the structure of NRF2 Neh5
domain amino acids 181-212 in complex with full-length LC3B using the ColabFold tool, which utilizes
the AlphaFold2 prediction model (Mirdita et al., 2022; Pettersen et al., 2021). The initial prediction
model showed that the Neh5 domain of NRF2 has a helical secondary structure docked into the LDS
region of LC3B. However, the LIR sequence is oriented in the opposite way of a canonical LIR with
the aromatic W188 residue docked into the HP2 hydrophobic pocket which is more narrow than the
HP1 (Rogov et al., 2023). We then performed AlphaFold2 predictions using the evolutionarily
conserved transactivation regions of NRF1 (NF2EL1) and NFE2 (p45), members of the Cnc family of
transcription factors (Fig. S2A and S2B). We saw that in these predictions, the HP1 and HP2
hydrophobic pockets of LC3B are both engaged in the binding interface with the respective regions of
NRF1 and NFE2, which fits with the already described LIR — LDS model. To optimize our NRF2 —
LC3B binding prediction, we utilized the SWISS MODEL (Bertoline et al., 2023; Guex et al., 2009;
Kiefer et al., 2009) in order to predict the NRF2 — LC3B binding interface using the NFE2 — LC3B
prediction as a template (Fig. 4F). In this model, the Neh5 domain was not predicted as helical in its
entirety, but as a and the HP1 and HP2 hydrophobic pockets are engaged in the interface with the W188
and L191 residues respectively. It also confirmed our mutational analysis which rendered the R10/R11
and R69/R70 residues to be important for the binding interface, as they facilitate electrostatic
interactions with different residues on the Neh5 domain. This suggested that the NRF2 — LC3B binding

interface has the attributes of a canonical LIR — LDS interaction.

NRF?2 localizes with nuclear LC3B under oxidative stress conditions

To further examine the functionality of the interaction between NRF2 and LC3B, we asked in which
subcellular compartment is the interaction taking place. As it has previously been established, NRF2
plays a crucial role in initiating the transcription of antioxidative genes by recruiting co-activators and
transcription machinery components. Among these, p300/CBP was identified as an early co-activator
that interacts with NRF2, with the Neh5 domain being crucial for this interaction (Katoh et al., 2001; J.

Zhang et al., 2007). It was also shown that following this interaction, the p300/CBP complex acetylates
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the C’ terminal Nehl domain under oxidative stress, enhancing NRF2's DNA binding ability (Sun et
al., 2009). The acetylation of the Neh3 domain of NRF2 by p300, revealed in another study (Kawai et
al., 2011) is also functionally relevant, particularly for the activation of the HO-1 target gene. Other co-
factors that are important for the drive of NRF2 target genes transcription are the small
musculoaponeurotic fibrosarcoma proteins (sMAFs) (Katsuoka et al., 2005), particularly MafG, which
play a key role in the transcriptional activation of the target genes of NRF2. To examine where the
interaction occurs, we performed a bimolecular fluorescence complementation (BiFC) assay where the
fluorescent protein tag NeonGreen was split into two tags: one with a non-fluorescent  barrel structure
of NeonGreen lacking the 11th  strand (NeonGreen 1-10) and another tag with the missing 11th
strand (NeonGreen -11) (Feng et al., 2019). If they are tagged on separate proteins and the NeonGreen
fluorescent signal is emitted, then that suggests the proteins are colocalizing and potentially interacting.
We tested the complementation by co-expressing NeonGreen 1-10-tagged NRF2 and NeonGreen- 11-
tagged LC3B (Fig. SA) and observed that the NRF2 — LC3B complex is localized in the nucleus. As
controls for the BiFC assay, we co-expressed NeonGreen 1-10-tagged NRF2 with either NeonGreen -
11-tagged KEAP1 or NeonGreen -11-tagged MafG, already studied interactions that are occurring in th
cytoplasm and the nucleus respectively (Fig. S3A and S3B). In addition, we performed endogenous
staining for NRF2 and LC3B in U20S cells treated with SFN for 8 and 24 hours, to confirm the nuclear
compartment as the place where the interaction is occurring (Fig. SB). Interestingly, we verified that
LC3B is accumulating in the nucleus after 24 hours of SFN treatment, as it was also shown in Fig. 2A,
and also that some dots of LC3B are colocalizing with NRF2 dots. This suggested that indeed the
interaction between NRF2 and LC3B is occurring in the nucleus, leading us to hypothesize that LC3B

might have a role in the transcriptional regulation of NRF2 target genes.

LC3B and p300 bind competitively to the NehS domain of NRF2 to regulate the transcriptional
activation of its target genes

The importance of the Neh5 domain is already established in the transcriptional complex between NRF2
and p300/CBP (Katoh et al., 2001; Kawai et al., 2011; Sun et al., 2009; Zhang et al., 2007). Hence, we
hypothesized that LC3B may be competing with p300/CBP for binding to the Neh5 domain to
negatively regulate the transcriptional activity of NRF2. To test this, we performed in vitro GST
pulldown assays to look for competition between LC3B and full-length p300 as well as p300 amino
acids 1660-2414. The latter C-terminal piece of p300 was previously mapped to bind to NRF2 (Sun et
al., 2009).We observed that by increasing the amount of full-length p300, or aa 1660-2414 of p300, in
the assay, the binding of NRF2 to recombinant GST-LC3B was reduced (Fig. S4A and B). This
suggested that there is a competition between LC3B and p300 for binding to NRF2. In order to increase
the resolution when it comes to the interaction between NRF2 and p300, we tested the binding of p300°s
TAZ2 domain (amino acids 1660 to 1810), known as a protein-protein interaction domain that binds to

E1A and various other transcription factors, including B-Myb, C/EPBe, FOXO3a, HIF-1a, p53, p63,
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p73, STATI1, and STAT2 (Burge et al., 2009; Dames et al., 2002; Delvecchio et al., 2013; Ferreon et
al., 2009; Krauskopf et al., 2018; Krois et al., 2016; Miller Jenkins et al., 2015; Oka et al., 2012; Ortega
et al., 2018; Wang et al., 2012; Wojciak et al., 2009; L. Xu et al., 2023), to NRF2 using a bimolecular
fluorescence complementation assay (Fig. S3C). The complementation was positive, and the complex
formed dot-like structures in the nucleus. This result, coupled with the in vitro competition assay of
NRF2, GST-LC3B and the myc-tagged p300 TAZ2 (Fig. 6A and 6B), as well as the sharing of many
of the same contact residues in the Neh5 predicted from the AlphaFold2 models for Neh5 bound to
LC3B and to p300 TAZ2 (Fig. 6C), suggested that LC3B competed with the TAZ2 domain of p300 for
binding on the Neh5 domain of NRF2.

To evaluate whether this competition is of functional significance, we stably expressed HA-tagged
LC3B in a HEK293T cell line and performed RT-qPCR on target genes of NRF2, after treating the cells
with SFN for 18 hours to induce NRF2 protein stabilization (Fig. S4C and S4D). We observed that the
mRNA levels of two NRF2 target genes, HO-1 and TXNRD1, were significantly reduced in the cell
line where HA-LC3B was stably expressed. To verify this result, we overexpressed simultaneously HA-
tagged p300 full-length and myc-tagged LC3B in U20S cells, followed by treatment with SFN for 18
hours (Fig. 6D). Notably, there was a significant reduction in the mRNA levels of the HO-1, NQO1
and GCLC target genes, as well as a downward trend in G6PD and GCLM. In addition, we performed
a luciferase assay using the ARE promoter of the NQOI1 target gene to confirm the effect that the
competition between LC3B and p300 has on the binding of NRF2 to ARE (Fig. 6E). Interestingly, we
saw that there was a downward trend in the promoter’s induction when LC3B was overexpressed
together with NRF2, relative to when NRF2 was overexpressed alone. A downward in the NQO1
promoter’s induction was also observed when LC3B was tagged with NLS, validating that the nuclear
LC3B is the one responsible for NRF2 transcriptional regulation (S4E). These results indicate that
LC3B has indeed a negative effect on the transcriptional activation of the target genes of NRF2, which
is facilitated by its competition TAZ2 domain of p300 on NRF2’s NehS5.

DISCUSSION

The network of interactions in NRF2’s transcriptional complex and how it may affect its transcriptional
activity after its translocation to the nucleus has not been extensively studied. Here we show that NRF2
shows a strong binding affinity to LC3B, as well as other members of the ATGS family of proteins.
After mapping the NRF2 — LC3B interaction, we demonstrate that the binding of LC3B to NRF2 was
confined to the Neh5 domain of NRF2 (Fig. 1A), an important transactivation region which has been
shown to be important for NRF2’s transcriptional activation by p300/CBP (Katoh et al., 2001; J. Zhang
et al., 2007). We also explore the binding between LC3B and NRF2, which, following a mutational
analysis and AlphaFold2 predictions, seems to adhere to a canonical LIR-LDS interaction (Birgisdottir

et al., 2013; Johansen & Lamark, 2020). In addition, we also show that the competition between LC3B
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and p300 for binding on the Neh5 domain is functionally relevant to the transcriptional activity of
NRF2, with LC3B taking on the role of a negative regulator. To our knowledge, the present work is the
first study demonstrating that a competition between LC3B and p300 modulates the transcriptional

complex of NRF2, affecting its ability to induce the antioxidative response.

Our group has spearheaded the discovery that p62/SQSTMI, a selective autophagy receptor, is a target
gene of NRF2 and that it generates a positive feedback loop by inducing ARE-driven gene transcription
(Jain et al., 2010, 2015). The notion that a central autophagic protein plays a direct role in the
antioxidative response mechanism driven by NRF2, pointed us to the direction that other proteins
associated with the autophagic pathway might be involved in this process. Following trends in the field
of autophagy that demonstrate that ATG8 proteins exhibit autophagy-independent functions in areas
that range from genome stability and transcriptional regulation to metabolic homeostasis and
senescence (Dou et al., 2015; Jacomin et al., 2020; Jiménez-Moreno et al., 2023; L. Wang et al., 2021;
Ying et al., 2009), we decided to test if there is a direct interaction between NRF2 and members of the
ATGS8 family of proteins (Fig. 1B). In the literature, the majority of ATGS roles involve membrane
scaffolding of LIR-containing core autophagy components during autophagy initiation, attachment of
selective autophagy receptors (with or without cargo) to the inner surface of the phagophore as well as

roles in autophagosome to lysosome fusion and transport (Johansen & Lamark, 2020).

While usually the association between members of the ATG8 family and other proteins, points to an
autophagy-dependent degradative role, a recent report provided evidence that LXM1B, a transcription
factor that helps sustain efficient cytoplasmic quality control and mitochondrial function in midbrain
dopaminergic neurons (Doucet-Beaupré et al., 2016; Laguna et al., 2015), engages the ATG8s via LIR-
like interactions as their co-factors, positively influencing transcriptional activities in the nucleus
(Jiménez-Moreno et al., 2023; Kournoutis & Johansen, 2023). Looking closely to the Neh5 domain, we
initially postulated that the interaction between NRF2 and LC3B is also mediated by a LIR that would
bind to the LIR docking site (LDS) of the ATGS8s. The amino acidic sequence of the Neh5 domain did
have the attributes of a LIR sequence, specifically residues that can fit in the described core sequence:
[W/F/Y]o-X1-Xo-[I/L/V]3, where X is any amino acid (reviewed in Birgisdottir et al., 2013). Our initial
hypothesis after the prediction of the NRF2 Neh5 — LC3B interaction using AlphaFold2, was that the
Neh5 domain is helical when in complex with LC3B, and that the direction of the Neh5 sequence is
reversed when compared to a canonical LIR — LDS interaction (Rogov et al., 2023). However, after
utilizing the SWISS MODEL ((Bertoline et al., 2023; Guex et al., 2009; Kiefer et al., 2009) to model
the NRF2 — LC3B prediction using the NFE2 (p45) — LC3B prediction as a template, we acquired a
structure that fits to a canonical LIR — LDS binding interface. The limitations of structural predictions,
including that of AlphaFold2, doesn’t allow us to make a concrete hypothesis about how the interaction

between NRF2 and LC3B is mediated. Further experiments using a mutational analysis method are

15



required in order to confidently assess both the direction of the Neh5 domain when bound to LC3B and
the specific residues important for the binding interface. It is also important to consider that LIR-
flanking residues which can be crucial (Johansen & Lamark, 2020). For example, the D183 A alanine
substitution did have a strong effect in the binding between NRF2 and LC3B, and D183 was not
predicted to be an engaging residue in the AlphaFold2 model. In addition, after mutating the LDS
docking site of LC3B using the F52A and L53 A alanine substitutions (Pankiv et al., 2007), we observed
that the interaction was not affected. We speculate that this is because in the specific binding interface,
the F52 and L53 residues are redundant. At the same time, the R10A, R69A and R10A/R70A mutants
led to a very strong reduction in binding. This suggests that it is not only the hydrophobic pockets in
the LDS of LC3B that are mediating the interaction, but also the R10/R11 residues of the N’ terminal
arm and the R69/R70 motif] as it was clearly shown in the NRF2 — LC3B complex prediction.

The binding of LC3B to NRF2 on the Neh5 domain strongly indicated that LC3B has a role in the
regulation of NRF2’s transcriptional activity. Indeed, studies have demonstrated that the NehS domain
is differentially utilized in the transactivation of cytoprotective genes (Kawai et al., 2011; Sun et al.,
2009). These reports show that this transactivation occurs via the initial binding of p300 on the Neh5
and the consecutive acetylations by the later on different residues in the C’ terminal regions Nhel and
Neh3, modifications that augment the binding between NRF2 and the DNA on the promoters of its
target genes. In order for LC3B to function as a regulator of the transcriptional activity of NRF2, the
interaction between the two would be expected to occur in the nucleus. By using a bimolecular
fluorescence complementation assay and confocal microscopy, we verified that the interaction was
localized in the nuclear compartment (Fig. SA and 5B). It is important to question at this point, whether
the lipidation of LC3B is playing a role in the interaction with NRF2. In experiments not shown here,
we observed that overexpression of an LC3B G120A lipidation-null mutant, had a similar negative
transcriptional effect as LC3B wild-type, which points to the conclusion that lipidation has no role in
the LC3B’s transcriptional activity. We can’t exclude the fact that the process of LC3B lipidation affects
the available pool of non-lipidated LC3B and its shuttling to the nucleus, thus exerting its functions in
collaboration with transcription factors. It would be interesting to test whether, in an ATG4BKO cell
line (ATG4B being an important component of the LC3B conjugation system which cleaves the
precursor LC3B, leading its non-lipidated soluble form (Betin et al., 2013; Rasmussen et al., 2017,
Satoo et al., 2009)), there would be a downregulatory effect in NRF2 target gene regulation. Or that
other posttranslational modifications are at play, which either affect the direct interaction of LC3B with
nuclear components and proteins or the shuttling of LC3B in and out of the nucleus and hence, its

availability in that component.
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The next step was to demonstrate that the access of p300/CBP to NRF2 is affected by the competitive
interplay of LC3B in the same region. Previous reports showed that the TAZ2 domain is an important
structure in the catalytic core of p300, associating with intrinsically disordered proteins but also
transcription factors like E1A (Delvecchio et al., 2013; Ibrahim et al., 2022; Xu et al., 2023). We created
a myc-tagged p300 aa 1660-1810 (TAZ2) construct and confirmed its binding to NRF2. Next, by
employing it in an in vitro competition assay, we demonstrated that increasing amounts of the TAZ2

construct are able to significantly reduce the binding capacity of NRF2 to recombinant LC3B.

Our observation that LC3B competes with the TAZ2 domain of p300 for binding to NRF2, set the
groundwork for investigating whether LC3B has a negative effect on the expression of NRF2’s target
genes. Interestingly, we found that there was a downward trend in the expression levels of most NRF2
target genes we checked following overexpression or stable expression of LC3B under oxidative stress,
with that trend being statistically significant mainly for the HO-1 gene. We are not aware why the
significance in the downregulation of the HO-1 gene is higher compared to other NRF2 target genes
but we speculate that it can be because of differences in the co-factor requirements for its activation.
For example, the ATF4 transcription factor has been described to lead to a specific HO-1 activation in
collaboration with NRF2 (Raghunath et al., 2018; Rossler & Thiel, 2017). Since the interaction mapping
between ATF4 and NRF2 hasn’t been performed, it could be possible that LC3B is negatively affecting
it in a more prominent way than in its competition with p300. In addition, the Neh5 domain has been
shown to be important to other co-factors of NRF2, like the MED16 subunit of the Mediator complex
(Sekine et al., 2016) or BRG1, the central ATPase subunit of the SWI/SNF chromatin-remodeling
complex (J. Zhang et al., 2006), prompting us to consider that the target genes that we tested in this
manuscript are a fraction of those affected by the presence of LC3B in the nucleus and its binding with

NRF2.

In contrast to the previously published study (Jiménez-Moreno et al., 2023), where LC3B was shown
to function as a co-factor, positively regulating the transcriptional activity of LMX1B on its autophagy-
related target genes, in this report we demonstrate that LC3B assumes the role of a negative regulator
of the antioxidative response. The reason for this can be that LC3B assists with the recruitment of other
co-factors of LMX1B in the first case, while in the case of NRF2, we show that it affects the binding of
p300 on the latter. The mechanisms and context for the activation of LMX1 and NRF2 are different,
and that could also explain why LC3B has a duality in transcriptional regulation. It is also important to
note that LC3B has been associated with heterochromatic domains (Dou et al., 2015), specifically the

lamin-associated domains (LADs) which could point to its role being mainly repressive.

The work presented here provides insight into the question of participation of ATGSs in transcriptional

mechanisms, as well as into the activity of NRF2 in the nucleus and how such an activity can be
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terminated. We posit that the Neh5 domain of NRF2, while the transcriptional factor is in the nucleus,
is the potential target of both p300 and LC3B and that the interaction of LC3B with that domain is
atypical compared to that of a canonical LDS to LIR interaction. Our results are particularly novel
because we demonstrate for the first time that LC3B is negatively affecting NRF2’s target gene
expression, as well as that it accumulates slowly in the nucleus under oxidative stress, possibly in order
to allow the antioxidant response to unfold before introducing a brake, acting as a cytoprotective agent.
In order to elucidate the role of ATGSs in transcriptional regulation and association in transcriptional

complexes, further studies are required
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Table 1: Plasmids used in study

Plasmids Source

Gateway cloning vectors

pENTRIA, -2B and -3C Invitrogen
pDONR221 Invitrogen
pDest15 Invitrogen
pDest-myc (Lamark et al., 2003)
pDest-NeonGreen 1-10 This study
pDest-NeonGreen -11 This study

Promoter constructs used in reporter gene assays
pGL3-Basic Promega
Nqol-ARE-luc (Nioi et al., 2003)

c¢DNA constructs made by Gateway cloning, InFusion cloning or site-directed mutagenesis

pDONR221-DmCncC (Jain et al., 2015)
pENTR-DmAtg8a (Alemu et al., 2012)
pDONR221-NRF1-V5/His This study
pDONR221-NRF2 (Jain et al., 2010)
pDONR221-NRF2 1-86 This study
pDONR221-NRF2 87-386 This study
pDONR221-NRF2 87-605 This study
pDONR221-NRF2 1-386 This study
pDONR221-NRF2 A175-188 This study
pDONR221-NRF2 A175-191 This study
pDONR221-NRF2 A178-208 This study
pDONR221-NRF2 A191-204 This study
pDONR221-NRF2 A196-202 This study
pDONR221-NRF2 Q182A/D183A This study
pDONR221-NRF2 [184A/E185A This study
pDONR221-NRF2 W188A/L191A This study
pDONR221-NRF2 E189A/E190A This study
pDONR221-NRF2 D176A This study
pDONR221-NRF2 D178A This study
pDONR221-NRF2 D183A This study
pDONR221-NRF2 E196A This study
pDONR221-MafG DF/HCC DNA Resource Core, Harvard
pENTR-KEAP1 (Jain et al., 2010)
pENTR-p62 (Lamark et al., 2003)
c¢DNA constructs made by Gateway LR reactions
pDest-myc-NRF2 This study
pDest-myc-NRF2 1-86 This study




pDest-myc-NRF2 87-386 This study
pDest-myc-NRF2 87-605 This study
pDest-myc-NRF2 1-386 This study
pDest-myc-NRF2 386-606 This study
pDest-myc-NRF2 A175-188 This study
pDest-myc-NRF2 A175-191 This study
pDest-myc-NRF2 A178-208 This study
pDest-myc-NRF2 A191-204 This study
pDest-myc-NRF2 A196-202 This study
pDest-myc-NRF2 Q182A/D183A This study
pDest-myc-NRF2 [184A/E185A This study
pDest-myc-NRF2 W188A/L191A This study
pDest-myc-NRF2 E189A/E190A This study
pDest-myc-NRF2 D176A This study
pDest-myc-NRF2 D178A This study
pDest-myc-NRF2 D183 A This study
pDest-myc-NRF2 E196A This study
pDest15-LC3A (Pankiv et al., 2007)
pDest15-LC3B (Pankiv et al., 2007)
pDest15-LC3B R10A (Kirkin et al., 2009)
pDest15-LC3B R10A/R11A (Kirkin et al., 2009)
pDest15-LC3B R10A/R70A (Kirkin et al., 2009)
pDest15-LC3B F52A (Kirkin et al., 2009)
pDest15-LC3B L53A This study
pDest15-LC3B R69A This study
pDest15-LC3C (Kirkin et al., 2009)
pDest15-GABARAP (Pankiv et al., 2007)
pDest15-GABARAPLI (Pankiv et al., 2007)
pDest15-GABARAPL?2 (Pankiv et al., 2007)
pDest-NeonGreen 1-10 — NRF2 This study
pDest-NeonGreen 1-10 — MafG This study
pDest-NeonGreen 1-10 — KEAP1 This study
pDest-NeonGreen 1-10 — p300 1660-1810 (TAZ2) |This study
pDest-NeonGreen -11 — LC3B This study

* All plasmids contain human genes, unless otherwise specified as Drosophila melanogaster
genes (Dm).

Table 2: RT-qPCR primers used in this study (5°>3’)*
(F: Forward Primer, R: Reverse Primer)

NREF2 F: AGCCAGCCCAGCACATCCAG
R: ACAAACGGGAATGTCTGCGCC
HO-1 F: CTGAAGGAGGCCACCAAGGA
R: TCCTCCTCCAGGGCCACATA
NQO1 F: AATCAGCGCCCCGGACTGC
R: TCCGACTCCACCACCTCCCA




TXNRDI F: CCTTGCCTTACTGCCCGGGT
R: ACCAGCAAGAAATCCAGCGCAC
p62 F: AAAAGAAGCCGCCTGACCCC
R: CCTCAACATTCCCACCCGGC
G6PD F: AAGCCGGGCATGTTCTTCAA
R: GCGTCAGGGAGCTTCACGTT
GCLC F: GCTGAGCTGGGAGGAAACCA
R: GGTCCTTGACGGCGTGGTAG
GCLM F: ACGGGGAACCTGCTGAACTG
R: CATGAAGCTCCTCGCTGTGC
Lamin A/C F: AGCTGAAAGCGCGCAATACC

R: GGCCTCCTTGGAGTTCAGCA

* All are human genes, unless otherwise specified.
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Figure 1. NRF2, NRF1, and dmCncC interact with the human ATGS8 family of proteins. (A)
Schematic representation of the domain architecture of NRF2, showing its six Neh domains. (B) In vitro
GST pulldown assay using **S-labeled myc-NRF2 and V5/His-NRF1 against recombinant GST and
GST-tagged human ATG8s. Bound myc-NRF2 and V5/His-NRF1 were detected by autoradiography
(AR). (C) Quantification of GST-pulldown from B. Relative % binding was quantified against 10%
input (n = 3). ns = P > 0.05 (non-significant), based on one-way ANOVA (post hoc Tukey test). Error
bars indicate SEM. Values from each independent experiment are shown as dots. (D) In vitro GST
pulldown assay using **S-labeled myc-CncC against recombinant GST and GST-tagged dmAtg8a. (E)
Quantification of GST-pulldown from D. Relative % binding was quantified against 10% input (n = 3).
** =P <0.01 (non-significant), based on one-way ANOVA (post hoc Tukey test). Error bars indicate
SEM. Values from each independent experiment are shown as dots. (F) Treatment with MG132 or SFN
amplified the in vivo interaction between NRF2 and LC3B. Proteins were co-immunoprecipitated with
anti-LC3B in HEK293T cells, treated with MG132 or SFN for 6h, and analyzed by Western blot (n =
2). (G) Proteins were co-immunoprecipitated with myc-trap in HeLa ATGS8 KO, reconstituted with

myc-LC3B, treated with SFN for 4 and 24h, and analyzed by Western blot (n = 2).
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Figure 2. LC3B accumulates under oxidative stress. (A) Endogenous LC3B increases in the nucleus
in HeLa cells under treatment with SFN for 4 and 24h. Cells were imaged using Zeiss LSM800 and
representative images based on two independent experiments are shown. Scale bar = 10 pm. (B)
Quantification of A. The nuclear signal of LC3B was quantified using a CellProfiler pipeline based on
one-way ANOVA (post hoc Tukey test), where each cell corresponds to one value. ns =P > 0.05 (non-
significant), **** = P < 0.0001. Error bars indicate SEM. (C) U20S cells were treated with either
vehicle (DMSO) or SFN for 4h, 6h and 8h and subjected to subcellular fractionation, followed by
Western blot analysis of the indicated proteins (n = 2). Lamin B1 and b-actin were used as controls for
the nuclear and cytoplasmic fractions respectively. (D) U20S cells were treated as indicated with either
vehicle (DMSO) or SFN for 6h alone or complemented with either BafA1 for 6h or MG132 for 6h. Cell
lysates were analyzed by Western blot using the indicated antibodies. (E) Quantification of D. Bar
graphs show relative intensities of the NRF2 and LC3B proteins normalized against loading control (-
tubulin) (n = 3). ns = P > 0.05 (non-significant), * = P < 0.05, based on unpaired t-test. Error bars
indicate SEM. Values from each independent experiment are shown as dots. (F) In vitro GST pulldown
assay using *°S-labeled myc-NRF2 against recombinant GST and GST-tagged LC3B wild-type,
K49Q/K51Q and K49R/K51R. Bound myc-NRF2 was detected by autoradiography (AR). (G)
Quantification of GST-pulldown from F. Relative % binding was quantified against 10% input (n = 3).
ns = P > 0.05 (non-significant), **** = P < (.0001, based on one-way ANOVA (post hoc Tukey test).

Error bars indicate SEM. Values from each independent experiment are shown as dots.
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Figure 3. The NehS domain of NRF?2 is required for its interaction with LC3B. (A) In vitro GST
pulldown assay using **S-labeled myc-NRF2 and its indicated truncations against recombinant GST
and GST-tagged human LC3B. Bound myc-NRF2 was detected by autoradiography (AR). (B)
Schematic representation of the domain architecture of NRF2, indicating the truncated constructs used
in A. (C) A peptide array of 20-mer peptides covering the full length of human NRF2 was used to probe
for possible LIRs, using GST-GABARAP. (D) In vitro GST pulldown assay using **S-labeled myc-
NRF2 and myc-NRF2 A178-208 against recombinant GST and GST-tagged human LC3B and
GABARAP. (E) Quantification of GST-pulldown from D. Relative % binding was quantified against
10% input (n = 3). **** = P < (0.0001, based on one-way ANOVA (post hoc Tukey test). Error bars
indicate SEM. Values from each independent experiment are shown as dots. (F) Schematic
representation of the domain architecture of NRF2 showing the amino acid sequence of the Neh5
domain and the truncations used in G. (G) In vitro GST pulldown assay using **S-labeled myc-NRF2
wild-type and Neh5 domain truncations against recombinant GST and GST-tagged human LC3B. (H)
Quantification of GST-pulldown from G. Relative % binding was quantified against 10% input (n = 3).
ns = P > 0.05 (non-significant), **** = P < (0.0001, based on one-way ANOVA (post hoc Tukey test).

Error bars indicate SEM. Values from each independent experiment are shown as dots.
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Figure 4. Mutational analyses reveal the "*WEEL'' residues to be crucial for the binding of
NRF2 to LC3B. (A) Schematic representation for the estimation of the evolutionary conservation of
amino acid positions in the Neh5 domain of NRF2, produced using the ConSurf web server (Ashkenazy
et al., 2010; Glaser et al., 2003). (B) In vitro GST pulldown assay using **S-labeled myc-NRF2 and its
indicated mutants in its Neh5 domain against recombinant GST and GST-tagged human LC3B. Bound
myc-NRF2 was detected by autoradiography (AR). (C) Quantification of GST-pulldown from B.
Relative % binding was quantified against 10% input (n=3). * =P <0.05, ** =P < 0.01, based on one-
way ANOVA (post hoc Tukey test). Error bars indicate SEM. Values from each independent
experiment are shown as dots. (D) In vitro GST pulldown assay using **S-labeled myc-NRF2 against
recombinant GST and GST-tagged human LC3B and its mutants. Bound myc-NRF2 was detected by
autoradiography (AR). (E) Quantification of GST-pulldown from D. Relative % binding was quantified
against 10% input (n = 3). ns = P > 0.05 (non-significant), * = P < 0.05, *** =P < (.001, **** =P <
0.0001, based on one-way ANOVA (post hoc Tukey test). Error bars indicate SEM. Values from each
independent experiment are shown as dots. (F) AlphaFold prediction of the structure of the complex of
human NRF2 aa 181-212 and full-length LC3B. (Left) Cartoon of NRF2 colored in green. (Right)
Surface of LC3B colored by electrostatic potential. Residues of NRF2 in white text, and of LC3B in

orange text.
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Figure 5. The interaction between NRF2 and L.C3B is facilitated in the nucleus. (A) Bimolecular
fluorescence complementation (BiFC) analysis of the NRF2-LC3B interaction. U20S cells were
transfected with the indicated combination of split NeonGreen constructs, followed by endogenous
staining of Lamin B1 as a nuclear control and imaging using Zeiss LSM800. Representative images
based on two independent experiments are shown. Scale bar = 10 um. (B) Endogenous LC3B and NRF2
co-localize in the nucleus in U20S cells under treatment with SFN for 24h. Cells were imaged using
Zeiss LSM800. Representative images are shown and supplemented with line plots illustrating the co-

localization of detected proteins. Scale bar = 10 pm.
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Figure 6. LC3B competes with p300 for binding on the NehS domain of NRF2 and negatively
regulates transcriptional activation of its target genes. (A) In vitro GST pulldown assay
demonstrating competition between LC3B and p300 1660-1810 for binding to NRF2. Recombinant
GST-tagged LC3B was incubated with in vitro translated **S-labeled myc-NRF2, in the presence or
absence of increasing amounts of in vitro translated **S-labeled myc-p300 1660-1810. The amount of
33S-labeled myc-NRF2 and GST-LC3B is constant in all reactions. (B) Quantification of GST-pulldown
from A. Relative % binding was quantified against 10% input (n = 3). ns = P > 0.05 (non-significant),
* =P <0.05, *** =P < 0.001, based on one-way ANOVA (post hoc Tukey test). Error bars indicate
SEM. Values from each independent experiment are shown as dots. (C) Comparison of the AlphaFold2
predictions of the structure of the Neh5 domain of human NRF2 (aa 181-212) in complex with full-
length LC3B (left) or with the TAZ2 domain of p300 (right). Only the part of Neh5 interacting with
LC3B and p300 TAZ2 is shown with the contact residues depicted in orange. Nine of the Neh5 contact
residues are shared between the interaction models for LC3B and p300 TAZ2 domain. (D) RT-qPCR
analyses of HO-1, NQO1, TXNRD1, p62, G6PD, GCLC and GCLM in HEK293T cells in which HA-
tagged p300 or myc-tagged LC3B or both were overexpressed, with or without SFN treatment for 18h.
Results were normalized to Lamin A/C and presented as mean values with s.d. (n = 3). ns = P > 0.05
(non-significant), * = P < 0.05, ** =P <0.01, *** =P < 0.001, **** = P <(.0001 based on one-way
ANOVA (Fisher’s LSD test). (E) Reporter gene assay testing the activation of the Nqol1-ARE-Luc
reporter by co-expression with either empty vector (pDest-myc), myc-tagged NRF2, myc-tagged LC3B
or both, as indicated. Cells were co-transfected with the indicated myc-tagged proteins together with 60
ng of Nqo1-ARE-Luc reporter and were analyzed 24h after transfection. Results were normalized to -
gal and presented as mean values with s.d. (n=3). ** =P <0.01, based on one-way ANOVA (Fisher’s
LSD test).
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Figure S1. p62 is not capable of inducing nuclear shuttling of LC3B. (A) U20S cells were treated
with either vehicle (DMSO) or LMB for 2h, followed by immunostaining of endogenous p62 and
LC3B. Cells were imaged using Zeiss LSM800 and representative images based on two independent
experiments are shown. Scale bar = 10 pm. (B) Quantification of A. The nuclear signal of LC3B and
p62 were quantified using a CellProfiler pipeline based on one-way ANOVA (post hoc Tukey test),
where each cell corresponds to one value. ns = P > 0.05 (non-significant), **** = P < (0.0001. Error

bars indicate SEM.
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Figure S2. AlphaFold2 structure predictions of NRF1 and p45. (A) Comparison of the Neh5 domain
in NRF2 aligned with transactivation regions in NRF1, NRF3 and NFE2 (p45). Conserved residues are
boxed, and highly conserved residues are indicated by red color. (B) (Upper) AlphaFold prediction of
the structure of the complex of human NFE2 (p45) aa 21-48 and full-length LC3B. (Upper Left)
Cartoon of NFE2 (p45) colored by predicted local distance difference test (pLDDT) (Light blue>70,
orange>50, yellow<50). (Upper Right) Surface of LC3B colored by electrostatic potential. Residues of
NFE2 in white/grey text, and of LC3B in orange text. (Lower) AlphaFold prediction of the structure of
the complex of human NRF1 aa 302-331 and full-length LC3B. (Lower Left) Cartoon of NRF1 colored
by predicted local distance difference test (pLDDT) (Light blue>70, orange>50, yellow<50). (Lower
Right) Surface of LC3B colored by electrostatic potential. Residues of NRF1 in white/grey text, and of
LC3B in orange text.
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Figure S3. Bimolecular fluorescence complementation assays for different NRF2 interactors. (A)
Bimolecular fluorescence complementation (BiFC) analysis of the NRF2-KEAP1 interaction. U20S
cells were transfected with the indicated combination of split NeonGreen constructs, followed by
endogenous staining of Lamin B1 as a nuclear control and imaging using Zeiss LSM800. Representative
images based on two independent experiments are shown. Scale bar = 10 um. (B) BiFC assay for the

NRF2 — MafG interaction. (C) BiFC assay for the NRF2 — p300 1660-1810 (TAZ2) interaction.
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Figure S4. LC3B competes with p300 in vitro. (A) In vitro GST pulldown assay demonstrating
competition between LC3B and p300 (full length) for binding to NRF2. Recombinant GST-tagged
LC3B was incubated with in vitro translated **S-labeled myc-NRF2, in the presence or absence of
increasing amounts of in vitro translated *>S-labeled myc-p300. The amount of **S-labeled myc-NRF2
and GST-LC3B is constant in all reactions. (B) In vitro GST pulldown assay demonstrating competition
between LC3B and p300 1660-2414 for binding to NRF2. (C) RT-qPCR analyses of HO-1, NQOI,
TXNRDI and p62 in HEK293T stably expressing HA-LC3B. Results were normalized to Lamin A/C
and presented as mean values with s.d. (n = 3). ns =P > 0.05 (non-significant), * = P <0.05, ** =P <
0.01, based on one-way ANOVA (Fisher’s LSD test). (D) Confirmation of HA-LC3B stable expression
in HEK293T cells using Western blot analysis. (E) Reporter gene assay testing the activation of the
Nqol-ARE-Luc reporter by expression with either 75 ng of myc-tagged NRF2 or co-expression of 75
ng myc-tagged NRF2 with different concentrations of myc-tagged LC3B-NLS or myc-tagged LC3B-
NES, as indicated. HEK293 were co-transfected with the indicated myc-tagged proteins together with
60 ng of Nqo1-ARE-Luc reporter and were analyzed 24h after transfection. Results were normalized to
B-gal and presented as mean values with s.d. (n=3).ns =P >0.05, based on one-way ANOVA (Fisher’s
LSD test).



PAPER I



Nuclear autophagy interactome unveils WSTF as a constitutive nuclear inhibitor of
inflammation

Yu Wang"?*4, Vinay V. Eapen®, Athanasios Kournoutis*, Angelique Onorati!*?, Xianting Li®,
Xiaoting Zhou®, Murat Cetinbas’, Lu Wang?®, Jihe Liu’, Corey Bretz!°, Zhuo Zhou'"!?, Shannan J.
Ho Sui’, Srinivas Vinod Saladi'?, Ruslan I. Sadreyev’, Peter D. Adams'?, Robert E. Kingston'*!,
Zhenyu Yue®, Terje Johansen*", Zhixun Dou!>3"

! Center for Regenerative Medicine, Massachusetts General Hospital, Boston, MA, USA.

2 Harvard Stem Cell Institute, Harvard University, Cambridge, MA, USA.

3 Department of Medicine, Massachusetts General Hospital, Harvard Medical School, Boston, MA,
USA.

* Autophagy Research Group, Department of Medical Biology, University of Tromsg - The Arctic
University of Norway, Tromsg, Norway.

> Department of Cell Biology, Harvard Medical School, Boston, MA, United States.

6 Department of Neurology, Department of Neuroscience, Friedman Brain Institute, Icahn School
of Medicine at Mount Sinai, New York, NY, USA.

" Department of Molecular Biology, Department of Pathology, Massachusetts General Hospital,
Harvard Medical School, Boston, MA, USA.

8 Department of Cell and Developmental Biology, Perelman School of Medicine, University of
Pennsylvania, Philadelphia, PA, USA.

? Bioinformatics Core, Department of Biostatistics, Harvard T.H. Chan School of Public Health,
Boston, MA, USA.

10 Aging, Cancer and Immuno-oncology Program, Sanford Burnham Prebys Medical Discovery
Institute, La Jolla, CA, USA.

" nstitute of Systems Medicine, Chinese Academy of Medical Sciences & Peking Union Medical
College, Beijing, China.

12 Suzhou Institute of Systems Medicine, Suzhou, Jiangsu, China.

13 Department of Otology and Laryngology, Massachusetts Eye and Ear Infirmary, Harvard
Medical School, Boston, MA, USA.

14 Department of Molecular Biology and MGH Research Institute, Massachusetts General Hospital,
Boston, MA, USA.

1S Department of Genetics, Harvard Medical School, Boston, MA, USA.

* Correspondence: Zhixun Dou (zdou@mgh.harvard.edu) or Terje Johansen
(terje.johansen@uit.no)



Abstract

Macroautophagy (hereafter referred to as autophagy) degrades a variety of cellular components. A
poorly understood area is autophagic degradation of nuclear substrates, or “nuclear autophagy”. It
remains unclear what can be degraded by autophagy from the mammalian nuclei. We began our
study by investigating the nuclear binding partners of ATG8 family proteins that play important
roles in recognizing autophagy substrates. We systematically evaluated the ATGS8 nuclear
interactome in primary human cells and in mouse brain, identifying hundreds of novel interactions.
We continued our study by evaluating the nuclear proteomes of cellular senescence, a stable form
of cell cycle arrest program associated with inflammation, in which nuclear autophagy is involved.
Combined with the ATG8 nuclear interactome data, we identified WSTF, a component of the ISWI
chromatin remodeling complex, as a novel substrate of nuclear autophagy. The degradation of
WSTF, mediated by a direct interaction with the GABARAP isoform of ATGS, promotes
chromatin accessibility of inflammatory genes and induces senescence-associated inflammation.
Furthermore, WSTF directly binds the p65 subunit of NF-kB and inhibits its acetylation, thus
blocking inflammatory gene expression in the setting of senescence, cancer, and pathogen
infection. In addition, we show that loss of WSTF is required for the immuno-surveillance of
oncogenic Ras in mouse liver; forced expression of WSTF inhibited tumor-suppressive
inflammation and led to the development of liver tumors. Taken together, our study provides a
global view of mammalian nuclear autophagy and reveals a novel nuclear inhibitor of
inflammation implicated in diverse pathological contexts. Targeting WSTF may be broadly
valuable as therapeutic intervention of inflammatory diseases.

Keywords: autophagy, nuclear autophagy, senescence, SASP, WSTF, ISWI, inflammation



Introduction

Mammalian ATG8 family proteins (including LC3A, LC3B, LC3C, GABARAP, GABARAPLI,
and GABARAPL?2) bind to selective autophagy receptors or directly to autophagy substrates and
help mediate their delivery to autophagosomes for degradation. While yeasts have one single
ATGS protein, the six isoforms of mammalian ATG8 family proteins have both distinct and
redundant roles in autophagosome formation, expansion, maturation, vesicle transport, docking of
autophagy receptors, and in direct recognition of autophagy substrates’. ATGS8 proteins are
present in the nucleus with low mobilities*>, suggesting that they interact with large molecular
weight complexes. We recently reported that nuclear ATGS8s directly bind to nuclear Lamin B1
and SIRT], facilitating their shuttling to the cytoplasm for autophagic degradation upon cellular
senescence®l, suggesting that autophagy has a previously unappreciated role in degrading nuclear
constituents, termed as “nuclear autophagy”. Beyond Lamin B1 and SIRT1, whether nuclear
autophagy can degrade other substrates is unclear, which represents a major open area for
investigation.

Cellular senescence is a pro-inflammatory condition in which nuclear autophagy is induced®.
Senescent cells accumulate in aged and diseased tissues, where they impair tissue renewal and
promote inflammation®2, While senescence is a potent tumor-suppressive mechanism, it
paradoxically contributes to aging and the progression of many diseases'®!112. Clearing senescent
cells using pharmacological or genetic approaches ameliorates several diseases in mice and
humans!®!4. A key feature of senescence is the secretion of a large array of pro-inflammatory
cytokines, chemokines, growth factors, and proteases, collectively referred to as senescence-
associated secretory phenotype (SASP)11282 The SASP program recruits immune cells and alters
tissue microenvironment, leading to inflammation!!1282 Targeting the SASP program is an
important biomedical objective to intervene in diseases. The roles of nuclear autophagy in
senescence are poorly understood, largely due to our limited knowledge of the substrates of nuclear
autophagy.

To fill the major gaps in our understanding of nuclear autophagy, we examined the nuclear binding
partners of ATGS8s as well as the nuclear proteome of senescent cells. These proteomic studies
offer a comprehensive resource to study nuclear autophagy. We further focused on WSTF, which
we identified as a new substrate of nuclear autophagy, and discovered an unexpected role of WSTF
in regulating inflammation.

Results
The nuclear ATGS interactome
While ATGS interactomes using whole cell extracts have been reported by several groups=->* ,

very few nuclear interactions have been identified. We reason that this is likely due to the poor
lysis efficiency of the nuclear and chromatin fraction. Most interactomics studies used NP40 or



Triton X-100 to lyse cells; after a centrifugation step, the supernatants were collected for
subsequent co-immunoprecipitation (co-IP). These standard lysis conditions led the chromatin
fraction to become pelleted and discarded for the subsequent IP steps. Using histone H3 as a
marker for the chromatin fraction, we found that 1% NP40 lysis showed a minimal signal of H3
in the supernatant (Fig. 1a). To resolve the poor solubility issue of the chromatin fraction, we used
benzonase, an endonuclease that digests chromatin DNA, to facilitate the release of chromatin
proteins to the supernatant. The efficiency is similar to that of adding 1% SDS followed by
sonication (Fig. 1a). Thus, we generated a new procedure suitable for nuclear interactome studies.

We then stably expressed the six ATGS isoforms in IMR90 primary human fibroblasts, cultured
in physiological 3% oxygen, and performed nuclear fractionation and co-IPs (Fig. 1b and Ic). As
a positive control, an interaction with Lamin B1 was detected (Fig. 1b and 1c). We subsequently
performed tandem mass tag (TMT)-based mass-spectrometry analyses, with three biological
replicates of each ATGS8 isoform and two biological replicates of GFP as negative controls
(scheme shown in Fig. 1d). A total of 422 statistically significant nuclear interactions were
identified for LC3A, LC3B, LC3C, and 568 for GABARAP, GABARAPL1, GABARAPL2 (Fig.
le). As expected, these isoforms showed overlapping yet distinct binding partners (Fig. le). Top
interaction partners are presented in interaction maps (Extended data Fig. 1a and 1b). When
comparing with a previous autophagy interaction network (AIN) focusing on cytoplasmic
interactions!?, we found that the majority of the binding partners of ATGS from our nuclear AIN
are unique and previously unknown (Extended data Fig. 1c). Hence, we generated a new database
of nuclear ATGS interactome in primary human cells.

To further explore ATGS binding partners in vivo, we used a GFP-LC3B transgenic mouse strain!®
and performed GFP co-IPs in mouse brain, in both cytoplasmic and nuclear fractions (scheme
shown in Fig. 1f). Wild-type (not expressing GFP-LC3B) mice were used as negative controls.
Similar to the nuclear fractionation of primary human cells, a benzonase treatment step was
included, leading to successful solubilization of histone H3 (Extended data Fig. 1d). Compared
with the negative control using wild-type mice, GFP co-IPs in GFP-LC3B mice precipitated
specific proteins (Extended data Fig. 1e). Three biological replicates for cytoplasmic GFP co-1Ps
were included, and due to the low protein concentrations of the nuclear fractions, the three nuclear
fractions were combined for TMT-based mass-spectrometry analyses (Fig. 1f). Although LC3B
was present much less in the nucleus than in the cytoplasm, specific binding with nuclear proteins
was detected from nuclear GFP co-IPs.

We went on further to analyze the nuclear binding partners of ATG8s in primary human cells and
mouse brain, and discovered the overlapping and unique interactions in the two biological models
(Fig. 1g and specific proteins listed in Extended data Fig. 1g). Gene ontology (GO) analyses
revealed similar profiles of the nuclear binding partners of ATGS8s in the two models, with
substantial proteins within the categories of RNA binding, mRNA splicing and transport (Fig. 1h).
The binding between ATG8s and RNA-related proteins is supported by recent studies showing
LC3 mediates RNA secretion!? and degradation?’. In addition, proteins involved in chromatin



remodeling, nucleosomal binding, and transcription were identified (Fig. 1h). The overlapping
nuclear proteins from the two unrelated biological models suggest conserved roles for nuclear
ATGS8s across tissues in mammals in regulating these biological processes. Of our particular
interest is the chromatin remodeling complexes that bind to both human and mouse ATGS8s (Fig.
11), as these proteins regulate nucleosome positioning and chromatin structures, thereby affecting
gene expression and silencing.

Taken together, we have generated a systematic resource of nuclear ATGS interactomes in primary
human cells and mouse brain, and identified chromatin remodeling complexes as putative ATGS8
binding partners in mammalian nuclei.

Nuclear proteomes of cellular senescence

We previously reported that nuclear Lamin B1 and SIRT1 autophagic degradation occurs in
cellular senescence, in which cells respond to cellular insults such as oncogene activation and
telomere attrition and upregulate autophagy activities®Z. To explore novel substrates of nuclear
autophagy under senescence, we induced senescence of primary IMR90 cells using two different
means, oncogene activation and sub-lethal dose of DNA damage, and searched for overlapping
hits with ATGS8 nuclear interactomes.

We began by investigating the whole cell proteome of HRasV12-induced senescence (Fig. 2a),
using TMT-based mass-spectrometry, done with three biological replicates (Fig. 2b and Extended
data Fig. 2a). Consistent with our existing knowledge of senescence, the proteome of senescent
cells harbors significantly upregulated proteins, most of which are involved in the SASP program
and the DNA damage responses, as well as significantly downregulated proteins involved in cell
cycle and DNA replication (Fig. 2c and Extended data Fig. 2b). Among the downregulated proteins,
718 are nuclear proteins (Fig. 2d), and 89 of them (including Lamin B1) overlap with ATGS
nuclear interactome of IMR90 cells (Fig. 2¢ and listed in Extended data Fig. 2c¢).

We further examined the proteome of etoposide-induced senescence, in both autophagy-competent
and autophagy-deficient cells, using shRNA-mediated silencing of ATG7, focusing on nuclear
fractions (Fig. 2f-2h and Extended data Fig. 2d). As expected, inhibition of ATG7 suppressed LC3
lipidation and impaired Lamin B1 downregulation in senescence (Fig. 2f and 2g). The nuclear
fractions of these cells were subjected to TMT-based mass-spectrometry analyses (Fig. 2h and
Extended data Fig. 2e). 309 proteins were downregulated in the autophagy competent cells and
199 of them (including Lamin B1) overlap with ATGS8 nuclear interactome of IMR90 cells (listed
in Extended data Fig. 2f). We did not detect SIRT1 in these proteomic studies, likely due to the
higher sensitivity of SIRT1 antibodies than that of mass-spectrometry.

While HRasV12 and etoposide-induced senescence both revealed putative downregulated nuclear
proteins that bind to ATGS, we reason that the 27 overlapping targets in the two senescence models
(Fig. 2k) are of greater generalizability in senescence. We thus investigated these targets in greater



detail, and further asked whether their downregulation is linked to ATG7 and/or their mRNA levels
using our previously established RNA-seq datasets’?!. We grouped these targets in four categories:
(1) rescued by ATG7 deficiency while their mRNA levels are unaltered, (2) not rescued by ATG7
deficiency while their mRNA levels are reduced; (3) rescued by ATG7 deficiency while their
mRNA levels are also reduced in senescence, and (4) not linked to ATG7 or mRNA
downregulation (Fig. 21 and 2m). As a control, Lamin B1 is known to be downregulated at both
mRNA and protein levels®, and is listed in group (3). The proteins that are lost in senescence and are
rescued by ATG7 deficiency are further presented in a heatmap (Fig. 2n) and overlapped with ATGS
nuclear interactome (Fig. 20).

Because our ATGS8 nuclear interactome studies identified chromatin remodeling proteins as
putative binding partners of ATGS8 (Fig. 1h and 1i), we examined their protein levels in senescence
(Extended data Fig. 2g). Our results showed that WSTF is a consistent target in all our proteomic
datasets: WSTF binds to ATGS8 in both human fibroblasts and mouse brain (Fig. 1i and Extended
data Fig. 1b and 1g) and is downregulated in senescent cells, which can be rescued by ATG7
deficiency (Fig. 2m-20 and Extended data 2g). Further, while WSTF protein is reduced in
senescence, its mMRNA levels remain unchanged (Fig. 2m and 2p), making it a strong candidate as a
substrate of nuclear autophagy. WSTF (also known as BAZI1B, hereafter referred to as WSTF for
both gene and protein), is a subunit of imitation switch (ISWI) chromatin remodeling complex?. The
ISWI chromatin remodeling complex regulates nucleosome spacing, changing the chromatin from an
“open” state to a “closed” state, by forming ordered nucleosome arrays on chromatin, thereby
repressing gene expression”>?*?>. WSTF has not been investigated in the context of autophagy
or senescence. In summary, we generated nuclear proteomic datasets in two forms of senescence, and
revealed new potential substrates of nuclear autophagy. We will focus on WSTF for the rest of this
study, investigating its autophagic degradation and its biological functions.

WSTF is degraded by autophagy in senescence

We induced senescence by multiple means, in multiple cell systems, to investigate the behavior of
WSTF. WSTF protein levels are dramatically reduced in senescent IMR90 cells induced by
etoposide (Fig. 3a), HRasV12 (Fig. 3b), or replication exhaustion (Fig. 3c). The loss of WSTF
protein is also observed in senescent primary BJ fibroblasts, induced by etoposide, ionizing
irradiation (IR), or HRasV12, as well as in senescent primary MEFs induced by etoposide or IR
(Extended data Fig. 3a). In addition, therapy-induced senescence of A549 cancer cells exhibited loss
of WSTF protein (Extended data Fig. 3b). In contrast to the loss of WSTF in senescence, WSTF
protein levels remain unchanged upon quiescence or starvation (Extended data Fig. 3c-3e). We
further examined other proteins of the ISWI complex. SNF2H (also known as SMARCAYS), the
ATPase of the ISWI complex that binds to WSTF, is largely unaltered in senescence (Fig. 3a).
Another subunit of the ISWI complex, ACF1 (also known as BAZ1A) that also binds to SNF2H, is
reduced in senescence (Fig. 3a). However, ACF1 is also reduced upon quiescence or starvation
(Extended data Fig. 3¢ and 3d), and the loss of ACF1 cannot be rescued by ATG7 deficiency
(Extended data Fig. 3e), suggesting that ACF1 is not a selective autophagy substrate upon



senescence. While WSTF protein is consistently lost in senescence, its mRNA levels are
unchanged (Fig. 3d-3f), consistent with our proteomic and transcriptomic results (Fig. 2m and 2p).
We therefore went on to investigate whether the loss of WSTF is mediated by autophagy.

We inhibited autophagy by both genetic and pharmacological approaches, and examined the
behavior of WSTF in senescence. First, we stably inactivated ATG7 using shRNA, and found that
while WSTF was lost in non-targeting control sShRNA cells, its protein levels were largely retained
upon etoposide or IR-induced senescence in cells where ATG7 was knocked down (Fig. 3g and
3h, Extended data Fig. 3f). By contrast, the loss of ACF1 was not impaired by ATG7 deficiency
(Extended data Fig. 3f). Second, we inhibited autophagy degradation using bafilomycin Al that
blocks lysosomal acidification. This led to a restoration of WSTF protein levels in senescence (Fig.
3iand Extended data Fig. 3g). By contrast, inhibition of proteasomal degradation by MG132 failed
to rescue WSTF in senescence (Fig. 3j).

We further observed WSTF localization using imaging approaches. While WSTF is localized in
the nucleus of proliferating control cells, cytoplasmic localization of WSTF was observed in
senescence, colocalizing with autophagosome markers LC3 or GABARAP as well as lysosomal
markers LAMP1 or LysoTracker (Fig. 3k and 31, Extended data Fig. 3h and 3i, and quantified in
Fig. 3m and 3n). Addition of bafilomycin Al accumulated WSTF in the cytoplasm, colocalizing
with LAMP1 (Extended data Fig. 3h). In contrast to senescence, starvation did not induce WSTF
cytoplasmic localization (Extended data Fig. 3h), consistent with our immunoblotting results
showing that WSTF was not lost upon starvation (Extended data Fig. 3d and 3e). Taken together,
these results collectively indicate that WSTF is a selective nuclear autophagy substrate upon
senescence.

A GABARAP-WSTF interaction mediates WSTF autophagic degradation

We subsequently investigated the molecular mechanisms underlying WSTF autophagic
degradation. Because ATGS proteins bind to autophagy receptors or substrates and aid in
delivering them to autophagosomes for degradation, we tested the binding between WSTF and the
six ATGS8 proteins. Using in vitro translated WSTF subjected to pull down with bacterially
expressed and purified GST-ATGS proteins, we found that GABARAP is the main ATGS isoform
that directly binds to WSTF (Fig. 4a). The binding with LC3B is quantitatively much less than that
of GABARAP (Fig. 4a and 4b) in these in vitro pulldowns, which was further validated by co-IPs
from cell extracts (Fig. 4c). These results are consistent with our ATGS8 nuclear interactome data
in which WSTF was detected via GABARAP co-IP (Extended data Fig. 1b and Fig. 20). We
further performed co-IP of endogenous proteins, and found that GABARAP IP brought down
WSTF and its binding partner SNF2H in the ISWI chromatin remodeling complex (Fig. 4d). By
contrast, GABARAP IP precipitated much less of BRG1 and BRM, components of the SWI/SNF
chromatin remodeling complex2®2228. Further examination using in vitro translated WSTF and
SNF2H revealed that WSTF, and not SNF2H, is a direct binding partner of GABARAP (Extended



data Fig. 4a and 4b). Taken together, these results strongly support a direct GABARAP-WSTF
interaction.

We next interrogated the regions or amino acid residues that mediate the GABARAP-WSTF
interaction. On the GABARAP end, we found that the GABARAP F77A mutant significantly
impaired the binding with WSTF from both in vitro pull-down (Fig. 4e) and co-IP from cell
extracts (Fig. 4f). On the WSTF end, we constructed a series of truncations (summarized in Fig.
4¢) and found that the region encompassing amino acids 474-691 of WSTF is both necessary and
sufficient for interaction with GABARAP (Fig. 4h, Extended data Fig. 4c-4f). We further
interrogated this region in greater detail (summarized in Fig. 41) and found that WSTF 474-483
region, and in particular, the L476 residue, is essential for GABARAP binding in both in vitro
pulldown and in co-IPs from cells (Fig. 4i-4k and Extended data Fig. 4g). While deletion of 474-
483 or mutation of L.476 abolished the binding to GABARAP, these mutants of WSTF did not
affect the binding to SNF2H (mediated by the BAZ1&2 domain of WSTF) or to histone H3
(mediated by the PHD and bromodomain of WSTF) (Extended data Fig. 5a). Hence, we have
discovered the critical residues on both ends that mediate the GABARAP-WSTF interaction.

To further investigate the interaction, we synthesized a series of WSTF peptides corresponding to
the WSTF 474-483 region (Fig. 41), and asked whether these peptides could block the GABARAP-
WSTF interaction. The peptide corresponding to 474-483 of WSTF along with its flanking
sequence at the amino and carboxy (N and C) termini (PP4, residues 466-492) effectively inhibited
GABARAP-WSTF binding in in vitro pulldown (Fig. 4m). Introducing L476A mutation into this
peptide giving PP5 abrogated this effect (Fig. 4n).

Several interaction surfaces are known for binding to ATGS8 family proteins with the LC3-
interacting region (LIR) docking site (LDS) being the most used surface for interaction partners®.
Recently, another binding surface named ubiquitin-interacting motif (UIM)-docking site (UDS)
was suggested2?. Using point mutations, we can compromise the two binding surfaces selectively
(Extended data Fig. 5b). We used the Y49A mutation to render the LDS binding deficient and the
F77A mutation to cripple the UDS in GABARAP. Our results clearly implicate the UDS in binding
to WSTF (Fig. 4e and 4f). We next investigated the structure of the WSTF region binding to
GABARAP using in silico modeling. The 474-484 region of WSTF is predicted to form an alpha-
helix, similar to a helix of the Cav2.2 protein’!, based on PHYRE2 server that predicts protein
structure®? (Extended data Fig. 5c). Furthermore, structural modeling of WSTF by AlphaFold2
3334 predicts with high confidence that the 473-485 region of WSTF forms an alpha-helix, with the
L476 residue exposed at the outer surface of WSTF (Extended data Fig. 5d). Employing the
ClusPro web server for automatic protein-protein docking®, we obtained a top ranked model
placing the WSTF helix with the L476 residue firmly into the UDS of GABARAP (Extended data
Fig. 5d). The UDS surfaces of LC3B and GABARAP are different with a wider and more shallow
pocket in GABARAP than in LC3B, which helps explain why WSTF binds GABARAP with
higher affinity than LC3B (Extended data Fig. Se, Fig. 4b). Together, these results provided



mechanistic insights into the WSTF-GABARAP interaction and prompted us to investigate the
behavior of WSTF mutants in senescence.

We stably expressed the WSTF A474-483 mutant or the WSTF L476A mutant defective in
binding to GABARAP, and investigated their degradation and localization. While the protein
levels of wild-type WSTF were reduced upon senescence, both mutants showed impaired
downregulation in senescence, measured at two time points post IR (Fig. 40). By contrast, the loss
of Lamin B1 was not affected by the two mutants (Fig. 40). In addition, we found that while wild-
type WSTF was translocated to the cytoplasm, colocalizing with GABARAP puncta, both mutants
showed impaired ability to do so (Fig. 4p and quantified in Fig. 4q, Extended data Fig. 5b). The
WSTF mutants did not affect the formation of senescence-associated heterochromatin foci (SAHF),
a marker for senescence (Fig. 4q). Taken together, these results strongly suggest that WSTF
binding to GABARAP is required for its autophagic degradation in senescence.

WSTF represses the SASP program

We subsequently investigated the biological significance of autophagic degradation of WSTF in
senescence. To counteract the loss of WSTF, we overexpressed WSTF, and examined the key
features of senescence (Fig. 5a). We found that WSTF overexpression did not affect the loss of
Lamin B1 (Fig. 5a), induction of p16Ink4a (hereafter referred to as p16) (Fig. 5a), or senescence-
associated beta-galactosidase (SA-B-gal) (Extended data Fig. 6a). However, the induction of ILS,
a SASP factor, was reduced by WSTF overexpression (Fig. 5a). RT-qPCR analyses of senescence
and SASP genes confirmed that while WSTF overexpression did not affect Lamin B1, p16, or p21,
the induction of key factors of the SASP program was significantly reduced, including IL6, ILS,
IL1a, and IL1B (Fig. 5b). The impaired SASP program was further confirmed at the secreted level,
measuring the conditioned media of senescent cells overlaid to a cytokine array (Fig. 5c¢). While
multiple SASP factors showed reduced levels in the conditioned media, TIMP-2, a soluble factor
constitutively secreted by proliferating and senescent IMR90 cells, was not altered by WSTF
overexpression (Fig. 5S¢ and quantified in Fig. 5d). In addition to WSTF overexpression, we also
asked whether disruption of WSTF promotes the SASP program. shRNA-mediated WSTF
inactivation, using two independent hairpins, enhanced SASP gene expression, while not affecting
Lamin B1 or p16 upon IR-induced senescence (Fig. 5Se and 5f, Extended data Fig. 6b and 6c).
Furthermore, we found that WSTF overexpression blocks the SASP program of oncogene-induced
senescence triggered by HRasV12 (Fig. 5g and 5h). Moreover, expression of WSTF in established
senescent cells that already lost WSTF inhibited IL8 expression (Extended data Fig. 6d). Taken
together, these data collectively suggest that WSTF is a negative regulator of the SASP program.

To further examine the SASP program in an unbiased manner, we performed an RNA-seq study,
including proliferating control and HRasV12-induced senescence, expressing vector control or
WSTF (following the design of Fig. 5g). Analysis of differentially expressed genes (DEGs) in
senescent cells suggested that WSTF substantially inhibited the expression of a large panel of pro-
inflammatory genes (Fig. 5i). Pathway enrichment analysis using EnrichR3¢ revealed that genes



downregulated by WSTF are strongly enriched in the categories of cytokines, growth factors, and
chemokines, characteristic of the SASP program (Fig. 5j and specific genes listed in Extended data
Fig. 6e). Genes related to other processes like cell cycle arrest are not affected by WSTF. The
global reduction of the SASP gene expression is also presented in a heatmap, including established
SASP factors®? (Fig. 5k). These results strongly support that WSTF specifically represses the
SASP program of senescence.

Lastly, we asked whether inhibition of WSTF autophagic degradation affects the SASP. To this
end, we expressed a short region of WSTF (406-552) that binds to GABARAP, using deletion of
the core amino acids for GABARAP interaction 466-492 as a negative control (illustrated in Fig.
51). We tagged these peptides with a nuclear localization signal (NLS), leading to their expression
in the nucleus (Extended data Fig. 6f). While WSTF 406-552 peptide strongly inhibited the binding
between full-length WSTF and GABARAP, likely due to its competition with WSTF for
GABARAP binding, WSTF 406-552 A466-492 showed impaired binding to GABARAP,
accompanied by its inability to block full-length WSTF-GABARAP interaction. Upon induction
of senescence, the 466-492 peptide inhibited WSTF downregulation and the expression of IL6,
while the 406-552 A466-492 mutant peptide failed to do so. Hence, these data indicate that
autophagic degradation of WSTF, mediated by GABARAP, is critical for the induction of the
SASP program of senescence.

WSTF suppresses chromatin accessibility of SASP genes

We next investigated how WSTF suppresses the SASP program of senescence. We first asked
whether WSTF affects the established mechanisms of the SASP38:3221.4041.42.43.44.45 5 4 found that
while WSTF blocked the SASP gene expression (Extended data Fig 7a), it did not alter the status
of p38MAPK, DNA damage response, mTOR, cytoplasmic chromatin fragments (CCF), cGAS-
STING pathway, NF-kB p65 subunit nuclear translocation and phosphorylation at S536, or
senescence-associated heterochromatin foci (SAHF) (Extended data Fig. 7a to 7c¢). These data
suggest that WSTF employs a previously uncharacterized mechanism to regulate the SASP
program.

We truncated the domains of WSTF with established biological functions and asked which
activities of WSTF are involved in the SASP program. WSTF harbors a WAC domain with
tyrosine kinase activity?®, a BAZ1&2 domain that binds to SNF2H, and PHD & bromodomains
that bind to histones (illustrated in Extended data Fig. 7d). We generated a series of truncation
mutants of WSTF, and confirmed that the BAZ1&2 truncation impaired the binding to SNF2H
while the PHD & bromodomain truncation impaired the binding to histones (Extended data Fig.
7d and 7¢). Upon induction of senescence, we found that the BAZ1&2 domain as well as PHD &
bromodomains are required for WSTF to inhibit the SASP (Fig. 6a and 6b). By contrast, the WAC
domain of WSTF is not required to inhibit the SASP (Extended data Fig. 7f and 7g). These results
suggest that the binding of SNF2H and association with chromatin are necessary for WSTF to
suppress the SASP program of senescence.
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We thus investigated the connection with SNF2H in greater detail, and discovered that SNF2H-
WSTF complex is critical in repressing the SASP. First, CRISPR-mediated inactivation of SNF2H
abrogated the effect of WSTF in blocking the SASP (Fig. 6¢ and 6d), consistent with the results
that the BAZ1&2 domain of WSTF is involved (Fig. 6a and 6b). Second, overexpression of
SNF2H inhibited the SASP (Fig. 6e and 6f), suggesting that SNF2H, like WSTF, is also a repressor
of the SASP. Third, inactivation of WSTF abrogated the effect of SNF2H in blocking the SASP
(Fig. 6g and 6h). Together, these results indicate that the ISWI chromatin remodeling complex
has a previously unappreciated role in suppressing the SASP program of senescence.

Because the ISWI complex represses gene expression by forming ordered nucleosomes on
chromatin, we assessed whether WSTF regulates chromatin accessibility over SASP genes by
ATAC-seq*’. Chromatin accessibility at SASP genes was low in control cells but was massively
increased in senescence (Fig. 61 showing genomic tracks of ATAC-seq read density at IL8, MMP3,
and IL1p). Importantly, expression of WSTF substantially reduced chromatin accessibility at these
SASP genes (Fig. 61). We subsequently performed peak calling and evaluated the differentially
accessible regions (DARs) at the genome-wide scale. GO analysis of the DARs revealed strong
enrichment of functional gene categories involving cytokines, growth factors, and acute
inflammation, characteristics of the SASP program (Fig. 6j and specific genes listed in Extended
data Fig. 8a). The global reduction of chromatin accessibility at representative SASP genes is also
presented in a heatmap (Extended data Fig. 8b). Further, the DARs with reduced chromatin
accessibility located at the genes with downregulated RNA-seq expression in senescence were
strongly enriched with genes of the SASP program (Extended data Fig. 8c). In sum, our results
strongly suggest that WSTF in cooperation with SNF2H suppresses chromatin accessibility of pro-
inflammatory genes of senescence.

WSTF is a broad inhibitor of inflammation

Senescence shares several features with cancer. Senescent cells induced by activated oncogenes
or loss of tumor suppressor proteins can generate neoplastic lesions in vivo. Both senescence and
cancer are associated with DNA damage, and they share similar features of genome methylations.
Using cancer cell line encyclopedia (CCLE), we previously showed that the ¢cGAS-STING
pathway, required for the SASP program of senescence, is also strongly linked to cancer-associated
pro-inflammatory gene expression2!. These connections prompted us to investigate whether WSTF
is involved in pro-inflammatory gene expression in cancer.

We inactivated WSTF using shRNA, and found that loss of WSTF increased the expression of IL6
and IL8 in Caco2, HeLa, MDA-MB-231, HCT116, and A549 cells (Fig. 7a and Extended data Fig.
9a). To robustly examine the connection between WSTF and pro-inflammatory gene expression
in cancer at a larger scale, we exploited the proteomic resource of CCLE database that contains
the proteomes of over 300 cancer cell lines®. Cell lines with lowest and highest 50% of WSTF
expression were grouped and the expression of key pro-inflammatory genes was compared
between WSTF-low and WSTF-high subsets. This analysis revealed that higher WSTF expression

11



is linked to higher expression of SNF2H, and importantly, lower expression of pro-inflammatory
genes, while the housekeeping gene Lamin A does not follow this pattern (Fig. 7b). Together with
our WSTF knockdown in cancer cell results, these data collectively suggest that WSTF is a
negative regulator of pro-inflammatory genes in broad scenarios of cancer cells.

The results in cancer prompted us to examine a hypothesis that WSTF is a broad inhibitor of

inflammatory gene expression. We exposed the control and WSTF deficient cells with a variety of

pro-inflammatory conditions, including dsDNA (ISD) and dsRNA (poly I:C) transfection, tumor

necrosis factor alpha (TNFa), and bacterial lipopolysaccharides (LPS). In all these conditions,

WSTF deficiency led to significantly higher expression of pro-inflammatory cytokines (Fig. 7¢

and Extended data Fig. 9b-9d). Moreover, we examined viral infection, using DNA virus (HSV-

1) and RNA virus (SeV). In both cases, WSTF deficiency led to significantly higher expression of

pro-inflammatory genes (Fig. 7d). The induction of interferon gene (IFNf) was not upregulated
by WSTF deficiency (Fig. 7c and 7d). Together with our results in senescence and cancer, these
data strongly suggest that WSTF is a broad negative regulator of inflammation.

WSTF directly binds to p65 and inhibits p65 acetylation

The specific inhibition of inflammatory genes by WSTF, in a variety of contexts, sparked us to
further examine the molecular mechanisms by which WSTF blocks inflammation. While we
presented results showing that WSTF inhibits chromatin accessibility of SASP genes in senescence,
it remains unclear what instructs WSTF to specifically affect inflammatory genes. A clue is
provided from our RNA-seq and ATAC-seq data, exploring the transcription factors associated
with the downregulated genes by WSTF. In both datasets, a strong enrichment of NF-xB and RelA
(p65) subunit of NF-xB was detected (Extended data Fig. 10a and 10b). We subsequently
investigated how WSTF is connected to NF-«B, a key transcription factor for inflammatory genes.

We first asked whether WSTF interacts with the p65 subunit of NF-kB. In basal condition, p65 is
in the cytoplasm while WSTF is in the nucleus, thus an interaction was not detected; upon
stimulation by TNFa, p65 is translocated to the nucleus, and an interaction with WSTF was
detected by co-IP (Fig. 7e). The WSTF-p65 interaction was further confirmed by co-IPs at the
endogenous level upon TNFa (Fig. 7f) or poly I:C stimulation (Fig. 7g), and in WSTF
overexpressed senescent cells (Fig. 7h, of note, endogenous WSTF is lost in senescent cells and
thus overexpressed WSTF was used). Importantly, using in vitro translated WSTF and p65, a direct
interaction was detected (Fig. 71). By contrast, p65 failed to bind to in vitro translated SNF2H (Fig.
71). In sum, we found that WSTF of the ISWI complex directly binds to the p65 subunit of NF-xB.

We went on further to examine whether WSTF regulates p65 activity. In basal condition, p65 binds
to IkB in the cytoplasm. Upon inflammatory stimulation, kB is phosphorylated, leading to its
proteasomal degradation and p65 translocation to the nucleus®?. Nuclear p65 undergoes a series of
modifications, such as phosphorylation and acetylation, facilitating p65 binding to chromatin and
stimulation of the transcription of inflammatory genes®!. We found that p65 nuclear translocation
and phosphorylation at S536 were not affected by WSTF deficiency (Extended data Fig. 10c-10g),
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consistent with the behavior of p65 in senescent cells overexpressed with WSTF (Extended data
Fig. 7a and 7b).

An important modification of p65 is the reversible acetylation®2. Acetylation of p65, catalyzed by
p300 or CBP, stimulates p65 binding to DNA and its transcription activity®:. Acetylation at K310
of p65 is important for recruitment of BRD4 and transcription of inflammatory genes >4, Using
T7-tagged p65 coupled with WSTF knockdown and p300 overexpression, we found that WSTF
deficiency substantially increased p65 overall acetylation and acetylation at K310 (referred to as
K310ac, Fig. 7j). Consistent with the increased acetylation of p65, enhanced p65 binding to p300
was detected (Fig. 7j). We further examined p65 K310ac at the endogenous level, and found that
WSTF deficiency increased K310ac upon TNFa stimulation (Fig. 7k), accompanied by increased
mRNA levels of IL6 and IL8 (Extended data Fig. 10h). Likewise, K310ac was increased in WSTF-
deficient cells upon poly I:C stimulation (Fig. 71) and in senescence (Fig. 7m).

Lastly, we examined the binding between WSTF and acetylated p65. In addition to K310, other
important sites of acetylation have also been reported, including K218 and K221%3, Mutation of
the three acetylation sites to R (termed as 3KR)*? substantially increased the binding to WSTF
upon TNFa stimulation (Fig. 7n). Using individual K to R mutations, we found that K221 is the
predominant residue that mediates the interaction with WSTF (Fig. 7n). These data suggest that
WSTF preferentially binds to unmodified lysine residues on p65 to prevent p65 acetylation. We
thus envision two-step events for NF-xB activation in the nucleus (illustrated in Extended data Fig.
101). Upon p65 translocation to the nucleus, WSTF directly binds to non-acetylated p65 and
inhibits p300 binding, serving as an inhibitor of p65 acetylation and activation (Extended data Fig.
10i, left). When stimulation further propagates, p300 eventually acetylates p65, leading to WSTF
dissociation from p65 and transcription activation by NF-kB (Extended data Fig. 10i, right).

Loss of WSTF is required for immuno-surveillance of activated Ras in vivo

We investigated the importance of WSTF in regulating inflammation in vivo. An important role
of inflammation is to restrain tumorigenesis in response to oncogene activation. The SASP
program triggered by activated oncogenes can alarm the immune system to induce immuno-
surveillance and clearance of the pre-malignant cells, acting as a potent tumor suppressive
mechanism!*2, In particular, many primary cell types cope with oncogenic Ras activation by
inducing cellular senescence, which, via the SASP, activates an initial state of tumor suppressive
inflammation!-12, An established model for oncogene-induced senescence and the SASP in mice
is liver expression of NRasV12, which induces hepatocyte senescence, the SASP, immune cell
infiltration, and clearance of the NRasV12-expressing hepatocytes®®. We previously reported that
ablation of STING blocked the SASP program, leading to impaired immuno-surveillance and
formation of liver tumors.,

A vector with a Sleeping Beauty transposon that co-expresses NRasV12 and GFP, together with a
transposase construct, was co-injected into the mouse tail vein through hydrodynamic injection
(illustrated in Fig. 8a). WSTF was cloned to co-express with NRasV12 to investigate the role of
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WSTF in this system (Fig. 8b). This approach leads to specific and stable hepatocyte expression
of NRasV12 together with GFP or WSTF (Fig. 8a and 8b). The liver was analyzed 6 days after
injection for inflammation and the SASP, and 12 days after injection for NRasV12 hepatocyte
clearance (outlined in Fig. 8c).

NRasV12 expression in the liver led to specific loss of WSTF in NRasV12-positive hepatocytes,
but not in NRasV 12-negative cells (Fig. 8d and Extended data Fig. 11a), consistent with our results
that oncogene-induced senescence lost WSTF in primary human cells (Fig. 3b). We therefore
overexpressed WSTF together with NRasV12 in the same vector (Fig. 8b and 8d) to investigate
the SASP and inflammation in the liver.

6 days post injection, NRasV12/GFP mice induced infiltration of CD45-positive immune cells
surrounding NRasV12-positive hepatocytes (Fig. 8e). Clusters of immune cells can also be
observed by DAPI staining (Fig. 8¢). These responses are consistent with what we and others
previously reported in this model®2!. By sharp contrast, NRasV12/WSTF mice showed
dramatically impaired infiltration of immune cells and formation of immune clusters, although
NRasV12 was expressed at comparable levels to the NRasV12/GFP group (Fig. 8f and quantified
in Fig. 8j and 8k). In addition, we performed RT-qPCR analyses to quantify the transcripts of
SASP genes and immune cell genes. The critical pro-inflammatory factors IL1a, IL1, IL6, and
CXCL1 were all significantly reduced in WSTF group, accompanied by reduced CD45 (a marker
for all immune cells), CD3 (T cells), and KLRD1 (NK cells) (Fig. 8g). These results indicate that
NRasV12-induced loss of WSTF is required for the induction of SASP and inflammation in the
liver.

12 days post the injection, NRasV12-positive hepatocytes showed reduced positivity, due to
immune-mediated clearance of the pre-malignant cells (Fig. 8h and quantified in Fig. 8j and 8k).
By contrast, NRasV12/WSTF group exhibited persistence of NRasV12-positive hepatocytes,
accompanied by reduced infiltration of CD45-positive immune cells (Fig. 8i and quantified in Fig.
8j and 8k). Impaired clearance of NRasV12-positive hepatocytes can lead to malignant growth of
these cells and progression to liver tumors that express NRasV122%2L Six months following the
hydrodynamic injection, while none of the GFP group developed liver tumors (0 out of 10) (Fig.
8l and Extended data Fig. 11b), severe intrahepatic tumors were observed in all mice of the WSTF
group (10 out of 10) (Fig. 8m and Extended data Fig. 11c). These data strongly indicate that loss
of WSTF is a critical event to induce immuno-surveillance of oncogenic Ras in mice.

Discussion

In this study, we generated a nuclear ATGS interaction network in primary human fibroblasts and
in mouse brain, uncovering hundreds of novel interactions. Combined with the nuclear proteomes
in senescence, we identified WSTF as a previously unknown nuclear substrate of autophagy.
Autophagic degradation of WSTF, via interaction with GABARAP, stimulates senescence-
associated inflammation, by promoting chromatin accessibility over inflammatory genes. In
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addition to senescence, we uncovered that WSTF is a broad repressor of inflammation, via direct
binding to the NF-kB p65 subunit and inhibiting its acetylation. Lastly, we demonstrated that loss
of WSTF is essential for immuno-surveillance of activated oncogene in mice. A schematic model
summarizing our findings is presented in Fig. 9a.

Our study offers new perspectives and insights in several fields of research. First, our nuclear
ATGS interactome offers a systematic resource for studying nuclear autophagy. While ATGS
interactomics studies have been conducted before>>~ , we reason that, due to technical issues in
lysing nuclear and chromatin fractions (Fig. 1a), prior resources were in fact limited to cytoplasmic
interactions. Our nuclear autophagy interaction network differs substantially from a previously
established autophagy-interaction network!®> (Extended data Fig. 1c), which we hope will spark
other investigators to explore nuclear autophagy, an area still in its infancy. Second, our proteomic
datasets in senescence provide a new resource to investigate senescence. We present a whole cell
proteome in HRasV12-induced senescence as well as nuclear proteomes of etoposide-induced
senescence, in wild-type and ATG7-deficient cells. Together with our RNA-seq datasets in
prior’2! and current studies, these resources will allow investigators to discover new RNA and
protein alterations in senescence. Third, we uncovered a new mechanism regulating senescence-
associated inflammation (the SASP program). While the roles of SASP in cancer, wound healing,
and aging have been documented!!2, the mechanisms that initiate the robust and sustained
inflammation are not fully understood. We showed that WSTF altering chromatin accessibility
over inflammatory genes is a new mechanism to initiate the SASP program. This mechanism is
distinct from cGAS-STING and other established mechanisms of the SASP. Fourth, we unveiled
anovel activity of the ISWI chromatin remodeling complex. While WSTF and ISWI complex have
been reported to be involved in regulating development and other biological processes®Z2%3%60 our
study is the first to connect ISWI complex with senescence and inflammation, thus suggesting a
new strategy to target inflammatory disorders. Lastly and importantly, this study discovers a novel
regulatory mechanism of NF-xB and inflammation, from the nucleus (described below).

Inflammation is considered a “double-edged sword”. Although inflammation is essential for
restraining infection and tumorigenesis, chronic and uncontrolled inflammation contributes to
autoimmunity and many other diseases, including most age-associated diseases®!. Hence,
investigation of negative regulators of inflammation is of critical importance. Our discovery of
WSTF as a negative regulator of NF-kB sheds a new light on the complex role of inflammation.
We showed that while WSTF competent cells are able to properly resolve inflammation, WSTF
deficient cells, such as in senescent cells, exhibited robust and sustained inflammation (illustrated
in Fig. 9b). Mechanistically, besides the ISWI activity, WSTF binds to p65 in the nucleus,
suppressing its acetylation and activation. This role of WSTF is distinct from other reported
negative regulators of p65 in the nucleus, such as enzymes that remove acetylation or
phosphorylation marks of p65L, which require p65 to be activated first. By contrast, WSTF
preferentially binds to unmodified lysine residues of p65 (Fig. 7n), preventing p65 activation. This
mechanism of WSTF is similar to IkB in the cytoplasm, serving as a constitutive nuclear inhibitor
of NF-xB. Hence, WSTF acts as a “checkpoint” to raise the threshold of signals that can produce
inflammatory gene expression. This ensures that (1) only bona-fide inflammatory signals can
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produce successful inflammation, and (2) inflammation can be properly resolved to prevent tissue
damage. We noted that the pro-inflammatory conditions under acute setting did not show loss of
WSTF, unlike the loss of WSTF in cellular senescence which takes days to weeks to establish.
Future studies are needed to investigate autophagic degradation of WSTF under chronic
inflammatory conditions besides senescence. We envision that WSTF is likely to be involved in
other inflammatory disorders, such as age-associated diseases, metabolic disorders, and cytokine-
associated toxicity. Our study further suggests that targeting WSTF autophagic degradation may
hold promise to intervene in inflammation-associated diseases.
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Materials and methods
Cell culture and treatment

Primary IMR90, BJ fibroblasts and MEFs were described previously®2L. The cells were cultured
in DMEM supplemented with 10% fetal bovine serum (FBS), 100 units/mL penicillin, and 100
pg/mL streptomycin (Invitrogen), and were intermittently cultured with plasmocin (Invivogen)
and tested for mycoplasma using MycoAlert™ PLUS Mycoplasma Detection Kit (Lonza). The
cells were cultured under physiological oxygen (3%), and were used within population doubling
of 35, except for replicative senescence experiments where cells were cultured till replication
exhaustion (around population doubling 80). For etoposide-induced senescence, IMR90 cells at
approximately 60—70% confluency were treated with 50 uM etoposide for 48 hours and harvested
at days indicated in figure legends. To establish senescence of BJ cells, the cells at approximately
60-70% confluency were treated with 40 uM etoposide for 24 h and harvested at days indicated in
figure legends. For ionizing radiation (IR), cells were irradiated with X-Rad 320 (Precision X-Ray
Irradiator) at 20 Gy and harvested as described in figure legends. For HRasV12-induced
senescence, retrovirus from retroviral vector encoding HRasV12 was used to infect cells.
Following hygromycin selection, cells were cultured for 7 or more days as described in figure
legends. These conditions reproducibly induced senescence, confirmed by cell cycle arrest
measured by lack of Cyclin A and phosphorylated Rb, EdU less than 5% positivity, and SA-B-gal
over 95% positivity, as described in our previous studies (Dou et al., 2017; Dou et al., 2015; Vizioli
et al., 2020; Xu et al., 2020). HeLa (American Type Culture Collection; CCL2) and A549 (ATCC
CCL185) were grown in DMEM (Sigma-Aldrich; D5796) supplemented with 10% FBS
(Biochrom AG; S0615) and 1% streptomycin-penicillin (Sigma-Aldrich; P4333). HEK293T and
MEFs were grown in DMEM (Sigma-Aldrich; D6046) supplemented with 10% FBS and 1%
streptomycin-penicillin. Caco2 cells (ATCC HTB-37) from a colorectal adenocarcinoma were
grown in DMEM (Sigma-Aldrich; D6046) supplemented with 10% FBS and 1% streptomycin-
penicillin. HCT116 cells (ATCC CCL-247) from a colorectal carcinoma were grown in McCoy’s
5A (Sigma-Aldrich; M9309) supplemented with 10% FBS and 1% streptomycin-penicillin. MDA-
MB-231 cells (ATCC HTB-26) from a breast adenocarcinoma were grown in high glucose DMEM
(Sigma-Aldrich; D6046) supplemented with 10% FBS, 2mM glutamine and 1% streptomycin-
penicillin. 0.2 pM BafA1 or 10 uM MG132 were used in experiments described in Fig. 31 and 3;j.

Mice experiments

All mice experiments were performed in compliance with the Institutional Animal Care and Use
Committee at Icahn School of Medicine at Mount Sinai and Massachusetts General Hospital. GFP-
LC3 transgenic mice were described elsewhere!®., Both sexes were included for mice
studies. Hydrodynamic tail vein injection was performed as previously described?!. In brief, 20
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pg of NRasV12 and 10 pg of transposase constructs were injected to C57BL/6 mice that were 8—
12 weeks old in Ringer solution that corresponded to 10% of the body weight (for example, 2.0
ml for a 20 g mouse, but not over 2.5 ml if the mouse was more than 25 g) within 6 s. Liver tumor
experiments were conducted following institutional protocol in Massachusetts General Hospital.
Mice were euthanized with CO2 followed by cervical dislocation. Tissues were harvested post
euthanasia and analyze as indicated.

Mouse brain homogenization and nuclear isolation

The mouse brain was harvested and rinsed with cold PBS. Homogenization buffer A (0.32 M
sucrose, | mM NaHCO3, 0.25 mM CaClz, 1 mM MgClz, 50 mM Tris HCI, pH 7.5) supplied with
halt proteinase and phosphatase inhibitors (78442, Invitrogen) was added as 2 ml buffer A per
mouse brain. The tissue was homogenized with a Dounce homogenizer 20 times before being
centrifuged at 1000g for 10 min. The supernatant was transferred to a new 15 ml falcon tube
labeled as the cytoplasmic sample. For the pellet, 1 ml buffer A was used to resuspend it prior to
further homogenization with a Dounce homogenizer 10 times. The sample was centrifuged (1000g,
10 minutes), and supernatant was collected and placed in a new tube to separate the pellet and
supernatant.

The pellet was resuspended in 2 ml buffer B (0.32 M sucrose, | mM NaHCOs3, 5 mM CaClz, 3
mM MgClz, 0.1 mM EDTA, 1 mM DTT, 0.1% NP40, 10 mM Tris HCI, pH 8.0), before being
homogenized with a Dounce homogenizer 20 times. The sample was then centrifuged at 1000g for
10 minutes. The supernatant was discarded, and the pellet was resuspended with 5 ml buffer B and
transferred into a 14 ml ultracentrifuge tube (331372, Beckman Coulter). 9 ml Buffer C (1.8 M
sucrose, 3 mM MgClz, | mM DTT, 10 mM Tris HCI, pH 8.0) was carefully added into the bottom
of the tube. The samples were then ultracentrifuged at 24,000 rpm (106803.1x g RCF) for 1 hour
prior to discarding of the supernatant (Thermo Scientific Sorvall WX floor ultra centrifuge and
Surespin 630 swinging bucket rotor). Next, 1 ml cold PBS was added into the tube and kept on ice
for 10 minutes. The pellet was then carefully resuspended and transferred into a new Eppendorf
tube, prior to being centrifuged at 1000 g for 10 min. Finally, the supernatant was discarded; the
pellet contains the nuclear fraction.

Mouse brain immunoprecipitation

For the cytoplasm sample, 2X buffer D (300 mM NaCl, 2% NP40, 1% Sodium Deoxycholate, 2
mM EDTA, 2 mM EGTA, 100 mM Tris HCI, pH 7.5) was added and the sample was rotated for
1 hour. Next, the sample was centrifuged at 20,800g for 20 minutes and the supernatant was
transferred into a new falcon tube. The sample was then centrifuged a second time under the same
conditions, with the supernatant being collected. Of the sample (about 5 ml), 100 pl was saved as
input and to test protein concentration. 25 pl GFP-trap beads (gmta-20 GFP-Trap ChromoTek
GmbH) per mouse brain was added and the sample was incubated overnight. The next day, beads
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were washed three times (10 minutes each, 500 ul 1X buffer D). After the final wash, the protein
was eluted at 70°C with 30 pl 1X LDS-PAGE sample buffer (NP0007). 3 ul of the IP sample was
used for SDS-PAGE and Silver staining (LC6070, Invitrogen). The rest of the IP samples were
subjected to mass-spectrometry analyses.

For the nuclear sample, 150 pl buffer E (Invitrogen (1861754) buffer with I mM MgClz, 1 mM
CaClz, 10 mM ZnClz, 1X halt proteinase and phosphatase inhibitor) was added. The sample was
vortexed for 15 seconds at full speed, then incubated at 4°C for 30 minutes. Next, 1 pl benzonase
(70746-4, Lot# 2705583, Millipore) was added and the sample was incubated for a further 30
minutes. Then 2X buffer D was added prior to an additional 30 minutes incubation on a rotator.
The sample was then centrifuged at 20,800g for 10 minutes and the supernatant was transferred
into a new Eppendorf tube. 10 ul GFP-trap beads were used per mouse brain to pull down the GFP-
LC3 binding protein. The binding protein was eluted at 70°C with 20 ul 1X LDS-PAGE sample
buffer. 2 pl of the IP sample was used for SDS-PAGE and Silver staining. The rest of the IP
samples were subjected to mass-spectrometry analyses.

Protein digestion and tandem-mass-tag (TMT) labeling of mouse brain

The analysis was performed with a previously optimized protocol®26384 For whole proteome
profiling, quantified protein samples (1 mg in the lysis buffer with 8 M urea) for each TMT channel
were proteolyzed with Lys-C (Wako, 1:100 w/w) at 21 °C for 2 h, diluted by 4-fold to reduce urea
to 2 M for the addition of trypsin (Promega, 1:50 w/w) to continue the digestion at 21°C overnight.
The insoluble debris was kept in the lysates for the recovery of insoluble proteins. The digestion
was terminated by the addition of 1% trifluoroacetic acid. After centrifugation, the supernatant was
desalted with the Sep-Pak C18 cartridge (Waters), and then dried by Speedvac. Each sample was
resuspended in 50 mM HEPES (pH 8.5) for TMT labeling, and then mixed equally, followed by
desalting for the subsequent fractionation. For whole proteome analysis alone, 0.1 mg protein per
sample was used.

Extensive two-dimensional liquid chromatography-tandem mass spectrometry (LC/LC-
MS/MS) for mouse brain

The TMT labeled samples were fractionated by offline basic pH reverse phase LC, and each of
these fractions was analyzed by the acidic pH reverse phase LC-MS/MS%  The offline basic pH
LC was performed with an XBridge C18 column (3.5 pm particle size, 4.6 mm x 25 cm, Waters),
buffer A (10 mM ammonium formate, pH 8.0), buffer B (95% acetonitrile, 10 mM ammonium
formate, pH 8.0), using a 2-3 h gradient of 15-35% buffer B®. In the acidic pH LC-MS/MS
analysis, fractions were analyzed sequentially on a column (75 pm x 15-30 cm, 1.9 um C18 resin
from Dr. Maisch GmbH, 65 °C to reduce backpressure) coupled with a Fusion or Q Exactive HF
Orbitrap mass spectrometer (Thermo Fisher Scientific). Peptides were analyzed with a 1-3 h
gradient (buffer A: 0.2% formic acid, 5% DMSO; buffer B: buffer A plus 65% acetonitrile). For
mass spectrometer settings, positive ion mode and data-dependent acquisition were applied with
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one full MS scan followed by a 20 MS/MS scans. MS1 scans were collected at a resolution of
60,000,1 x 10° AGC and 50 ms maximal ion time; higher energy collision-induced dissociation
(HCD) was set to 32—-38% normalized collision energy; ~ 1.0 m/z isolation window with 0.3 m/z
offset was applied; MS2 spectra were acquired at a resolution of 60,000, fixed first mass of 120 m/z,
410-1600 m/z, 1 x 105 AGC, 100—150 ms maximal ion time, and ~ 15 s of dynamic exclusion.

Protein identification and quantification by the JUMP software suite for mouse brain

The bioinformatics processing of protein identification and quantification were carried out with
the JUMP software suite®?8%: In brief, MS/MS raw data were searched against a target-decoy
database to estimate false discovery rate (FDR)Z. We combined the downloaded Swiss-Prot,
TrEMBL, and UCSC databases and removed redundancy (human: 83,955 entries) to create the
database. Main search parameters were set at precursor and product ion mass tolerance (15 ppm),
full trypticity, maximal modification sites (n=3), maximal missed cleavage (n=2), static mass
shift including carbamidomethyl modification (+57.02146 on Cys), TMT tags (+229.16293 on
Lys and N-termini), and dynamic mass shift for oxidation (+ 15.99491 on Met). Peptide-spectrum
matches (PSM) were filtered by mass accuracy, clustered by precursor ion charge, and the cutoffs
of JUMP-based matching scores (J-score and AJn). The peptide was represented by the protein
with the highest PSMs according to the rule of parsimony when one peptide was matched to
multiple homologous proteins™. Protein quantification was performed based on the reporter ions
from MS2 using our previously optimized method®>.

RNA-seq analysis

RNA quality was checked using Agilent Tapestation. RNA-seq libraries were prepared from total
RNA using polyA selection followed by the NEBNext Ultra II Directional RNA library kit
workflow (New England Biolabs). Sequencing was performed on the Illumina HiSeq 2500
instrument, resulting in approximately 30 million 50 bp reads per sample. Sequencing reads were
mapped in a splice-aware fashion to the human reference transcriptome (hgl9 assembly) using
STARZ., Read counts over transcripts were calculated using HTSeq” based on the Ensembl
annotation for GRCh38/hgl9 assembly. For the differential expression analysis, we used the
EdgeR method”™ and defined differentially expressed genes (DEGs) based on the cutoffs of 2-
fold change in expression value and false discovery rates (FDR) below 0.05. GO analysis was
performed using EnrichR3¢. For heatmap visualization of SASP genes, the SASP factors curated
previously were used as a reference?’. The genes upregulated in HRasV12 samples (>2 fold change
compared to vector untreated samples) to a substantive expression level (RPKM >1 in HRasV12
samples) were used to generate heatmaps by an online tool”. Transcription factor predictions were
performed using EnrichR3,

ATAC-seq analysis
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Sample preparations were done using established procedures’®, ATAC-seq libraries were

sequenced on Illumina HiSeq 2500 instrument, resulting in approximately 40 million paired-end
50 bp reads per sample. Reads were mapped to the hgl9 human reference genome using
BWAZRII The fragments with both ends unambiguously mapped to the genome that were
longer than 100 bp were used in further analysis. Hotspot’® was used to detect significant peaks of
read density with FDR cutoff of 0.05. Differentially accessible chromatin regions (DARs) were
detected using the DiffBind package” with FDR cutoff of 0.05. Pathway enrichment analysis was
performed using EnrichR2¢, Heatmap visualization of ATAC-seq signal density at selected genes
was based on RPKM values calculated over the regions including gene body and 1 kb flanks. In
the comparison between vector HRasV12 and WSTF HRasV12 groups, cytokine and secreted
factor genes with significant signal change (P < 0.05) were used. Genes with fold change >1.5
between HRasV12 and control were included in the heatmap.

Fractionation and immunoprecipitation for primary human fibroblasts

Trypsinized cells were centrifuged at 500 g for 5 min at 4 °C. The cell pellets were lysed in buffer
1, pipetted up and down 10 times, and rotated for 30 min at 4 °C. Cells were then centrifuged at
500 g for 5 min at 4 °C; the collected supernatant is cytosolic fractionation. The pellets were further
lysed with buffer 2, pipetted up and down 10 times, vortexed for 5 s, and rotated for 10 min at 4 °C,
followed by centrifugation at 3000 g for 5 min at 4 °C. The collected supernatant is membrane
fractionation. The pellets were lysed with buffer 3, pipetted up and down 10 times, vortexed for
10 s, and rotated for 1h at 4 °C. The product was centrifuged at 5000 g for 5 min at 4 °C. The
collected supernatant is nuclear fractionation. Buffer 1: 150 mM NaCl, 50 mM HEPES, 25 ug/ml
digitonin (Sigma 11024-24-1) with protease and phosphatase inhibitors (Roche); Buffer 2: 150
mM NaCl, 50 mM HEPES, 0.5% IGEPAL (Sigma [3021) with protease and phosphatase inhibitors
(Roche); Buffer 3: 150 mM NaCl, 50 mM HEPES, 1% NP40 (Sigma 74285), benzonase (2
units/ml), 1 mM MgClz, 0.1%SDS, 0.5% sodium deoxycholate with protease and phosphatase
inhibitors (Roche). The nuclear fractionation was dialyzed using Amicon Ultra-0.5 Centrifugal
Filter Unit (Millipore), followed by reconstitution and immunoprecipitation with buffer (20mM
Tris HCI, pH 7.5, 137 mM NaCl, 1 mM CaClz, 3 mM MgClz, benzonase (2 units/ml), 0.5% NP40,
with protease and phosphatase inhibitors (Roche)). Anti-HA magnetic beads (Thermo Fisher) were
used for immunoprecipitation.

Nuclear proteome analyses for primary human fibroblasts

For mass spectrometry of nuclear fractions and ATG8 immunoprecipitated, samples were
alkylated and reduced using chloroacetamide, 20 mM at room temperature for 30 min and TCEP,
5 mM for 10 min at 55°C followed by TCA precipitation. TCA was added to eluates at final
concentration of 20% and placed on ice at 4°C for at least an hour after which the samples were
pelleted for 30 min. The pellets were washed three times using ice cold methanol. Dried pellets
were resuspended in 50 pl, 200 mM EPPS, pH 8.0. Peptide digestion was carried out using LysC
(Wako cat. # 129-02541, 0.25 pg) for 2 h at 37°C followed by trypsin (0.5 pg) overnight. Digested
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peptides were then labeled with 4 pl of TMT reagent (at 20 pg/pl stock) for 1 hr and the reaction
was quenched using hydroxylamine at a final concentration of 0.5 % (wt/vol) for 20 min. The
samples were then combined and dried in a vacuum centrifuge. This combined sample was then
subjected to fractionation using the high pH reversed-phase peptide fractionation kit (Thermo
Fisher) for a final of six fractions for the nuclear eluates. The dried fractions were processed by
C18 stage tip desalting prior mass spectrometry.

Quantitative whole-cell proteomics of HRasV12 expressing cells was performed as per®®8L, After
induction of senescence, cells were lysed in 8 M urea buffer (8 M urea, 1 M Tris pH 7.4, 5 M NaCl)
containing protease and phosphatase inhibitors (Roche) followed by sonication at 4°C. The
sonicated lysate was clarified by centrifugation at 13,000 rpm for 10 min at 4°C. Protein
concentration was estimated by Bradford assay and 100 pg of total protein was used for each
replicate. 100 pg of clarified lysate for each sample was then reduced and alkylated by the addition
of 5 mM TCEP for 30 min at 37°C and 20 mM chloroacetamide for 20 min at room temperature,
followed by methanol-chloroform precipitation at a 3:1 ratio to the lysate. The protein precipitate
was washed thrice with ice cold methanol and resuspended in 200 mM HEPES pH 8.5 for protein
digestion. Protein digestion was carried out by 1:100 protease to protein ratio of Lys-C for 2 h at
37°C followed by trypsin overnight. Each sample was then labeled with TMT reagent (TMT10
reagent, ThermoFisher Scientific, 90110) for 1 h, and the reaction was quenched with
hydroxylamine at a final concentration of 0.3% w/v. 1% of each sample was mixed in a
1:1:1:1:1:1:1:1:1:1 ratio and a °‘ratio-check’ analysis using LC-MS/MS was performed to
determine if the samples were present in equal ratios. Based on this result, the volumes of the
remaining sample were adjusted and combined so as to maintain the 1:1:1:1:1:1:1:1:1:1 ratio. This
combined sample was then dried to completeness using a vacuum centrifuge and acidified with 5%
w/v formic acid. Digested peptides were cleaned up using C18 SPE (Sep-Pak, Waters) and
separated using basic pH reversed-phase HPLC and pooled into 24 fractions. All 24 fractions were
vacuum dried to completeness and subject to the C18 stage tip method prior to loading on the
mass-spectrometer. Data was obtained using an Orbitrap fusion Lumos mass spectrometer linked
with a Proxeon EASY-nLC 1200 LC pump. Peptides were separated on a 75 uM inner diameter
microcapillary tube packed with 35 cm of Accucore C18 resin (2.6 um, 100A, Thermo Fisher
Scientific). The data were acquired using the MS3 method as outlined in previous study?2.

Raw mass spectra obtained were processed using an in-house software pipeline as described
previously®3#4, Values for protein quantification were exported and processed using Perseus to
calculate Log fold changes and p values. The interaction maps were generated by Cytoscape
software 8,

Reagents and antibodies

All reagents were purchased from Sigma, unless otherwise stated. Odyssey ladder (Licor 928-
60000). Primary antibodies used include: WSTF (Abcam ab51256), Lamin B1 (Abcam ab16048),
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phospho-Rb (Cell Signaling Technology 9308S), CyclinB1 (Cell Signaling Technology 12231S),
phospho-S6 (Cell Signaling Technology 2215), GAPDH (Cell Signaling Technology 5174), IL8
(Abcam ab18672), p21 (Santa Cruz Biotechnology sc-271532), p16 (BD Biosciences G175-405),
p-ATM (Abcam ab81292), IL6 (Cell Signaling Technology 12153), NF-xkB p65 (Cell Signaling
Technology 8242S and 6956S), phospho-p65 (Cell Signaling Technology 3033), IL1 alpha
(Abcam ab18672), p38 MAPK (Cell Signaling Technology 9212), phospho-p38MAPK (Cell
Signaling Technology 9211), phospho-ATF2 (Cell Signaling Technology 9221), phospho-p53
(Cell Signaling Technology 9284T), STING (Cell Signaling Technology 13647), Beta-tubulin
(Sigma T8328-25UL), SNF2H (Abcam ab72499), HA-Tag (Sigma H3663-200UL), ACF1
(Abcam ab187670), Cyclin A2 (Cell Signaling Technology 4656), ATG7 (Cell Signaling
Technology 8558S), BRGI1 (Cell Signaling Technology 49360), ATGS (Cell Signaling
Technology 12994S), Histone 3 (H3) (Active Motif 39763), Histone H3K4me3 (Active Motif
39160), T7 Tag (MilliporeSigma 69522-3), H4K16ac (Millipore 07-329), Acetylated-Lysine
(Cell Signaling Technology 9814S), IgG (Cell Signaling Technology 3900), Flag (Sigma F-1804),
p65 K310Ac (Cell Signaling Technology 3045S), Ras (Cell Signaling Technology 14412), and
CD45 (Biolegend 103101).

Secondary antibodies used for western blots include: Goat anti-Mouse IgG, IRDye® 680RD (Licor
926-68070), Goat anti-Mouse IgG, IRDye® 800RD (Licor 926-32210), Goat anti-Rabbit IgG,
IRDye® 680CW ( Licor 926-68071), Goat anti-Rabbit IgG, IRDye® 800CW (Licor 926-32211),
Goat Anti-Mouse IgG (H + L)-HRP Conjugate (Bio Rad 1706516), Goat Anti-Rabbit IgG (H +
L)-HRP Conjugate (Bio Rad 1706515), and Mouse Anti-Rabbit IgG (Light-Chain Specific) (Cell
Signaling Technology 93702).

Secondary antibodies used for immunofluorescence (IF) include: Goat anti-Mouse IgG Alexa
Fluor 488 (Thermo Fisher Scientific A-11001), Goat anti-Mouse IgG Alexa Fluor 532 (Thermo
Fisher Scientific A-11002), Goat anti-Mouse IgG Alexa Fluor 555 (Thermo Fisher Scientific A-
21422), Goat anti-Mouse IgG Alexa Fluor 647 (Thermo Fisher Scientific A-21236), Goat anti-
Rabbit IgG, Alexa Fluor 488 (Thermo Fisher Scientific R-37116), Goat anti-Rabbit IgG Alexa
Fluor 555 (Thermo Fisher Scientific A-21428), Goat anti-Rabbit IgG Alexa Fluor 647 (Thermo
Fisher Scientific A-21446), Donkey anti-Rat IgG Alexa Fluor 647 (Thermo Fisher Scientific A-
78947), Donkey anti-Goat IgG Alexa Fluor 555 (Thermo Fisher Scientific A-21432), and Donkey
anti-Goat IgG Alexa Fluor 647 (Thermo Fisher Scientific A-21447).

Retrovirus and lentivirus

Retroviral WZL-HRasV12 construct was transfected to the phoenix packaging cell line, and
production of virus for stable expression was performed as previously described?. Lentiviral
vectors were transfected with packaging plasmids to HEK293T cells, as described previously2L.
Viral supernatant was filtered through a 0.45-pm filter and mixed with trypsinized recipient
cells. The infected cells were then selected with puromycin or hygromycin.
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pLKO-shRNA constructs were purchased from Sigma. The following shRNA sequences were
used: WSTF#1 (TRCN0000013341: GCAGATGACTTTGTTGGATAT) and WSTF#2
(TRCNO0000013338: CCCACAACAAATCTAGCTCTA). Non-targeting control and ATG7
shRNA were described previously®. pLentiCRISPRv2 construct was used for CRISPR-mediated
gene silencing. The following sequences were used: sgRNA targeting SNF2H #I
(CACCGAATCTTCAGTCAAATGACAA, AAACTTGTCATTTGACTGAAGATTC). sgRNA
targeting SNF2H #2 (CACCGATAGCCTGAAGATCTACTTG,
AAACCAAGTAGATCTTCAGGCTATC). Control sgRNA was described previously®Z,

Plasmids

GST, GST-LC3A, B, C, GABARAP, GABARAPL1 and GABARAPL2 were described

elsewhere®®. HA-tagged LC3A, B, C, GABARAP, GABARAPL1 and GABARAPL2 cDNA were

described previously® and were cloned into lentiviral vectors for stable expression. GABARAP

truncations/mutations were made from GST-GABARAP. WSTF and SNF2H cDNA were cloned

into the in vitro translation (IVT) vectors for in vitro translation (1-Step IVT Systems, Thermo

Fisher) and lentiviral/retroviral vectors for stable expression. WSTF truncations/mutations were

made from plenti-HA-WSTF. All new constructs in this study were verified by DNA sequencing.

T7-tagged p65 WT and mutants were purchased from Addgene: T7-RelA (#21984), T7-RelA(3KR)
(#23251), T7-RelA(K310R) (#23250), T7-RelA(K221R) (#23248), T7-RelA(K218R) (#23247).

HA-p300 was purchased from Addgene (#89094).

Immunoblotting

Western blotting was described previously?! with slight modifications. Cells were lysed in buffer
containing 20 mM Tris, pH 7.5, 137 mM NaCl, 1 mM MgCl2, 1 mM CaClz, 1% NP-40,
supplemented with 1:100 Halt protease and phosphatase inhibitor cocktail (Thermo) and
benzonase (Novagen) at 12.5 U/mL. The lysates were rotated at 4 °C for 30 min and boiled at
95 °C in the presence of 1% SDS. The resulting supernatants were subjected to electrophoresis
using NuPAGE Bis-Tris precast gels (Thermo). After transferring to nitrocellulose membrane, 5%
milk in TBS was used to block the membrane at room temperature for 1 h. Primary antibodies
were diluted in 5% BSA in TBS supplemented with 0.1% Tween 20 (TBST) and incubated at 4 °C
overnight. The membrane was washed 3 times with TBST, each for 10 min, followed by incubation
of secondary antibodies at room temperature for 1 h, in 5% milk in TBST. The membrane was
washed again 3 times and imaged by film or by an Odyssey imager (Licor Odyssey CLx 2000).

Immunofluorescence
Immunofluorescence was performed as described previously2!. Briefly, cells were fixed in 4%
paraformaldehyde in PBS for 30 min at room temperature. Cells were washed twice with PBS,

and permeabilized with 0.5% Triton X-100 in PBS for 10 min. After washing twice, cells were
blocked with 10% BSA in PBS for 1 h at room temperature. Cells were then incubated with
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primary antibodies in 5% BSA in PBS supplemented with 0.1% Tween 20 (PBST) overnight at
4 °C. The next day, the cells were washed four times with PBST, each for 10 min, followed by
incubation with Alexa Fluor-conjugated secondary antibody (Thermo), in 5% BSA/PBST for 1 h
at room temperature. The cells were then washed four times with PBST, incubated with 1 pg/mL
DAPI in PBS for 10 min, and washed twice with PBS. The slides were mounted with ProLong
Diamond (Thermo) and imaged with a Leica TCS SP8 fluorescent confocal
microscope. Quantification of % positive cells was done under identical microscopy settings
between samples. Over 200 cells from 4 randomly selected fields were analyzed.

In vitro translation

In vitro translation was performed using the One Step /n Vitro Translation Kit (Thermo Scientific).
Target proteins were cloned into pT7CFE1-NHA vector (with N-terminal HA tag) and translated
in vitro at 30 °C for 6 hours.

The other in vitro translation was done in the presence of radioactive [*>S]methionine using the
TNT T7 Reticulocyte Lysate System (Promega 14610). In vitro—translated proteins were then
precleared by incubation with empty glutathione Sepharose beads in NETN buffer (50 mM Tris,
pH 8.0, 150 mM NacCl, 1 mM EDTA, and 0.5% NP-40) supplemented with protease inhibitors for
30 min at 4°C to remove nonspecific binding. The precleared lysates were incubated with the GST
fusion protein—loaded beads for subsequent GST pulldown experiments.

Bacterial expression and GST pulldown

cDNA of target proteins were cloned into GST fusion expression vectors. GST-tagged vectors
were transformed in BL21-CodonPlus Escherichia coli, then expressed and purified with
glutathione beads (Thermo Scientific #78602) at 4 °C for 2 h and washed four times with the wash
buffer containing 50 mM Tris, pH 7.5, 150 mM NacCl, 1% Triton X-100, 1 mM DTT, supplemented
with 100 puM PMSF. The purified proteins or in vitro translated proteins were diluted in binding
buffer (20 mM Tris, pH 7.5, 137 mM NaCl, 1 mM MgClz, I mM CaClz, 1% NP-40, supplemented
with 1:1000 Halt Protease inhibitor cocktail) and then pre-cleared with GST at 4 °C for 1 h. The
resulting supernatant was then subjected to GST pull-down with GST or GST fusion proteins. The
product was washed four times with the wash buffer and boiled with NuPAGE loading dye for
immunoblotting analysis. WSTF peptides were purchased from Genscript and purified by Pierce
™ C-18 Spin Columns (Thermo Fisher 89870).

Immunohistochemistry

Mouse liver was buried in O.C.T. Compound (Thermo Fisher 23-730-571) and frozen on dry ice.
The frozen tissues were sectioned into desired thickness using a cryostat (35 pum) (Leica). The
tissue sections were placed onto glass slides suitable for immunohistochemistry, and oaked in 4%
PFA for 20 min. The slides were rinsed twice gently with PBS, followed by permeabilization and
blocking using filtered (by a 0.45 uM syringe filter) 10% BSA and 0.5% Triton X100 in PBS for
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2 h. A circle was drawn surrounding the tissue sample using a hydrophobic pen. Primary antibody
was added (1:100-500) into the circle with filtered 10% BSA in PBST (Tween-20 0.1%) and
incubated in a humid box overnight at 4 degrees. The slides were gently rinsed 3 times with PBST
on a shaker for 10 min each. 2nd fluorescent antibodies (1:500) were incubated for 2 h at room
temperature on a shaker with gentle shaking. The slides were then gently rinsed 4 times with PBST
for 10 min each, followed by incubation with DAPI (1 ug/ml in PBS) for 20 min. The samples
were then gently rinsed twice with PBS for 10 min each, and mounted with sufficient ProLong™
Diamond Antifade Mountant (Thermo Fisher P36961). The slides were dried in a dark place
overnight and imaged by a confocal microscopy.

RT-qPCR

mRNA was extracted from cells or tissues using RNeasy Mini Kit (Qiagen), with a DNase I
(Qiagen) digestion step to minimize genomic DNA contamination. Reverse transcription (RT)
was done using High-Capacity RNA-to-cDNA Kit (Thermo), and then quantitative PCR (qPCR)
was performed using a qPCR machine (BioRad CFX 384 Real-Time System). Results were
normalized to Lamin A/C for both human cells and mouse cells. The following primers were used
for  RT-gPCR of  human cells: WSTF: GCCAAAGGCACGCAGAAGAT,

GGCTGCAGGAGGCAGATGTT; LaminB1: CTCGTCGCATGCTGACAGAC,
GATCCCTTATTTCCGCCATCT; plé: CCAACGCACCGAATAGTTACG,
CCATCATCATGACCTGGATCG; IL6: CACCGGGAACGAAAGAGAAG,
TCATAGCTGGGCTCCTGGAG; p21: CTCAGGGGAGCAGGCTGAAG,
AGAAGATCAGCCGGCGTTTG; IL8: ACATGACTTCCAAGCTGGCC,
CAAATCAGGAAGGCTGCC

IL1a: AGTGCTGCTGAAGGAGATGCCTGA, CCCCTGCCAAGCACACCCAGTA

IL1B: CTCTCTCCTTTCAGGGCCAA, GAGAGGCCTGGCTCAACAAA.

Lamin A/C: AGCTGAAAGCGCGCAATACC, GGCCTCCTTGGAGTTCAGCA; SNF2H:
TGATGCGTCACCTGGAAAGC, GCCCGGTCAGTTTGCATTTT.

For mouse tissues, RNeasy Mini Kit (Qiagen) was used to extract the RNA. For mouse liver
NRasV12 related RT—qPCR, three pieces of liver from the same mouse were combined as one
sample (n = 1), and the mRNA extraction and reverse transcription were performed as previously
described?. The results of SASP/immune cell factors were normalized to the value of NRasV12
as an internal control for NRas abundance. The following primers were used for RT-qPCR of

mouse cells/tissues: WSTF: TGCGGGAAAAAGCCAAAGAA,
CAGCCTGAATGCTGGGAGGT; IL-1a: TTCAAGGAGAGCCGGGTGAC,
TGCTGATCTGGGTTGGATGG; IL1pB: TCGCAGCAGCACATCAACAA,
GCTGCCACAGCTTCTCCACA; IL6: CCGTGTGGTTACATCTACCCT,
CGTGGTTCTGTTGATGACAGTG; CXCL1: CCATGGCTGGGATTCACCTC,
CCAAGGGAGCTTCAGGGTCA; NRasV12: CCTCAGCCAAGACCAGACAGG,
CATCACCACACATGGCAATCC; GAPDH: TGCATCCTGCACCACCAACT,
ACGCCACAGCTTTCCAGAGG; CD45: CTGGAAGGCCTGGAAGCAGA,
TGTGCCTCCACTTGCACCAT; CD3: CGAGGAACCGGTGCTGGTAG,
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CTGGGTTGGGAACAGGTGGT; Klrdl1: GCCTTCTTCAGCCCCAATCC,
TGTGCCATCCTCCCATAGCC. Lamin A/C: TTCCCTGGAGACCGAGAACG,
CACCTCTCGGCTGACCACCT.

Conditioned media and cytokine arrays

Control or senescent cells were cultured in regular media for 2 to 3 days before use. The media
were then collected and filtered with a 0.45 um PVDF filter (Millipore) to remove cells and
debris. The resulting supernatant was used for immunoblotting. The amounts of media used for
immunoblotting were quantified based on the protein concentrations of cell lysates, and media
corresponding to equal amounts of total cellular proteins were loaded into protein gels. Cytokine
arrays were performed as described previously2!. The serum-free conditioned media were analyzed
by a cytokine array (RayBiotech, Human Cytokine Array C3) following the manufacturer’s
guidelines. The intensities of array dots were quantified with Fiji and normalized against the
positive controls on the blots.

Data mining from published resources

Quantitative proteomic data of the Cancer Cell Line Encyclopedia (CCLE) were based on a
previous report?2. Cancer types from solid tissues were used. For box plots displayed in this study,
the central rectangle spans a range from the first quartile to the third quartile, also called the
Interquartile Range. A line inside the rectangle shows the median. The whiskers are drawn down
to the 10th percentile and up to the 90th. Points below and above the whiskers are drawn as
individual dots. Outliers were defined as data points that were either 1.5 x interquartile range or
more above the third quartile, or 1.5 % interquartile range or more below the first quartile. Unpaired
t test with Welch's correction (do not assume equal SDs) was used to compute statistical
significance. P values less than 0.05 were considered significant.

Statistical analyses

Unpaired two-tailed Student’s t-test was used for comparison between two groups. One-way
ANOVA coupled with Tukey’s post hoc test was used for comparisons over two groups. Two-way
ANOVA coupled with post hoc test was used for comparisons whereas there are two independent
variables. Significance was considered when p value was less than 0.05.

Data availability

RNA-seq and ATAC-seq data have been deposited in the NCBI Gene Expression Omnibus (GEO)
database under accession number GSE214410. Other original data are available upon reasonable
request.
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Figure Legends
Figure 1. Generation of nuclear ATGS interaction network.

a, Primary IMR90 cells were subjected to protein extraction using different approaches.
Supernatants were blotted with indicated antibodies. b, ¢, Primary IMR90 cells cultured in 3%
oxygen were stably infected by lentiviral constructs encoding HA-tagged GFP or ATGS genes.
The cells were subjected to subcellular fractionation, and the nuclear and chromatin fractions
(collectively referred to as “nucleus”) were subjected to co-immunoprecipitation using anti-HA
antibody. The input and IP products were analyzed by immunoblotting. d, Scheme depicting the
workflow of TMT proteomic analysis, using cells as described in b and c. e, ATG8 nuclear
interactomes were analyzed and targets with P values less than 0.05 (compared to GFP negative
control) and log2 ATG8/GFP > 0 were included in the Venn diagrams. The numbers of nuclear
binding partners of each ATG8 member, and the overlap of LC3 or GABARAP subgroups are
shown. f, Scheme depicting the workflow of TMT proteomic studies using the brain of GFP-LC3B
transgenic mice. WT (non-transgenic) mice were also included in these experiments (not shown
in the scheme). g, Venn diagram showing the numbers of nuclear binding partners of human LC3A,
LC3B and LC3C (hLC3s), and human GABARAP, GABARAPL1 and GABARAPL2
(hGABARAPs), and LC3B from mouse brain. h, Gene Ontology (GO) analyses of ATG8 nuclear
binding proteins in human fibroblasts and LC3B nuclear binding proteins in mouse brain. Top
biological processes, together with protein numbers and P values, are shown. I, Protein-protein
interaction map presentation of ATG8 nuclear binding partners in human fibroblasts and mouse
brain, focusing on proteins involved in chromatin remodeling.

Figure 2. Nuclear proteome analyses of senescent cells.

a, Primary low passage IMR90 cells cultured in 3% oxygen were infected with retrovirus encoding
HRasV12 or vector control. 7 days post the infection, cell lysates were analyzed by western
blotting with indicated antibodies. Three independent replicates were used for each condition. b,
Scheme depicting the workflow for TMT proteomic analysis, using cells as described in a. ¢, Bar
graph showing the numbers of upregulated and downregulated proteins in HRasV12 cells
compared to vector control cells. For upregulated, proteins that meet log2 HRasV12/Vector > 0.5,
p < 0.05 were included; for downregulated, proteins that meet log2 HRasV12/Vector < -0.5, p <
0.05 were included. d, Pie chart showing the numbers of nuclear and non-nuclear proteins within
the downregulated proteins in HRasV12 cells from ¢, as defined by GO term cellular component. e,
Venn diagram showing the numbers of downregulated nuclear proteins upon HRasV12
overlapping with ATGS8 nuclear interactome from human fibroblasts. f, Primary low passage
IMRO0 cells were infected with lentivirus expressing non-targeting control hairpin (sh-NTC) or
sh-Atg7 hairpin. The cells were treated with 50 pM etoposide for 2 days and then cultured without
etoposide for 7 days. Whole cell extract (WCE) was analyzed by western blotting with antibodies
shown. g, IMRO90 cells as described in f were subjected to subcellular fractionation. Whole cell
extract (WCE) and nuclear fraction were analyzed by western blotting with antibodies indicated.



h, Scheme depicting the workflow of the TMT proteomic analyses, using nuclear fractions as
described in g. i, Bar graph showing the numbers of upregulated and downregulated nuclear
proteins in etoposide-treated cells compared to control cells. For upregulated, proteins meet log2
Eto/CT > 0.5, p < 0.05 were included; for downregulated, proteins meet log2 Eto/CT < -0.5, p <
0.05 were included. j, Venn diagram showing the numbers of downregulated nuclear proteins
upon etoposide overlapping with ATGS8 nuclear interactome from primary human fibroblasts. k,
Venn diagram showing the numbers of downregulated nuclear proteins in HRasV12-induced
senescence overlapping with etoposide-induced senescence. 1, Venn diagram showing the numbers
of decreased nuclear proteins regulated by ATG7 and/or mRNA. m, Related to 1, table showing
the names of decreased nuclear proteins regulated by ATG7 and/or mRNA. n, Heatmap
presentation of relative protein levels from indicated groups. Note that sh-ATG7 rescued the
protein downregulation in sh-NTC etoposide group. o, Proteins as in n were overlapped with
ATGS nuclear interactomes from human fibroblasts. The overlapped proteins were analyzed for
their binding affinities with ATG8 and were presented as heatmaps. p, Bar graphs showing the
protein and mRNA levels of WSTF upon HRasV12 and etoposide-induced senescence.

Figure 3. WSTF is degraded by autophagy during cellular senescence.

a, IMRO9O cells were treated with 50 uM etoposide for 2 days, then cultured in the medium without
etoposide, and harvested at indicated days after the etoposide treatment. Cell lysates were
subjected to immunoblotting. b, IMR90 cells were infected with vector control or retrovirus
expressing HRasV12 for 7 days. Cell lysates were analyzed by western blotting. ¢, IMR90 cells
under proliferating or replicative senescence conditions were analyzed by western blotting. d-f,
RT-qPCR analyses of BAZ1B/WSTF (d), LMNB1/Lamin Bl (e), and CDKN2A/p16 (f) in
proliferating, etoposide, HRasV12, replicative, or ionizing radiation (IR, 20 Gy then cultured for
14 days) induced senescence conditions. Results were normalized to Lamin A/C and presented as
mean values with s.d.; n=3; p values were calculated from unpaired two-tailed Student's t test. * P
<0.05; ** P <0.01; *** P <0.001; g and h, IMR90 cells stably expressing non-targeting control
(sh-NTC) or sh-ATG7 were treated with IR (g) or etoposide (h). The cells were harvested at
indicated days and analyzed by western blotting with indicated antibodies. i and j, IMR90 cells
were infected with vector control or retrovirus expressing HRasV12 for 7 days. The cells were
then treated with bafilomycin Al (Baf A1, i) or MG132 (j) for 2 days. The lysates were analyzed
by western blotting. k, IMR90 cells stably expressing GFP-LC3B were left untreated or induced
to senesce with etoposide for a week, stained with WSTF and LAMP1 antibodies, and then imaged
by confocal microscopy. WSTF signals in senescent cells were deliberately overexposed to allow
our examination of its localization, and representative images are shown. Arrows indicate
cytoplasmic WSTEF. 1, IMR90 cells stably expressing HA-GABARAP were incubated in growth
media with 200 nM LysoTracker™ Red DND-99 for 2 h, followed by staining with WSTF and
HA antibodies. The cells were imaged under a confocal microscopy. WSTF signals in senescent
cells were deliberately overexposed to allow our examination of its localization, and representative
images are shown. m, Bar graphs showing the percentage of cells with cytoplasmic WSTF in
proliferating or etoposide-induced senescent cells. Data are from four randomly selected fields
with over 200 cells. Results shown are mean values with s.d.; **** p <0.0001; unpaired two-tailed



Student’s t-test. n, Bar graph showing the percentage of cytoplasmic WSTF co-localizing with
autophagy vesicles (defined as LC3B, GABARAP, LAMPI, or LysoTracker positive) in
proliferating or etoposide-induced senescent cells. Results shown are mean values with s.d.; ****
p <0.0001; unpaired two-tailed Student’s t-test.

Figure 4. Direct binding of WSTF to GABARAP is essential for its autophagic degradation
in senescence.

a, In vitro translated and *>S-methionine labeled HA-WSTF protein was subjected to GST pull-
down assays using bacterially expressed and purified GST-ATGS proteins. b, /n vitro translated
WSTF protein was subjected to GST pull-down of bacterially expressed and purified GST- LC3B
or GST-GABARAP. Quantification of the relative binding to WSTF is shown on the right. Data
shown are mean values with s.d.; ** p<0.01; unpaired two-tailed Student’s t-test. ¢, HEK293T
cells were transfected with HA-tagged constructs, followed by HA immunoprecipitation and
immunoblotting with indicated antibodies. d, HEK293T cells were subjected to endogenous
GABARAP immunoprecipitation followed by immunoblotting with indicated antibodies. e, In
vitro translated and *>S-methionine labeled HA-WSTF protein were subjected to GST pulldown
of bacterially expressed and purified GABARAP and its mutants. * P <0.05; *** P <(.001; one-
way ANOVA coupled with Tukey’s post hoc test. f, HEK293T cells were transfected with HA-
tagged GABARAP or its mutant and subjected to HA immunoprecipitation followed by
immunoblotting with indicated antibodies. g, Scheme of WSTF mutants binding to GABARAP,
summarizing the key findings. “+” means positive binding; “-”” means negative binding. h, /n vitro
translated WSTF wild-type and mutants were subjected to GST-tagged GABARAP pulldown. i,
Detailed schematic illustration of WSTF mutants in binding to GABARAP. j, HEK293T cells
were transfected with HA-tagged WSTF constructs and subjected to GABARAP
immunoprecipitation followed by immunoblotting with indicated antibodies. Kk, /n vitro translated
WSTF constructs were subjected to GST-tagged GABARAP pulldown. 1, Scheme of synthesized
peptides derived from fragments of WSTF protein, to be used in competition binding assays. m
and n, /n vitro translated WSTF protein were subjected to GST-tagged GABARAP pulldown in
the presence of competing peptides illustrated in 1. 0, IMR90 cells were stably infected with HA-
tagged WSTF constructs, subjected to IR and harvested at indicated days, then immunoblotted
with indicated antibodies. p, IMR90 cells stably expressing HA-WSTF constructs were treated
with IR and harvested at day 23, stained with HA and GABARAP antibodies, then analyzed by
confocal microscopy. Representative images are shown. Note the colocalization between
GABARAP and cytoplasmic WSTF in wild-type but not WSTF mutants. q, Related to p, bar graph
showing the percentage of cells with senescence-associated heterochromatin foci (SAHF,
measured by DAPI foci in the nucleus), cytoplasmic HA-WSTF, and cytoplasmic HA-WSTF
colocalization with GABARAP. More than 400 cells in 4 fields were randomly selected and
counted. Results shown are mean values with s.d.; ****P < 0.0001; one-way ANOVA coupled
with Tukey’s post hoc test.

Figure S. WSTF negatively regulates the SASP program of senescence.



a, IMRO0 cells stably expressing vector control or WSTF were treated by IR and harvested at
indicated days, and then analyzed by western blotting. b, RT-qPCR analyses of IL6, ILS8, ILa,
IL1B, WSTF, p16, p21 and Lamin B1 in proliferating vector cells, IR vector cells and IR WSTF
cells, harvested at Day 14 post IR. Results were normalized to Lamin A/C and presented as mean
values with s.d.; n=3; n.s. non-significant; *** P < 0.001; **** P < 0.0001; one-way ANOVA
coupled with Tukey’s post hoc test. ¢, The conditioned media from IR-induced senescence of
vector or WSTF-expressing cells were analyzed by a cytokine array. Representative results with
different exposures are shown. d, Related to ¢, quantification of the relative amounts of cytokines
from the cytokine array assays. Results shown are mean + s.e.m.; n=3; n.s. non-significant; ****
P <0.0001; unpaired two-tailed Student’s t-test. e, sh-NTC and sh-WSTF IMR90 cells were treated
by IR and harvested at indicated days, followed by analyses of western blotting. Conditioned
media were analyzed as well. f, RT-qPCR analyses of IL6, IL8, ILa, IL1B, WSTF, and Lamin B1
in untreated sh-NTC cells, untreated sh-WSTF cells, IR sh-NTC cells, and IR sh-WSTF cells. Cells
were harvested 14 days post IR. Results were normalized to Lamin A/C and presented as mean
values with s.d.; n=4; n.s. non-significant; *** P < 0.001; **** P < (0.0001; One-way ANOVA
coupled with Tukey’s post hoc test. g, Stably overexpressed vector or WSTF IMR90 cells were
infected by HRasV'12 retrovirus and were harvested at indicated days. The cells were analyzed by
western blotting. h, RT-qPCR analyses of [La, IL1p, IL6, IL8, WSTF and Lamin B1 in untreated
vector cells, HRasV12 vector cells, and HRasV12 WSTF cells. Results were normalized to Lamin
A/C and presented as mean values with s.d.; n=3; **** P < (.0001; one-way ANOVA coupled
with Tukey’s post hoc test. i, Cells generated as in g were analyzed by RNA-seq. Differentially
expressed genes (DEGs) were plotted in the HRasV12 condition. Representative genes up/down-
regulated by WSTF in HRasV12-induced senescence are annotated. j, The DEGs downregulated
by WSTF were analyzed by EnrichR, showing the top enriched GO biological processes with
numbers of genes and P values. k, Heatmap presentation of the relative expression values of SASP
genes. Refer to Materials and Methods for parameters used in this analysis. 1, Scheme of WSTF
peptides (PP) binding to GABARAP. “+” means positive binding; “-” means negative binding. m,
HEK?293T cells were transfected with vector, Flag-GABARAP, NLS-HA-PP6, or NLS-HAPP7
constructs and subjected to Flag immunoprecipitation followed by immunoblotting with indicated
antibodies. n, Stably expressed vector, NLS-HA-PP6, or NLS-HA-PP7 IMR90 cells were left
untreated or treated with etoposide to induce senescence and analyzed by western blotting; the
conditioned media were also analyzed by western blotting.

Figure 6. WSTF inhibits chromatin accessibility over SASP genes.

a, Full-length WSTF or WSTF truncations were stably expressed in IMR90 cells and were left
untreated or induced to senescence by IR. Cells were harvested at day 14 post IR and analyzed by
western blotting (a) or RT-qPCR (b). b, RT-qPCR analyses of ILa, IL1B, IL6, IL8, Lamin B1 and
p21. Results were normalized to Lamin A/C and presented as mean values with s.d.; n=3; letters
(e.g., a, b, and c) to highlight significant differences. Groups that are not significantly different are
assigned a common letter. In other words, two treatments without a common letter are statistically
significant at the chosen level of significance (P <0.05), one-way ANOVA coupled with Tukey’s
post hoc test. ¢ and d, SNF2H inactivation by CRISPR abrogates the effect of WSTF



overexpression. IMR90 cells were engineered to express control sg-RNA or sg-RNA against
SNF2H, combined with vector or WSTF overexpression. The cells were left untreated or induced
to senescence by IR and were harvested at Day 14. The samples were analyzed by immunoblotting
(¢) or RT-gPCR (d). d, RT-qPCR analyses of 1L6, IL8, ILa, IL1B, p21 and Lamin B1. Results
were normalized to Lamin A/C and presented as mean values with s.d.; n=3; * P < 0.05; ** P <
0.01; *** P <0.001; one-way ANOVA coupled with Tukey’s post hoc test. e and f, Vector and
SNF2H-overexpressing cells were left untreated or induced to senescence by IR or etoposide. The
samples were analyzed by western blotting (e) or RT-qPCR (f). f, RT-qPCR analyses of SNF2H,
pl6, Lamin B1, ILa, IL1pB, IL6, and IL8. Results were normalized to Lamin A/C and presented as
mean values with s.d.; n=3; ** P < (0.01; *** P < 0.001; **** P < 0.0001; one-way ANOVA
coupled with Tukey’s post hoc test. g and h, IMR9O0 cells were engineered to overexpress SNF2H
in combination with WSTF knockdown, and were left untreated or induced to senescence by IR.
The samples were analyzed by immunoblotting (g) or RT-qPCR (h). h, RT-qPCR analyses of IL6,
IL8, IL1B, SNF2H, WSTF and Lamin B1. Results were normalized to Lamin A/C and presented
as mean values with s.d.; n=3; n.s. non-significant; * P <0.05; ** P <0.01; *** P <(0.001; ****
P <0.0001; one-way ANOVA coupled with Tukey’s post hoc test. i and j, ATAC-seq analyses of
vector control and WSTF-overexpressing cells. i, Scheme of experimental design is noted on top,
and ATAC-seq genomic tracks of ILS, IL1 and MMP3 are presented. j, Enrichment analysis
showing the top GO categories enriched among genes at or proximal to differential accessible
regions (DARs) whose chromatin accessibility decreased in WSTF-HRasV12 compared to Vec-
HRasV12. The numbers of genes corresponding to the DARs and the P values are shown.

Figure 7. WSTF is a broad inhibitor of NF-kB-mediated pro-inflammatory gene expression.

a, RT-qPCR analyses of IL6, IL8, and WSTF in sh-NTC and sh-WSTF stably expressing cancer
cells, including Ca0.2, HeLLa, MDA-MB-231, HCT116, and A549. Results were normalized to
Lamin A/C and presented as mean values with s.d.; n=3; n.s. non-significant; * P < 0.05; ** P <
0.01; *** P < 0.001; **** P < (0.0001; unpaired two-tailed Student’s t-test. b, Cancer Cell Line
Encyclopedia (CCLE) analyses of WSTF and inflammatory gene correlation, which contains
proteomic datasets from over 300 cancer cell lines. Based on the protein levels of WSTF, we
grouped these cancer cell lines into the lowest 50% subset and the highest 50% subset, then
compared the expression of SNF2H, IL1p, IL6, IL8, IL18, SERPINE1 and Lamin A between these
two subsets. For box plots displayed in this study, the central rectangle spans a range from the first
quartile to the third quartile, also called the Interquartile Range. A line inside the rectangle shows
the median. The whiskers are drawn down to the 10th percentile and up to the 90th. Points below
and above the whiskers are drawn as individual dots. Outliers were defined as data points that were
either 1.5 x interquar- tile range or more above the third quartile, or 1.5 x interquartile range or
more below the first quartile. Unpaired t test with Welch's correction (do not assume equal SDs)
was used to compute statistical significance. P values were shown as indicated. ¢, RT-qPCR
analyses of IL6, IL8, ILa, IL1f3, and IFNP in sh-NTC and sh-WSTF BJ-hTERT cells for ISD, poly
I:C, TNFa stimulation, and THP1 cells for LPS stimulation. Results were normalized to Lamin
A/C and presented as mean values with s.d.; n=3; n.s. non-significant; * P <0.05; ** P <(.01; ***
P <0.001; **** P < (0.0001; unpaired two-tailed Student’s t-test. d, RT-qPCR analyses of IL6,



ILa, IL1B and IFNP in sh-NTC and sh-WSTF BJ-hTERT cells for SeV infection, and THP1 cells
for HSV infection. Results were normalized to Lamin A/C and presented as mean values with s.d.;
n=3; n.s. non-significant; * P <0.05; ** P <0.01; *** P <0.001; **** P <(0.0001; unpaired two-
tailed Student’s t-test. e, HEK293T cells were transfected with a Flag-p65 construct and treated
with or without TNFa (20 ng/ml) for 30min, then fractionated into cytoplasm and nucleus,
followed by Flag immunoprecipitation and immunoblotting with indicated antibodies. f,
HEK293T cells were treated with TNFo and fractionated into cytoplasm and nucleus, then
subjected to p65 immunoprecipitation at the endogenous level, followed by immunoblotting with
indicated antibodies. g, IMR90 cells were treated with poly I:C (30 ug/ml) for 1.5h, and
fractionated into cytoplasm and nucleus, then subjected to p65 immunoprecipitation at the
endogenous level, followed by immunoblotting with indicated antibodies. h, IMR90 cells stably
expressing HA-WSTF were treated with etoposide to induce senescence, and fractionated into
cytoplasm and nucleus, then subjected to p65 immunoprecipitation and immunoblotting with
indicated antibodies. i, /n vitro translated Flag-p65, HA-WSTF, and HA-SNF2H were subjected
to Flag immunoprecipitation and immunoblotting with indicated antibodies. Note that WSTF binds
quantitatively more to p65 than that of SNF2H. j, HEK293T cells stably expressing sh-NTC or sh-
WSTF were transfected with constructs encoding T7-p65 or HA-p300, then subjected to T7
immunoprecipitation and immunoblotting with indicated antibodies. k, HEK293T cells stably
expressing sh-NTC or sh-WSTF were treated with TNFa for indicated minutes, then subjected to
p65 K310Ac immunoprecipitation and immunoblotting with indicated antibodies. 1 and m, IMR90
cells stably expressing sh-NTC or sh-WSTF were transfected with poly I:C (I) or induced to
senescence by etoposide (m). The cells were subjected to p65 K310Ac immunoprecipitation and
immunoblotting with indicated antibodies. n, HEK293T cells were transfected with constructs
encoding HA-WSTF, T7-p65 wild-type or its mutants (K218R, K221R, K310R, and 3KR), treated
with TNFa, and then subjected to HA immunoprecipitation and immunoblotting with indicated
antibodies.

Figure 8. Loss of WSTF is required for immunosurveillance of activated Ras in mouse liver.

a, b, ¢, Schematic illustration of constructs and experimental design. d, Liver sections 6 days post
injection were stained with NRasV12 and WSTF antibodies, followed by imaging under a confocal
microscopy. NRasV12-positive cells were highlighted. Note the expression level of WSTF was
reduced in the GFP group and increased in the WSTF group. e and f, Liver sections 6 days post
injection were stained with NRasV12 and CD45 antibodies, then analyzed by a confocal
microscopy. The immune cells are highlighted with arrows. Scale bars are shown as indicated. g,
RT-qPCR analyses of liver from the GFP and WSTF groups. The relative expression levels of pro-
inflammatory genes and immune cell genes were measured. 10 mice in each group were used, P
values were shown as indicated, calculated by unpaired two-tailed Student’s t-test. h and i, Liver
sections 12 days post injection were stained with NRasV12 and CD45 antibodies, then analyzed
by a confocal microscopy. Scale bars were shown as indicated. j, Bar graphs showing the
quantification of NRasV12 positive cells in different experimental groups and presented as mean
values with s.d.; n = 6; n.s.: non-significant. *** P < 0.001; **** P <0.0001; one-way ANOVA
coupled with Tukey’s post hoc test. k, Bar graph showing the quantification of immune cell



clusters in different experimental groups and presented as mean values with s.d.; n = 6; n.s.: non-
significant. **** P < 0.0001; one-way ANOVA coupled with Tukey’s post hoc test. I and m,
Representative images of liver tumors from NRasV12/GFP and NRasV12/WSTF groups, 6
months after the injection. The numbers of mice with liver tumors are shown at the bottom.

Figure 9. Schematic illustration for the roles of WSTF in regulating inflammation

a, Autophagic degradation of WSTF induces inflammation. WSTF, via SNF2H, represses
chromatin accessibility over inflammatory genes. In addition, WSTF competes with p300 for p65
binding, inhibiting p65 acetylation and transcription of inflammatory genes. WSTF binding to
GABARAP leads to nucleus-to-cytoplasm translocation of WSTF and its autophagic degradation,
which promotes inflammation. b, Biological roles for WSTF in regulating inflammation. In WSTF
competent conditions, inflammation can be induced and properly resolved in a timely manner. In
WSTF-deficient conditions, rapid and robust inflammation is induced, which causes a longer
period of sustained inflammation.

Extended Data Figure Legends

Extended data figure 1. Nuclear ATGS interactome.

a, Interaction maps showing the nuclear binding partners of human MAPILC3 isoforms
(MAPILC3A, MAPILC3B and MAPILC3C) from the proteomic analysis, generated by
Cytoscape software. b, Interaction maps showing the nuclear binding partners of human
GABARAP isoforms (GABARAP, GABARAPL1 and GABARAPL2) from proteomic
analysis. ¢, Venn diagrams showing the overlap of autophagy interaction network (AIN) from a
previous study versus the ATG8 nuclear interaction network from this study. d, Western blotting
showing the fractionation of cytoplasm and nucleus from the brain of GFP-LC3B transgenic mice.
e and f, The cytoplasm (e) and nucleus (f) fractions of the mouse brain were subjected to GFP IP.
Silver-stained protein gels are shown. g, A list showing the overlap of ATGS interacted nuclear
proteins among the human LC3s (MAPILC3A, MAPILC3B and MAPILC3C), human
GABARAPs (GABARAP, GABARAPL1 and GABARAPL?2), and in vivo mouse LC3.

Extended data figure 2. Proteomic analyses of nuclear proteomes in oncogene-induced
senescence and etoposide-induced senescence.

a, PCA analysis of the whole-cell proteomes from control and oncogene-induced senescent cells.
b, GO analysis showing the top biological processes for upregulated and downregulated
proteins in HRasV12-induced senescent cells. ¢, Related to Fig. 2e, a list showing the overlapping
proteins between downregulated nuclear proteins upon HRasV12 and ATG8 nuclear interactome
in human fibroblasts. d, Related to Fig. 2f, western blotting showing the fractionation of cytoplasm
and nucleus. e, PCA analysis of the nuclear proteomes from untreated, etoposide-treated, and
etoposide-treated IMR90 cells with ATG7 knockdown. f, Related to Fig. 2j, a list showing the
overlapping proteins between downregulated nuclear proteins upon etoposide and ATGS8 nuclear



interactome in human fibroblasts. g, Heatmap presentation of the protein levels of chromatin
remodeling proteins upon HRasV12 and etoposide-induced senescence with sh-NTC or sh-ATG7.

Extended data figure 3. WSTF is degraded by autophagy during cellular senescence.

a, Primary BJ fibroblasts and primary MEFs were induced to senescence using various means, and
were analyzed by western blotting using indicated antibodies. b, A549 cells were treated with
etoposide to induce senescence, and then analyzed by western blotting using indicated antibodies. ¢,
IMR90 cells were induced to quiescence by contact inhibition, and were harvested at indicated days
and analyzed by western blotting. d, IMR90 cells were treated by amino acid starvation for 24 hours
and analyzed by western blotting. e, Wild-type and ATGS5 knockout MEFs were treated by amino
acid starvation for 24 hours and analyzed by western blotting. f, IMR90 cells stably expressing
sh-NTC or sh-ATG7 were treated by etoposide and harvested at indicated days, followed by
western blotting analyses. g, IMR90 cells were induced to senescence by etoposide, and bafilomycin
A was added to the media of senescent cells, followed by western blotting analyses. h, IMR90
cells were left untreated or treated with etoposide to induce senescence, or serum starvation for 24
hours, with or without bafilomycin Al added for 24 hours as indicated, and were stained with
WSTF and LAMPI1 antibodies, followed by imaging under a confocal microscopy.
Representative images and scale bars are shown. i, IMR90 cells were induced to senescence by
etoposide, then stained with Lyso-tracker and WSTF antibody, followed by imaging

under a confocal microscopy. Representative images and scale bars are shown.
Extended data figure 4. Characterization of GABARAP and WSTF association.

a, In vitro translated WSTF were subjected to GST-tagged GABARAP pulldown and analyzed by
western blotting. b, In vitro translated SNF2H were subjected to GST-tagged GABARAP
pulldown and analyzed by western blotting. ¢ to g, /n vitro translated WSTF wild-type and mutants
as shown were subjected to GST-tagged GABARAP pulldown followed by western blotting
analyses.

Extended data figure 5. Molecular mechanisms for GABARAP and WSTF association.

a, WSTF wild-type and mutants as shown were subjected to HA IP and analyzed by western
blotting. b, Surface model (grey) and secondary structure of GABARAP (PDB code:1GNU)
showing the locations of the LDS and UDS and the mutants compromising the respective sites
indicated. ¢, PHYRE2 prediction of the hydrophobic helix of WSTF aligned with the published
structure of Cav2.2. d, Upper part, Alphafold2 prediction of WSTF protein structure
(UniProt:Q9UIGO). The helix 1 predicted by PHYRE?2 is here predicted with high confidence.
Lower part, model with helix1 and the exposed L476 docked into the UDS pocket of GABARAP.
The region of the Alphafold2 model encompassing amino acids 460 to 550 of WSTF with the
helices 1,2 and 3 was used as input with the solved structure of GABARAP (PDB code: 1GNU)
for automatic protein-protein docking on the ClusPro web server. WSTF region 460-550 is shown
in magenta, the L476 residue in red, and the contact surface with the UDS of GABARAP shown
in yellow. Helices 1-3 are indicated. e, Surface models of structures of GABARAP (PDB code:



IGNU) and LC3B (PDB code: 5D94) showing the UDS pockets with some directly aligned
residues (ALFFFV for GABARAP and AFFLLV for LC3B) in green. f, Related to Fig. 4 p,q,
Proliferating IMR90 cells expressing WSTF mutants were stained with HA and GABARAP
antibodies, followed by imaging under a confocal microscopy. Representative images and scale
bars are shown.

Extended data figure 6. WSTF is a negative regulator of the SASP program.

a, -gal staining of IMR90 cells with vector control or WSTF overexpression. The cells were left
untreated or subjected to IR-induced senescence and fixed at day 14. Bar graphs showing the
quantification of the percentage of -gal positive cells from 4 randomly selected fields. n.s.: non-
significant. b and ¢, IMR90 cells were stably expressed with sh-NTC or sh-WSTF #2 hairpin, and
treated with or without IR as indicated in the scheme, followed by analyses of western blotting (b)
and RT-qPCR (c). ¢, RT-qPCR analyses of ILa, IL1pB, IL6, IL8, and Lamin B1. Results were
normalized to Lamin A/C and presented as mean values with s.d.; n=3; **** P <(.0001; unpaired
two-tailed Student’s t-test. d, IMR90 cells were treated with IR or HRasV12 to establish
senescence, and then were infected with lentivirus encoding vector or WSTF, followed by western
blotting analyses. e, Related to Fig. 5j, a list showing the genes downregulated by WSTF upon
HRasV12-induced senescence, from RNA-seq studies. f, HEK293T cells were transfected with
NLS-HA-PP6 and NLS-HA-PP7 constructs, and then stained with DAPI and HA antibody,
followed by imaging under a confocal microscopy. Representative images are shown.

Extended data figure 7. Molecular mechanisms underlying WSTF regulation of the SASP
program.

a, IMROO0 cells stably expressing vector control or WSTF were left untreated or treated with IR
(20 Gy), and were harvested at day 10. The lysates were analyzed by immunoblotting using
indicated antibodies. b, Vector and WSTF stably expressing IMR90 cells were left untreated or
induced to senescence with IR, then stained with a p65 antibody, followed by imaging under a
confocal microscopy. Representative images are shown. Bar graphs showing the quantification of
the percentage of nuclear p65 positive cells in vector and WSTF cells with or without IR treatment.
Results shown are the mean values from four randomly selected fields with over 200 cells. Error
bars: s.d.; n.s.: non-significant. ¢, IMR90 cells were left untreated or induced to senescence with
IR, and stained with yYH2AX and H3K27me3 antibodies, followed by imaging under a confocal
microscopy. Representative images are shown. Arrows indicate CCF. Bar graphs showing the
quantification of the percentage of SAHF and CCF positive cells in vector and WSTF cells with
or without IR treatment. Results shown are the mean values from four randomly selected fields
with over 200 cells. Error bars: s.d.; n.s.: non-significant. d, Related to Fig. 6a, schematic
illustrations of WSTF full-length and truncations. e, HEK293T cells were transfected with HA-
tagged wild-type or mutant WSTF constructs, and then subjected to HA immunoprecipitation and
immunoblotting with indicated antibodies. f and g, IMR90 cells stably expressing WSTF wild-
type or mutant were treated with or without IR, then the cell lysates and conditioned media were
analyzed by western blotting (f) or RT-qPCR (g). g, RT-qPCR analyses of IL6, IL8, ILa, IL1,



pl6 and Lamin B1. Results were normalized to Lamin A/C and presented as mean values with s.d.;
n=3; *¥* P <0.01; *** P <0.001; **** P <0.0001; one-way ANOVA coupled with Tukey’s post
hoc test.

Extended data figure 8. WSTF reduces chromatin accessibility at SASP genes.

a, Related to Fig. 6j, list of genes corresponding to DARs whose chromatin accessibility was
decreased by WSTF in HRasV12-induced senescence. b, Heatmap of the ATAC-seq signal density
(RPKM) at TSS-proximal region, gene body, and TES-proximal region of inflammatory genes
from. ¢, DEGs downregulated by WSTF according to RNA-seq were overlapped with genes of
DARs with chromatin accessibility decreased by WSTF based on ATAC-seq. The GO terms
enriched among these genes are shown with the corresponding numbers of genes and P values.

Extended data figure 9. WSTF restrains the transcription of pro-inflammatory genes in
cancer and other conditions.

a, Related to Fig. 7a, RT-qPCR analyses of IL6, IL8 and WSTF in sh-NTC and sh-WSTF #2
cancer cells, including Ca0.2, MDA-MB-231, and A549. Results were normalized to Lamin A/C
and presented as mean values with s.d.; n=3; n.s. non-significant; * P <0.05; ** P <0.01; *** P <
0.001; **** P <(0.0001; unpaired two-tailed Student’s t-test. b, Related to Fig. 7¢ and d, RT-qPCR
analyses of WSTF in sh-NTC and sh-WSTF#1 BJ-hTERT cells for ISD, poly I:C, TNFa and SeV,
and THP1 cells for LPS and HSV-1. Results were normalized to Lamin A/C and presented as mean
values with s.d.; n=3; n.s. non-significant; **** P < (0.0001; unpaired two-tailed Student’s t-test.
¢, RT-qPCR analyses of WSTF in sh-NTC and sh-WSTF #2 BJ-hTERT cells for ISD stimulation.
Results were normalized to Lamin A/C and presented as mean values with s.d.; n=3; ** P < 0.01;
unpaired two-tailed Student’s t-test. d, RT-qPCR analyses of IL6, IL8 and IFNP in sh-NTC and
sh-WSTF #2 BJ-hTERT cells transfected with ISD. Results were normalized to Lamin A/C and
presented as mean values with s.d.; n=3; ** P < 0.01; **** P < (.0001; unpaired two-tailed
Student’s t-test.

Extended data figure 10. WSTF inhibits p65-mediated pro-inflammatory gene expression.

a, b, Transcription factor prediction from RNA-seq using DEGs and ATAC-seq from DARs that
are downregulated by WSTF in HRasV12-induced senescence. c-e, sh-NTC and sh-WSTF IMR90
(c and e) or HEK293T (d) were left untreated or treated with poly I:C 30 ug/ml for 1.5h, TNFa 20
ng/ml for 30min, or etoposide-induced senescence, then stained with a p65 antibody, followed by
imaging under a confocal microscopy. Representative images are shown. Bar graphs showing the
quantification of the percentage of cells with nuclear p65. Results are from four randomly selected
fields with over 200 cells, presented as mean with s.d.; n.s.: non-significant. f, IMR90 cells were
stably expressed with sh-NTC or sh-WSTF, and were treated with or without poly I:C, then
analyzed by western blotting using indicated antibodies. g, 293T cells were stably expressed with
sh-NTC or sh-WSTF, and treated with or without TNFa, then analyzed by western blotting using
indicated antibodies. h, RT-qPCR analyses of IL6 and IL8 in sh-NTC and sh-WSTF 293T cells



upon TNFa treatment. Results were normalized to Lamin A/C and presented as mean values with
s.d.; n=3; n.s. non-significant; * P < 0.05; **** P < (0.0001; one-way ANOVA coupled with
Tukey’s post hoc test. i, Schematic illustration of WSTF interaction with non-acetylated p65. Upon
p65 translocation to the nucleus, WSTF binds to non-acetylated p65 and inhibits p300 binding to
p65. Upon further stimulation, p300 acetylates p65, leading to dissociation between WSTF and
p65, promoting p65 transcriptional activation of pro-inflammatory genes.

Extended data figure 11. WSTF inhibits immuno-surveillance of NRasV12 in mouse liver.

a, Liver sections 6 days post injection were stained with GFP and WSTF antibodies, and then
analyzed by a confocal microscopy. Scale bars are shown. Note the GFP-positive cell showed
reduced WSTF. b and ¢, Related to Fig. 81 and m, Images showing liver from NRasV12/GFP and
NRasV12/WSTF groups 6 months post injection. Note while the GFP group did not develop liver
tumors, all mice in the WSTF group developed liver tumors.
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LC3B is a cofactor for LMX1B-mediated transcription
of autophagy genes in dopaminergic neurons

Athanasios Kournoutis! and Terje Johansen'®

It is becoming increasingly clear that the Atg8 family of autophagy proteins have roles not only in the cytoplasm, but also in
the cell nucleus. In this issue, Jiménez-Moreno et al. (2023. J. Cell Biol. https://doi.org/10.1083/jcb.201910133) report that
nuclear LC3B binds to the LIM homeodomain transcription factor LMX1B and acts as a cofactor for LMX1B-mediated
transcription of autophagy genes, providing stress protection and ensuring survival of midbrain dopaminergic neurons.

Macroautophagy (hereafter autophagy) is
an evolutionary conserved lysosomal deg-
radation pathway crucial for maintaining
macromolecular and organellar homeostasis
important for cell survival and organismal
fitness in response to stress (1). Toxic pro-
tein aggregates, damaged or surplus organ-
elles, and intracellular pathogens exposed to
the cytoplasm are recognized as cargo by
autophagy receptors, binding components
of the basal autophagy apparatus to nucleate
formation of autophagosomes on the cargo,
which then fuse with lysosomes. Among
about 40 conserved autophagy-related
(ATG) proteins orchestrating this multistep
process is the Atg8 family of 120 amino
acid-long ubiquitin-like proteins that in
humans consists of LC3A, -B, -B2, -C, GA-
BARAP, GABARAPLI, and GABARAPL2 (2).
Atg8 proteins act as membrane scaffold for
other ATG proteins involved in autophago-
some formation and fusion with the lyso-
some, help expand the autophagosome
membrane, aid in transport of autophago-
somes, and participate in cargo sequestra-
tion by bridging autophagy receptors to the
autophagosomal membrane in selective au-
tophagy (3). Atg8 proteins also have tasks
outside autophagy and roles in the cell nu-
cleus, as exemplified by the autophagic
degradation of lamin Bl mediated by nuclear
LC3B during oncogene-induced senescence
(4). Autophagy receptors and most other

proteins that bind directly to Atg8 family
proteins do so via a 10-15 amino acid-long
LC3 interacting region (LIR) motif with a
core sequence W/F/Y-X-X-L/I/V with the
aromatic residue docking into a hydropho-
bic pocket 1 (HP1) and the hydrophobic
residue into a hydrophobic pocket 2 (HP2)
in the LIR docking site of the Atg8
protein (3).

Autophagy is a pro-longevity mecha-
nism, and autophagy dysfunction is linked
to the pathogenesis of major human dis-
orders including cancer and neurodegener-
ative diseases, like Parkinson’s disease (PD;
1, 5). In PD, degeneration of midbrain do-
paminergic neurons (mDANSs) in the sub-
stantia nigra is a characteristic feature. The
PD mDANs have compromised autophagy,
a-synuclein aggregates, often in strongly
ubiquitin-positive Lewy bodies, and mito-
chondrial defects with increased oxidative
stress (1, 5). Mitochondrial dysfunction in
PD can be linked to the role of the PD fa-
milial genes PTEN-induced putative kinase
1 (PINKI) and parkin (PRKN) in mediating
autophagic degradation (mitophagy) of
damaged mitochondria (6). Hence, it is im-
portant to determine how autophagy re-
sponses are regulated in mDANS, both short
term and long term. Short-term responses,
like induction of autophagy in response to
nutrient or oxidative stress, is regulated by
posttranslational modifications of proteins

and protein-protein interactions in the
cytoplasm. Transcriptional regulation of au-
tophagy genes is important for more long-
term changes in autophagy activity, like
prolonged starvation.

Transcription factors and transcrip-
tional networks that regulate autophagy in
mDANs and possible relevance to PD path-
ogenesis need to be determined. As shown
in a rat model, mDANSs can be rescued from
a-synuclein toxicity by increasing autoph-
agy through overexpressing transcription
factor TFEB, a master regulator of the
(ALP; 7).
Conditional inactivation of LIM homeodo-
main transcription factors LMXIA and -B in
the postmitotic dopamine neurons of mice
led to loss of mDANs. Abnormally large
mDAN axon terminals with strong accu-

autophagy-lysosome pathway

mulation of autophagosomes and lysosomes
concomitant with reduction of mRNA levels
to around 50% for a number of autophagy-
and lysosomal-associated genes were ob-
served (8). This was mainly caused by the
loss of LMX1B. Overexpression of LMXIB in
cultured primary neurons from ventral
midbrain increased expression of ALP genes
while overexpression of LMXIA did not.
Loss- and gain-of-function experiments
strongly indicated that LMXIB regulates
transcription of autophagy genes in mDANs
and that LMXI1B is required for maintenance
of mDANSs (8).
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Figure 1.

LMX1B interacts with de-acetylated nuclear LC3B via a LIR-like sequence to stimulate

transcription of autophagy genes in mDANs. LMX1B binds to FLAT elements in promoters of au-
tophagy genes. Nuclear LC3B, de-acetylated on K49 and K51, binds to the LIR-like sequence of LMX1B in
a non-canonical manner to enhance transcription of autophagy genes. Nutrient depletion is known to
induce SIRT1-mediated de-acetylation of LC3B (10). The de-acetylated LC3B exported out of the nucleus
will be conjugated to phosphatidyl ethanolamine (PE) and incorporated in the membranes of the forming

autophagosomes (phagophore).

In this issue of JCB, Jiménez-Moreno
et al. (9) used siRNA and shRNA knock-
down and CRISPR/CAS9-mediated knock-
out of LMXIB in cells combined with rescue
experiments with WT and mutants to con-
firm that LMXIB is indeed a transcriptional
regulator of a number of autophagy genes.
To address the knowledge gap on the role of
LMXIB in regulating autophagy in mDANS,
the authors first used bioinformatic analy-
ses to identify LMXIB binding sites, called
FLAT elements, in the promoters of au-
tophagy genes. Subsequently, they verified
promoter occupancy by LMXI1B and positive
regulation of mRNA levels of genes encod-
ing proteins involved in initiation (ULK1)
and expansion (ATG7, ATG3, ATGI6L1) of
the forming autophagosome, autophagy re-
ceptors (OPTN and NDP52, not p62/
SQSTM1), PINKI (which is involved in mi-
tophagy), and TFEB (important for ALP).
Very interestingly, the authors found that
LMXI1B interacts directly with human Atg8
proteins and that LC3B acts as a nuclear
cofactor to stimulate transcription of au-
tophagy genes (Fig. 1). All this was demon-
strated in HEK293T cells and in in vitro
induced pluripotent stem cell-derived hu-
man mDANs. However, direct binding of
LMXIB to LC3B was not directly demon-
strated in mDANS, only in HEK293T cells.

Kournoutis and Johansen
LC3B is a transcriptional cofactor for LMX1B

Jiménez-Moreno et al. (9) identified a
putative LIR motif in LMXIB located
C-terminal to the homeodomain (Fig. 1).
Mutation of the core amino acids binding to
HP1 and HP2 to alanine, in this case Yand L,
usually abolish binding. This did not occur
in this case. However, the deletion, A308-
317, encompassing the core LIR and some
flanking residues, did abolish binding. This
LIR lacks the acidic residues flanking the
core LIR that usually are present to ensure
strong binding and contains a proline that is
often inhibitory for binding by canonical
LIRs (3). Hence, it will be interesting to
solve the structure of the complex between
LC3B and the LMXI1B LIR to reveal how this
non-canonical binding occurs. LMX1B A308-
317 could neither effectively stimulate ex-
pression from FLAT element reporters, nor
rescue the expression of autophagy genes in
mDANSs (or HEK293T) upon knockdown of
endogenous LMXIB, nor protect against
rotenone-induced cell death in mDANs
with LMX1B shRNA knockdown. An-
other case of nuclear Atg8 acting as a
cofactor to regulate autophagy genes is
reported in Drosophila where Sequoia, a
repressor of autophagy gene transcrip-
tion, binds in a LIR-dependent manner
to nuclear Atg8a, thereby repressing
autophagy genes (11). Hence, Atg$-
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transcription factor interactions can
have different outcomes. The complex-
ity involved is suggested by the obser-
vation that Drosophila mutants lacking
Atg8a show reduced expression of
autophagy genes.

Nuclear LC3B is deacetylated at K49 and
K51 by SIRT1 to enable its redistribution
to the cytoplasm to mediate starvation-
induced autophagy (10; Fig. 1). Upon 2 h
starvation, the cytoplasmic fraction of
LMXI1B decreased and the nuclear fraction
increased, likely in order to meet the de-
mand of increased autophagy gene expres-
sion upon starvation. Consistently, LMXIB
bound to deacetylated nuclear LC3B. Se-
quoia also preferentially bound to deace-
tylated Atg8a (11). Hence, Atg8 binding in
the nucleus is regulated by acetylation,
and nucleo-cytoplasmic shuttling of these
transcription factors and Atg8s is likely
also regulated to coordinate starvation
stress with transcriptional regulation of
autophagy genes.

In future experiments it would be in-
teresting to see if co-occupancy of LMXIB
and LC3B on target gene promoters can be
verified. How does LC3B act to enhance
transcription? Is it an adaptor binding to
established transcriptional cofactors? The
authors show that siRNA knockdown of
GABARAPLI results in reduced LMXIB-
mediated reporter gene expression, sug-
gesting that other Atg8 proteins may also act
as nuclear cofactors.

The study by Jiménez-Moreno et al.
(9) represents a very important contri-
bution to our understanding of tran-
scriptional regulation of autophagy genes
with particular relevance to PD. Several
layers of interconnectivity between
LMXIB and LC3B in the regulation of
autophagy are revealed. This study also
highlights that upregulation of autoph-
agy by modulating the activity of tran-
scription factors like LMX1B and TFEB
needs exploration for possibility of drug
development to combat or slow progres-
sion of PD and other neurodegenerative
diseases.
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NBR1: The archetypal selective autophagy receptor

Nikoline Lander Rasmussen'@®, Athanasios Kournoutis?, Trond Lamark'@, and Terje Johansen'®

NBR1 was discovered as an autophagy receptor not long after the first described vertebrate autophagy receptor p62/SQSTM1.
Since then, p62 has currently been mentioned in >10,000 papers on PubMed, while NBR1 is mentioned in <350 papers.
Nonetheless, evolutionary analysis reveals that NBR1, and likely also selective autophagy, was present already in the last
eukaryotic common ancestor (LECA), while p62 appears first in the early Metazoan lineage. Furthermore, yeast-selective
autophagy receptors Atgl9 and Atg34 represent NBR1 homologs. NBR1 is the main autophagy receptor in plants that do not
contain p62, while most animal taxa contain both NBR1 and p62. Mechanistic studies are starting to shed light on the
collaboration between mammalian NBR1 and p62 in the autophagic degradation of protein aggregates (aggrephagy). Several
domains of NBR1 are involved in cargo recognition, and the list of known substrates for NBR1-mediated selective autophagy is
increasing. Lastly, roles of NBR1 in human diseases such as proteinopathies and cancer are emerging.

The selective autophagy receptor NBR1

Selective autophagy consists of a set of evolutionarily conserved
pathways for targeted lysosomal degradation of macro-
molecules, protein aggregates, lipid droplets, viral capsids, in-
tracellular pathogens, and organelles. The different pathways of
selective autophagy depend on either soluble or membrane-
bound selective autophagy receptors (SARs; Lamark and
Johansen, 2021). The first SAR discovered, p62/SQSTMI1 (se-
questosome-1), belongs to a family of soluble SARs including
NBR1, CALCOCOl, CALCOCO2 (aka NDP52), TAXIBP1 (aka
CALCOCO03), and OPTN (optineurin). This group of SARs,
commonly referred to as sequestosome-1 like receptors (SLRs;
Deretic, 2012), are typically characterized by the presence of (1)
an LC3 interacting region (LIR) motif, (2) homo- or hetero-
oligomerization domains, and (3) a C-terminal ubiquitin-
binding domain for engaging ubiquitinated substrates
(Johansen and Lamark, 2020; Nthiga et al., 2020). The SLR-LIR
motifs bind to ATG8 family proteins anchored in the autopha-
gosomal double membrane through a covalent conjugation to
phosphatidylethanolamine (Lystad and Simonsen, 2019;
Mizushima et al., 2011). Substrates and cargos for selective
autophagy are usually labeled with ubiquitin or other “eat me”
signals recognized by the ubiquitin-binding domain or other
domains found in SLRs. When bound to cargo, some SLRs can
themselves initiate autophagosome formation in situ by inter-
acting with components of the core autophagy machinery
(Chang et al., 2021; Goodall et al., 2022). Further, SLRs can fa-
cilitate the expansion of the autophagosome membrane (phag-
ophore) by multivalent interactions with ATG8 proteins
(Johansen and Lamark, 2020). The most studied SLR p62 forms

phase-separated bodies in cells that are called p62 bodies
(Lamark and Johansen, 2021). The formation of p62 bodies de-
pends on polymerization mediated by the N-terminal Phox/
Bemlp (PB1) domain (Lamark et al., 2003; Wilson et al., 2003),
with p62 forming helical filaments (Ciuffa et al., 2015; Jakobi
et al.,, 2020), and is induced by binding of p62 to poly-
ubiquitin, causing a phase separation (Sun et al, 2018;
Zaffagnini et al., 2018). Phase separation of p62 filaments is also
induced by increased p62 expression or by posttranslational
modifications increasing the binding of p62 to ubiquitin (Lamark
and Johansen, 2021).

NBRI (neighbor of BRCAI gene 1) was discovered as a selec-
tive autophagy receptor due to its interaction with and simi-
larity in domain organization to p62 and direct binding to ATG8
proteins and ubiquitin (Kirkin et al., 2009; Waters et al., 2009).
Mammalian NBR1 acts as a SAR involved in degrading protein
aggregates (aggrephagy; Kirkin et al., 2009), peroxisomes
(pexophagy; Deosaran et al., 2013), midbody remnants (Isakson
etal., 2013; Kuo et al., 2011), focal adhesions (Kenific et al., 2016),
and major histocompatibility complex (MHC) class I receptor
(Yamamoto et al., 2020). In plants, NBR1 degrades protein ag-
gregates upon heat-, oxidative-, salt-, and drought stress (Zhou
etal., 2013; Zhou et al., 2014), viral capsids (Hafren et al., 2017), a
viral RNA silencing suppressor (Hafren et al., 2018), and acts in
defense against bacterial infections (Leong et al., 2022; Ustun
and Hofius, 2018). In fungi, NBR1 homologs transport lysosomal
enzymes from the cytoplasm into the vacuole as shown in the
fission yeast Schizosaccharomyces pombe (Liu et al., 2015; Wang
et al,, 2021), and they act as a pexophagy receptor in the fila-
mentous fungus Sordaria macrospora (Werner et al.,, 2019).
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Substrates of NBRI in mammals, plants, and yeast are summa-
rized in Fig. 1. In this review, we will elaborate on the roles of
NBRI in selective autophagy processes in plants, fungi, and
mammals, and its roles in human disease. But first, we will focus
on the domain structure and evolution of NBRI.

Domain structure of NBR1

Vertebrate NBR1 and p62 share an N-terminal PB1 domain, the
ZZ zinc finger domain, LIR motif, and C-terminal UBA domains.
In addition, NBRI contains the four tryptophan (FW) domains
involved in protein-protein interactions, two coiled-coil (CC)
domains, and an amphipathic helix (AH) domain not found in
p62 (Deosaran et al., 2013; Mardakheh et al., 2010; Svenning
et al., 2011; Fig. 2 A). The PB1 domain is involved in interac-
tions with other PB1 domain-containing proteins (notably pé2,
see below), while the CC1 domain mediates self-interaction. The
UBA domain binds to ubiquitin and ubiquitinated cargo, while
the LIR binds to ATG8 family proteins (Johansen and Lamark,
2020). Human NBR1 has two LIR motifs. Both bind ATGS pro-
teins in vitro, but only LIR1 binds strongly in cell extracts and is
required for efficient autophagic degradation of NBR1 (Kirkin
et al., 2009).

The FW domain was so named because it contains four highly
conserved tryptophan (W) residues (Svenning et al., 2011). It is
also referred to as NBR1-like or NBR1 domain (Kraft et al., 2010).
Some bacterial proteins also contain FW domains, which pre-
cede the eukaryotic NBRI that first appeared in protists
(Marchbank et al., 2012; Svenning et al., 2011; Fig. 2 A). The FW
domain is present in only one other eukaryotic protein called
ILRUN (inflammation and lipid regulator with UBA-like and
NBRI-like domains; Fig. 2 A). The FW domain of human NBRI1
binds to microtubule-associated protein MAPIB and TAX1BP1
(Marchbank et al., 2012; Turco et al., 2021). The recent finding
that the FW domain of the filamentous fungus Chaetomium
thermophilum binds specifically to vacuolar a-mannosidase
(Amsl) and delivers Amsl to the vacuole by autophagy in the
fission yeast S. pombe shows that this domain can be involved in
cargo recognition (Zhang et al., 2022a).

The same group previously showed that the S. pombe NBR1
homolog uses its ZZ domains to transport aminopeptidases
Ape4, Ape2, and Lap2, and Amsl from the cytosol into the vac-
uole, analogous to Atgl9 acting as a receptor in the biosynthetic
cytoplasm to vacuole transfer (Cvt) pathway in S. cerevisiae (Liu
et al., 2015; Wang et al., 2021; Fig. 1 B). Amsl and Ape4 bind
competitively to ZZ1. Lap2 and Ape2 bind to ZZ2 and ZZ3.
Surprisingly, this Nbrl-mediated vacuolar targeting (NVT)
pathway in S. pombe is not mediated by autophagy components
but by endosomal-sorting complexes required for transport
(ESCRTS) in a process similar to microautophagy (Hama et al.,
2021; Wang et al., 2021). Interestingly, the ZZ domain of mam-
malian p62, but not that of mammalian NBRY], is also used for
cargo recognition by binding to N-arginylated proteins (Cha-
Molstad et al., 2017).

The AH domain of mammalian NBR1 was identified as a
22 amino-acid amphipathic a-helical structure based on sec-
ondary structure predictions (Mardakheh et al., 2010). It is lo-
cated adjacent to the UBA domain and was initially called the
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JUBA domain for juxta-UBA. Since JUBA and UBA are confus-
ingly similar names both verbally and written, we propose to call
this domain simply AH for amphipathic a-helix. Circular di-
chroism spectroscopy showed the AH domain to be an unfolded
structure that folds into an a-helix in the presence of mem-
branes containing phosphatidylinositol-phosphates (PIPs;
Mardakheh et al., 2010). AH displayed no specificity toward a
specific PIP. Both the AH and UBA domains are needed for the
co-localization of NBR1 with LAMP2 (late endosomes; Mardakheh
et al., 2010) and peroxisomes (Deosaran et al., 2013), suggesting
AH is required for membrane localization of NBRL.

Evolution of NBR1: The archetypal soluble autophagy receptor
Autophagy-related (ATG) genes have experienced expansions
and losses during the evolution of different eukaryotic lineages,
enabling functional diversification and specialization. Remote
homologs of ATG proteins and the evolutionarily conserved
protein domains are found in bacteria and archaea. These were
likely recruited into the developing autophagy pathway during
eukaryogenesis (Zhang et al, 2021). Phylogenetic and bio-
chemical analyses reveal the evolutionary relationship between
NBR1 and p62. Using the presence of the FW domain to distin-
guish between p62 and NBR1 homologs, we found NBR1 ortho-
logs to be distributed throughout the eukaryotic kingdom, while
P62 is confined to the metazoans (Svenning et al., 201; Fig. 2, B
and C). Most non-metazoan organisms have only a single NBR1
homolog and no p62 homolog. Metazoans generally contain both
NBR1 and p62, but NBRI1 has been secondarily lost in some an-
imal lineages including nematodes, insects, and crustaceans.
Clearly, NBR1 preceded p62 in evolution, and p62 likely arose
through gene duplication of the ancestral NBR1 gene, which
happened early in the metazoan lineage (Fig. 2 C). This is il-
lustrated by the fact that the choanoflagellate Monosiga brevicollis
and the amoeban protist Capsaspora owczarzaki, representing the
closest living unicellular relatives of metazoans (King et al.,
2008; Ruiz-Trillo et al., 2004), have only a single NBR1 homo-
log and no p62 homolog (Svenning et al., 2011).

Autophagy is a very fundamental pathway appearing at the
root of eukaryote evolution and is likely present in the last eu-
karyotic common ancestor (LECA; Zhang et al., 2021). LECA is
defined as the ancestor of all existing eukaryotes, plus extinct
post-LECA lineages. LECA likely arose 1.9-1.6 billion years ago,
with all the main features of a eukaryotic cell (Spang et al.,
2022). With a few exceptions like red algae, microsporidia,
and the flagellate intestinal parasite Giardia lamblia, ATG genes
and autophagy are found throughout eukaryotes (Zhang et al.,
2021; Zhang et al., 2022b). Although gene loss and expansions
occur in many lineages, the two conjugation systems with ATG8
and ATGI2 are conserved in most eukaryotic clades (Zhang et al.,
2022b). The origin of selective autophagy likely occurred with
the first SAR, and NBR1 is the pioneer soluble SAR. None of the
other vertebrate SARs have been found in protists or plants.
Defining NBR1 homologs as proteins that as a minimum contain
an FW domain and a PB1 or ZZ-type zinc finger domain, we find
NBR1 homologs in five of the supergroups of the newly proposed
tree of eukaryotes (Burki et al., 2020). Specifically, representa-
tives of the TSAR supergroup (including Stramenopila,
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conjunction with p62 (and NDP52 for xenophagy). Furthermore, NBR1 has been shown to affect several processes through selective autophagic degradation of
the following substrates: the proinflammatory kinase IKKa, affects microglial polarization following ischemia (Li et al., 2021); METTL14 (methyltransferase-like
14) upon ultraviolet B radiation, consequently affecting global genome repair (Yang et al,, 2021); the midbody protein CEP55 upon stem-cell differentiation (Kuo
et al,, 2011); turnover of focal adhesions, promoting cell motility; and MHC class | proteins in PDAC cells, promoting immune evasion. In plants, NBR1 regulates
several plant stress responses: clearance of aggregates (aggrephagy), restricting TuUMV infection by targeting the viral RNA silencing suppressor component
HCpro; restricting CaMV infection by targeting the viral particle protein P4; targeting the bacteria effector protein XopL for degradation, restricting Xcv in-
fection; promoting heat stress recovery by targeting ROF1 and HSP90.1; targeting Exo70E2, a marker for the exocyst-positive organelle (EXPO; Ji et al., 2020).
(B) In S. cerevisiae, the NBR1 homolog Atgl9 mediates the degradation of Tyl, Ape4, Apel, and Ams1 through the Cvt pathway. The second NBR1 homolog
Atg34, only targets Amsl. In S. pombe, the NBR1 homolog targets Ape2, Lap2, and Ape4 to the vacuole. This Nbrl-mediated vacuolar targeting (NVT) pathway is

mediated by ESCRTSs, not macroautophagy. Only references not cited in the main text are cited here.

Alveolata, and Rhizaria), Haptista (Haptophyta), Archaeplastida
(Chloroplastida), Amorphea (including Apusomonada, Amoebo-
zoa, and Ophistokonta), and Discoba all have NBR1 homologs
(Fig. 2 B). Opisthokonta includes animals, fungi, and some protist
lineages that are most closely related to either animals or fungi.
Chloroplastida includes green algae and land plants. All the re-
maining supergroup taxa mentioned represent protists (Burki
et al, 2020). The lack of sequence data for some important
species defining a few of the taxa presently precludes an ex-
haustive analysis. However, the coincident presence of impor-
tant core ATG proteins makes it tempting to suggest that the
ancestor NBR1 may have been present in LECA, representing the
first SAR that evolved. Hence, selective autophagy may have
originated in the LECA and co-evolved with unselective
autophagy.

Apart from NBRI, ILRUN is the only other eukaryotic protein
containing an FW domain (Fig. 2 A). It is not clear if there is a
functional relationship between NBR1 and ILRUN. Human IL-
RUN is a 298 amino acid protein (formerly known as Céorf106)
containing an N-terminal UBA-like domain (residues 23-64) and
a central FW domain (residues 71-180). We traced the homologs
of ILRUN protein in the evolution, guided by the eukaryotic tree
of life, and found that ILRUN is present in all metazoans in-
cluding the simplest metazoan Trichoplax adhaerens and the
closest unicellular relatives to metazoans Monosiga brevicollis and
Capsaspora owczarzaki. ILRUN homologs are also found in the
Stramenopila of the TSAR supergroup, Haptophyta of the Hap-
tista supergroup, and Apusomonada, but not the sister group
Amoebozoa of the Amorphea supergroup (Fig. 2 B). Intriguingly,
distinct from NBRI, ILRUN is not found in plants and fungi. This
suggests a secondary loss of ILRUN in these taxa.

Atgl9 and Atg34 are yeast NBR1 homologs

S. cerevisiae, D. melanogaster, and C. elegans are extremely valu-
able model organisms. However, due to long divergent evolution
with gene duplications and loss they are often the “odd ones out”
when it comes to sequence-based evolutionary studies of pro-
teins. A seminal perspective article suggested that Atgl9 is the
NBRI homolog in S. cerevisiae (Kraft et al., 2010). Acting as a
receptor in the Cvt pathway, yeast Atgl9 was the first selective
autophagy receptor discovered (Leber et al., 2001; Scott et al.,
2001). The primary cargo in the Cvt pathway is the precursor
form of the vacuolar aminopeptidase 1 (preApel), which forms a
tetrahedral dodecameric structure that is recognized by the CC
domain of Atgl9. Atgl9 recruits Atg8 via its C-terminal LIR
(often called Atg8-family interaction motif [AIM] in yeast) and
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the selective autophagy adapter Atgll. This Cvt complex recruits
the core autophagy machinery to initiate membrane formation
and expansion to form the Cvt vesicle, a special type of auto-
phagosome only 150 nm in diameter (reviewed in Yamasaki and
Noda, 2017). In addition to Apel, Atgl9 also transports the vacu-
olar aspartyl aminopeptidase Ape4, the vacuolar a-mannosidase
Amsl, and even the Tyl retrotransposon particle to the vacuole.
Almost 10 yr after the discovery of Atgl9, its paralog Atg34 was
discovered (Suzuki et al., 2010). Atgl9 and Atg34 have the same
domain organization (Fig. 3 A) and show 31% overall sequence
identity (49% similarity), but Atg34 can only target Amsl. Hence,
Atg34 cannot compensate for Atgl9 in the Cvt pathway (Yamasaki
and Noda, 2017).

Atg19 has lost the ZZ zinc-finger domain and has no sequence
similarity to NBR1 homologs in other phyla. However, Kraft,
Peter, and Hofmann noted that Atgl9 has the LIR domain and
predicted that highly divergent PB1 and NBR1 folds were present
in S. cerevisiae Atgl9, as well as a CC domain (Kraft et al., 2010).
Their argument also rested on the evolutionary analysis of NBR1
with emphasis on fungal homologs, where some fungal lineages
had retained NBR1 with PB1, ZZ, FW, LIR, and UBA domains
although having two or three copies of the ZZ domain. Most
fungi lost the UBA domain, and PB1 and FW domains could not
be identified by sequence conservation in evolved lineages such
as Saccharomyces, but a similar fold was predicted, suggesting the
presence of PBl-like and FW-like domains in S. cerevisiae Atgl9
(Kraft et al., 2010; Fig. 3 A). The solution structures of the
a-mannosidase binding domains (ABD) of Atgl9 and Atg34 are
solved (Watanabe et al., 2010). The Atgl9 and Atg34 ABD
structures are very similar, with a root mean square difference
(RMSD) of 2.1 A for 102 residues, forming an immunoglobulin-
like B-sandwich fold with two B-sheets, each with four anti-
parallel B-strands. The ABD of the NBR1 homolog of the
filamentous fungus C. thermophilum has an FW domain very
similar in structure to those found in human NBRI1 and ILRUN
(Zhang et al., 2022a). Structural comparison of FW domain
structures of NBR1 and ILRUN with the ABD of Atgl9 and Atg34
revealed the latter to be FW-like domains (Fig. 3 B). A VAST
structural alignment search of the Protein Database with the
Atg34 ABD revealed the human ILRUN FW domain as a struc-
tural homolog of the ABD. With the ABD of Atgl9 and -34 being
structurally homologous to FW domains, we asked if the
N-terminal regions of these two yeast proteins may be PB1-like
domains. Comparing the PB1 domain structure of Arabidopsis
NBRI (Jakobi et al., 2020) to AlphaFold structure prediction with
90% confidence of the S. cerevisiae Atg34 N-terminal region
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the right of the cartoons, respectively. Structures of PB1, ZZ, FW, LIR, and UBA domains are shown above the NBR1 domain architecture. (B) Distribution of
NBR1 (red asterisk) and ILRUN (blue asterisk) on The New Tree of Eukaryotes. Red ring, or half-red ring, indicates the lack of ATG genes in some clades. The
colored groupings are the current “supergroups.” Multifurcations indicate unresolved branching orders among lineages while broken lines represent minor
uncertainties about the monophyly of certain groups (Burki et al,, 2020). We searched the NCBI Protein Database and the Conserved Domains Database to
identify NBR1 and ILRUN homologs (Lu et al.,, 2020). The phylogenomic distribution was also determined using the SMART database (Letunic et al,, 2006). The
names of the groupings where sequence data were not available are indicated in gray. (C) The Ophistokonta contains both the metazoans and fungi. The gene
duplication and divergence of the ancestor NBR1 gene in the early metazoan lineage, and loss of UBA and loss or degeneration of PB1 domains in fungi are

indicated.

(Jumper et al., 2021; Varadi et al,, 2022) clearly suggest the
presence of a PBl domain in Atg34 (Fig. 3 C). In Atgl9 the pre-
diction is very uncertain, but the presence of a PBl-like domain
is likely. Structure determinations of the N-terminal regions of
Atgl9 and Atg34 will give us clear answers. However, taken
together, we suggest that Atgl9 and Atg34 are clearly NBR1 ho-
mologs with PB1/PBl-like, CC, FW, and LIR domains (Fig. 3 A).

An early metazoan gene duplication created the paralogs p62/
SQSTM1 and metazoan NBR1

The split of ancestor NBR1 into the current paralogs p62/
SQSTM1 and NBR1 in vertebrates was likely initiated by a gene
duplication very early in metazoan evolution (Svenning et al.,
2011; Fig. 2 C). Further evolution led to one shortened paralog
lacking the CC and FW domains (p62) and one full-length with a
modified and monomeric PBl domain (metazoan NBRI1). The
gain of an AH domain may have occurred before vertebrates
evolved. To understand the functional consequence of the du-
plication event, it is important to relate it to the role of the PB1
domain in selective autophagy. PB1 is a ubiquitin-like domain
that engages in homomeric or heteromeric PB1-PBl interactions.
The interaction involves two individual and oppositely charged
binding surfaces. A negatively charged binding surface in one
PB1 domain binds to a positively charged binding surface in the
other (Jakobi et al., 2020; Lamark et al., 2003; Wilson et al.,
2003). Individual PB1 domains may contain one or both bind-
ing surfaces. PB1 domains with both binding surfaces can result
in homomeric polymerization of the PBl-containing protein, as
seen for mammalian p62. Cryo-EM analyses demonstrated that
the PB1 domain of p62 forms flexible helical polymers in vitro
(Ciuffa et al., 2015). The PB1 domain constitutes the scaffold in
p62 filaments, while the LIR and UBA domains are exposed
(Ciuffa et al., 2015). We found that the plant ortholog from
Arabidopsis (AtNBR1) has a PB1 domain that can homopolymerize
(Svenning et al., 2011). The presence of a PB1 domain alone is not
enough to predict self-interaction. Studies are therefore needed
to determine how widespread polymerization is among non-
metazoan NBRI1 orthologs. Metazoan NBRI orthologs have lost
the basic binding surface resulting in a monomeric PB1 domain.
To compensate, metazoan NBR1 and some fungal orthologs
harbor a self-interacting CC domain, a domain absent in plant
orthologs or p62. Despite the split of the ancestor NBRI into p62
and NBR1 in metazoans, mammalian NBRI remains attached to
P62 via the acidic PB1 surface that is not mutated (Lamark et al.,
2003). The only known interaction partners of mammalian
NBRI that bind via PBI-PBI interactions are p62 (Lamark et al.,
2003) and the kinase MEKK3 (Hernandez et al., 2014), and NBR1
is always recruited to p62 bodies.
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We propose that the early metazoan gene duplication facili-
tated the evolution and divergence in domain structures, which
allowed p62 and NBR1 to both tackle separate functions and
collaborate on certain functions. The split into two proteins
enabled different expression levels in cells and various tissues
and different regulations by posttranslational modifications. The
gene duplication enabled a deletion of domains from p62
streamlining it as an effective SAR facilitating p62 body for-
mation, which requires high quantities of p62. NBR1 is less
central in forming the scaffold of the p62 body, allowing the
development of other functions such as gain of the AH domain
enabling membrane binding. In humans, NBRI is much less
abundant in most cell types than pé2, varying from 10 to almost
100-fold difference in protein levels (Cho et al., 2022; Wang
et al., 2015). According to The Human Protein Atlas, both pro-
teins are expressed in most tissues with little tissue specificity,
but with particularly high levels of p62 in skeletal muscle and of
NBRI in late spermatids of the testis (Uhlen et al., 2015).

Plant NBR1 is polymeric, forms filaments similar to p62, and
acts in stress responses

Arabidopsis NBR1 (AtNBR1) and mammalian p62 share the abil-
ities of PBI self-polymerization and helical filament formation,
as well as LIR-ATG8 binding and UBA-ubiquitin interactions
(Jakobi et al., 2020; Svenning et al., 2011). AtNBR1 forms cellular
bodies with a striking similarity to those formed by mammalian
p62, and the formation of AtNBR1 bodies depends on PBI-
mediated polymerization and UBA-mediated ubiquitin binding
(Svenning et al., 2011). High-resolution cryo-EM studies of the
purified PB1 domain of AtNBRI revealed similar types of fila-
mentous structures as seen for the human p62 PB1 domain
(Jakobi et al., 2020). A tandem arginine motif that is absent in
human NBRI, but present in p62 (R21/22) and AtNBRI (R19/20),
is important for stabilizing a filamentous structure and for the
formation of p62/AtNBRI bodies with ubiquitin (Jakobi et al.,
2020; Lin et al., 2017). This strongly supports the conclusion
that p62 bodies and AtNBR1 bodies are structurally very similar.
Another common feature of p62 and AtNbrl is that their deg-
radation by autophagy depends on a polymeric PBl domain
(Svenning et al., 2011). In comparison, mammalian NBR1 has a
monomeric PB1 domain, and its degradation by autophagy does
not depend on its PBl domain (Kirkin et al., 2009).

The roles of NBR1-mediated selective autophagy in plant
stress responses have recently been excellently reviewed (Zhang
and Chen, 2020; Fig. 1 A). AtNBRI1 is involved in heat tolerance,
modulation of plant heat memory, plant-pathogen interactions,
and aggrephagy (autophagic degradation of protein aggregates)
during abiotic stress tolerance (Young et al., 2019; Zhou et al,,
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by a VAST search of the PDB database. A sequence alignment with positions of the structural elements (B strands) is shown below the structures. Despite only
7% sequence identity the alignment gives a root-mean-square deviation of 1.90 A over a 60 amino acid sequence. (C) Atg34 contains a PB1 domain fold. The
AlphaFold structure predicted with 90% confidence for the N-terminal domain of Atg34 (green) is a PB1 domain that can be structurally aligned to the solved
structure (PDB accession no. 6TGN) of the PB1 domain of Arabidopsis thaliana (magenta). The structures were aligned using PyMol.

2013; Zhou et al.,, 2014). Upon high-temperature stress, plants
require an equilibrium between poststress growth recovery and
the establishment of heat stress memory (which relates to heat
tolerance complexes being available during the early stages of a
high-temperature event; Sedaghatmehr et al., 2019). The
HSP90.1-ROF1 complex mediates the heat stress response
through interaction with transcription factor HSFA2. A heat-
responsive interaction between HSP90.1-ROF1 and HSFA2 in
the cytoplasm leads to nuclear translocation and activation of
heat-responsive genes. AtNBR1-mediated selective autophagy
of HSP90.1 and ROF1 mitigates the HSFA2-dependent re-
sponse to high temperature (Thirumalaikumar et al., 2021).
Consequently, the heat stress response is attenuated. The
degradation of heat-responsive elements like HSP90.1 and
ROF1 promotes recovery after heat stress but weakens heat
stress memory.

Following viral infection, autophagy is often initiated to
curtail a viral particle increase by delivering viruses or their
components to the lysosomes for degradation, a process known
as xenophagy. AtNBRI1-dependent selective autophagic degra-
dation of both non-assembled and particle-associated P4 (one of
the six cauliflower mosaic virus [CaMV] viral proteins impor-
tant for viral particle assembly) is ubiquitin-independent and
restricts CaMV infection in a process resembling mammalian
xenophagy (Hafren et al., 2017). Since particle functions are
imperative for successful CaMV infection in plants, AtNBRI-
mediated xenophagy counteracts infection establishment.
Beyond targeting of non-assembled and particle-associated
proteins, RNA silencing is regarded as the main antiviral de-
fense mechanism in plants, and viral suppressors of RNA si-
lencing (VSRs) have co-evolved to escape this mechanism
(Boualem et al., 2016). AtNBR1 has been shown to degrade the
viral RNA silencing suppressor helper component proteinase
(HCpro) of the Turnip mosaic virus (TuMV) by targeting ubig-
uitinated potyvirus-induced RNA granules (PGs) for autophagic
destruction (Hafren et al., 2018; Fig. 1 A).

Unlike viruses, bacteria generally do not enter plant cells due
to the plant cell wall and turgor pressure. Instead, bacteria ex-
press effector proteins that can be translocated into the plant
cells and they manipulate the host cell to promote infection
(Khan et al., 2018). NBR1-mediated autophagy has been shown to
counteract the pathogenic effect of the bacterial effector protein
HopM1, thereby suppressing bacterial proliferation (Ustun et al.,
2018). Recently, it was demonstrated that NBR1 directly targets
and promotes the selective degradation of the effector protein
XopL of the plant bacterium Xanthomonas campestris pv. Ves-
icatoria (Leong et al., 2022). XopL suppresses autophagy through
its E3 ligase activity, while also being targeted by NBRI-
mediated selective autophagy. Furthermore, NBR1 restricts oo-
mycete Phytophthora infestans infection (Dagdas et al., 2018).
These studies demonstrate the complexity of host-pathogen
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interactions and an important role of NBRI in counteracting
infection in plants.

Aggrephagy—Roles of NBR1 in p62 bodies

Depletion of NBRI inhibits the formation of p62 bodies (Kirkin
et al.,, 2009). Human NBRI binds to p62 by strong PBI-PB1
electrostatic interactions and competes with p62 polymeriza-
tion, acting as a chain terminator. Hence, in vitro, the addition of
NBRI reduces filament length (Jakobi et al., 2020). The role of
NBR1 may therefore be to regulate the length of p62 filaments in
p62 bodies. By reducing filament length, NBR1 may promote the
formation of p62 bodies since very long filaments are not easily
packed into dynamic, phase-separated structures (Fig. 4 A). The
addition of purified NBRI increases in vitro phase separation of
p62 upon mixing with ubiquitin (Zaffagnini et al., 2018). In
mouse hepatocytes, the formation of p62 bodies is compromised
by the loss of NBRI and promoted by overexpression of NBR1
(Sanchez-Martin et al., 2020).

Using a combination of in vitro reconstitution assays and cell
biological studies, NBR1 contributes to efficient cargo clustering
in p62 bodies by bringing its high-affinity ubiquitin-binding
UBA domain to the p62 filaments via PB1-PBI interactions be-
tween NBRI1 and p62 (Turco et al., 2021). NBR1 uses its FW do-
main to recruit TAX1BP1 to p62 filaments, and the core
autophagy machinery component FIP200 of the ULK complex is
recruited by both TAX1BP1 and by NBR1. The SKICH domain of
TAXIBP1 (and NDP52) is known to bind to FIP200 (Ravenhill
et al., 2019), while NBR1 binds to FIP200 via its CC2 domain
(Turco et al., 2021; Fig. 4 B). Previously, it was shown that p62
bound to the C-terminal Claw domain of FIP200 (Turco et al.,
2019). NBR1 also binds to the Claw domain, but much more
strongly than pé2, even somewhat stronger than TAXIBPI.
However, TAXIBP1 is suggested to be the main recruiter of
FIP200 to p62 bodies. The Claw domain in FIP200 is homologous
to the C-terminal region of the yeast selective autophagy adaptor
and Atgl activator, Atgll (Turco et al., 2019). The yeast NBR1
homolog, Atgl9, recruits Atgll by binding to this C-terminal
region in Atgll (Yorimitsu and Klionsky, 2005). Hence, the
parallel here is clear between mammalian NBR1 and FIP200 and
yeast Atgl9 and Atgll. In contrast to p62 and NBR1, TAX1BP1
does not contribute directly to the formation of ubiquitin con-
densates in vitro (Turco et al., 2021) or in cells treated with
puromycin that causes ubiquitinated protein aggregates to form
in cells (Sarraf et al., 2020). However, TAX1BP1 is needed for the
efficient autophagic degradation of these aggregates, and mice
expressing a deletion mutant of TAX1BP1 that cannot bind
ubiquitin show the accumulation of ubiquitin-conjugated pro-
teins and Lipofuscin pathology (Sarraf et al., 2020). Upon ATG7-
independent autophagy in K562 cells, NBR1 forms a heterotypic
autophagy receptor complex with p62 and TAXIBPI that re-
quires TAXIBPI to induce local autophagosome formation
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domain to the CC2 of NBR1. TAX1BP1 binds NBR1 FW domain via its CC2 domain and also recruits FIP200. NBR1 LIR1 also binds ATG8 proteins in the growing

phagophore. In addition, NBR1 contains multiple domains that may be involved in cargo recruitment (UBA, ZZ, FW, AH).

(Ohnstad et al., 2020). TAX1BP1 binds to NBRI via its CC2 do-
main. Taken together, these studies show that in human cells, a
trio of SLRs work together for the efficient formation and
degradation of p62 bodies. NBR1 affects p62 filament length by
PBl1 domain interactions, as well as recruitment of ubiquiti-
nated cargo via the UBA domain, recruitment of TAX1BP1 via
the FW domain, FIP200 via the CC2 domain, and ATGS8s via the
LIR1 domain (Fig. 4).

Phase separation of plant NBR1 has not been demonstrated
experimentally. However, AtNBR1 ectopically expressed in HeLa
cells or plant tissues form ubiquitin aggregates resembling those
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formed by p62 (Svenning et al., 2011). We therefore believe that
AtNBR1/p62 bodies represent a unique type of preautophagic
structures or phagophore assembly sites (PAS) that are evolu-
tionary conserved and formed in all eukaryotic cells expressing
p62 or polymeric NBR1 orthologs.

A functionally distinct type of p62 bodies named dendritic
aggresome-like induced structures (DALIS) are transiently
formed by p62 in activated dendritic cells and involved in an-
tigen processing (Lelouard et al., 2004; Lelouard et al., 2002).
Ubiquitinated substrates recruited to DALIS, including defective
ribosomal products (DRiPs), are either degraded by the
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proteasome or by autophagy. NBRI is not required for the
formation of DALIS, but for their degradation by autophagy and
antigen presentation via MHC class II, which may occur even in
the absence of p62 (Arguello et al., 2016). In cells lacking NBR1,
ubiquitinated substrates in DALIS are degraded by the pro-
teasome, presumably depending on the solubilization of DALIS.
Puromycin induction of p62 bodies in HeLa cells involving re-
cruitment of ubiquitinated DRiPs into p62 bodies is highly de-
pendent on NBR1 (Kirkin et al., 2009). While the degradation of
p62 does not depend on NBRI, ubiquitinated proteins in p62
bodies are not degraded by autophagy in cells lacking NBR1
(Kirkin et al., 2009).

NBRI is efficiently degraded by ATG7- and ATG8-dependent
autophagy independent of p62 (Kirkin et al., 2009), but also
ATG7-independent autophagy pathways exist for NBRI. The
SLRs p62, NBR1, TAX1BP1, and NDP52 are degraded by endo-
somal microautophagy in response to acute starvation (Mejlvang
et al., 2018). Degradation of NBRI is in this case partially ATG7-
independent. ATG7-independent degradation of NBRI1 and
TAXIBP1 requires direct interaction of NBR1 with TAX1BP1
(Ohnstad et al., 2020) and also depends on a SKICH-mediated
binding of TAX1BPI to FIP200 (Ravenhill et al., 2019; Thurston
et al., 2016). Hence, the SLR-dependent recruitment of FIP200
allows ATG8-independent autophagy to occur to degrade NBR1
in the absence of functional conjugation machinery mediating
lipidation of ATG8s (Ohnstad et al., 2020).

Pexophagy

NBRI acts as a receptor for pexophagy in mammalian cells
(Deosaran et al., 2013; Fig. 1 A). Interestingly, the NBR1 homolog
in the filamentous ascomycete Sordaria macrospora is required
for pexophagy, and human NBRI1 can rescue growth defects
under stress conditions when the fungal protein is lost (Werner
et al., 2019). In Arabidopsis, pexophagy occurs independently of
AtNBR1 (Young et al., 2019). We found that the amphipathic
alpha-helix (AH) located immediately N-terminal to the UBA
domain as well as the UBA, LIR, and CC domains of mammalian
NBRI are required for pexophagy. Coincident binding of the AH
and UBA domains directs NBR1 to ubiquitinated peroxisomes
and targets them for selective autophagy. Electron microscopy
studies revealed that aggregates of overexpressed NBR1 contain
clusters of 50-nm vesicles together with peroxisomes, auto-
phagosomes, and some larger vesicle structures (possibly late
endosomes; Deosaran et al., 2013). Endogenous p62 is recruited
to NBRI vesicle aggregates via its direct binding to NBRI. Its
presence has a positive effect on NBRI-mediated pexophagy.
However, pexophagy occurs also in the absence of p62, and p62
overexpression does not induce pexophagy (Deosaran et al.,
2013).

Activation of the hypoxia-inducible factor HIF-2a augments
NBRI-mediated pexophagy, and peroxisome numbers are re-
duced in VHL-deficient human clear cell renal cell carcinomas
with elevated levels of HIF-2a (Walter et al., 2014). Over-
expression of the peroxisomal membrane protein PEX3 in-
creases NBR1-mediated pexophagy, but it is not ubiquitination
of PEX3 as such that leads to increased pexophagy (Yamashita
etal., 2014). SQSTM1/p62 was required only for the clustering of
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peroxisomes. The peroxisomal E3 ubiquitin ligase peroxin
2 (PEX2) is upregulated upon amino acid starvation and rapa-
mycin treatment. PEX2 expression induces ubiquitination of
PEX5 and PMP70 on peroxisomes and boosts NBR1-dependent
pexophagy (Sargent et al., 2016).

Xenophagy

Several soluble SLRs are involved in the autophagic clearance of
invading pathogens, a process known as xenophagy (Goodall
et al., 2022; Lamark and Johansen, 2021). Invading bacteria ex-
posed in the cytosol become tagged with ubiquitin chains and
sequestered into autophagosomes by ubiquitin-binding SLRs
(Goodall et al., 2022). NBR1, NDP52, and pé2 are recruited to
intracytosolic Mpycobacterium tuberculosis (Manzanillo et al.,
2013) and Shigella flexneri (Mostowy et al., 201L; Fig. 1 A). In
the case of S. flexneri infection, NBR1 is necessary to recruit p62
and NDP52; yet the mechanism and functional significance of
this remains elusive (Mostowy et al., 2011). Upon infection
with M. tuberculosis, both NBR1 and p62 are recruited in a
parkin2-dependent manner (Manzanillo et al., 2013). NBR],
but not p62, can also be recruited by the HECT E3 ligase
Smurfl to M. tuberculosis (Franco et al., 2017). Mice depleted of
either parkin2 or Smurfl are more sensitive to M. tuberculosis
infection, suggesting that both E3 ligases are important for the
recruitment of SLRs and subsequent xenophagy (Franco et al.,
2017; Manzanillo et al., 2013). Furthermore, the M. tuberculosis
surface protein Rv1468c binds polyubiquitin chains and re-
cruits SLRs, including NBRI, in a UBA-dependent manner
(Chai et al., 2019). NBRI is also recruited to group A Strepto-
coccus (GAS)-containing vesicles in a Tollip-dependent man-
ner. Tollip knockout prevents the recruitment of NBRI,
NDP52, and TAX1BP1 to GAS-containing vesicles, yet p62 re-
cruitment is unaffected (Lin et al., 2020).

Viruses utilize various strategies to manipulate host cell au-
tophagy to their advantage (Liu et al., 2022). One such strategy
involves NBRI-mediated autophagic degradation of the anti-
viral adaptor protein MAVS (Zeng et al., 2021). The basic pol-
ymerase 1 (PB1, not to be confused with the PB1 domain)
of the H7N9 strain of influenza A virus promotes K27-
polyubiquitination of MAVS and specifically recruits NBR1 to
mediate enhanced MAVS degradation by autophagy, which
further facilitates viral replication. Interestingly, the autopha-
gic degradation of MAVS is dependent on ATG7, but does not
require components of the ULK-complex. Some viruses, like
Coxsackievirus, also counter the antiviral activity of both p62
and NBR1 by encoding proteases that cleave p62 and NBRI,
releasing C-terminal fragments exerting dominant negative
effects on endogenous p62 and NBR1 (Shi et al., 2014).

NBR1 and human disease

Proteinopathies

The giant protein titin acts as a scaffold for the assembly of the
sarcomere and signaling complexes in muscle cells. Titin con-
tains a serine/threonine kinase domain (TK) involved in me-
chanosensing (Puchner et al., 2008). NBR1 interacts with TK and
recruits p62 and the E3 ligase MURF2 in active muscle, thereby
regulating mechanical signaling and muscle gene transcription
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(Lange et al., 2005). Analysis of two unrelated families with
hereditary myopathy with early respiratory failure identified a
mutation in the NBRI1-interaction site within TK that disrupts
NBR1 binding. NBR1 was more diffusely localized, p62 accu-
mulated in many patient muscle samples, and MURF2 showed
more nuclear localization, suggesting disruption of the NBR1-
p62-MURF2 complex.

NBRI function in aggrephagy may link it to diseases char-
acterized by the accumulation of misfolded proteins. One such
disease is sporadic inclusion body myostitis (sIBM), a pro-
gressive degenerative myopathy that is the most common
skeletal myopathy in older people. Pathological features of this
disease include the accumulation of rimmed vacuoles (hence the
name “inclusion body”) and misfolded protein aggregates in
muscle fiber cells, indicating defects in autophagy and lysosomal
degradation. Biopsies and cultured cells from sIBM patients
show an increase in NBR1 protein, and NBR1 accumulation
alongside p62 and LC3 in the ubiquitin-positive aggregates that
are characteristic of this disease (D’Agostino et al., 2011). NBR1 is
phosphorylated by GSK3B at Thr586, which promotes NBRI-
mediated degradation of ubiquitinated proteins and prevents
the formation of misfolded aggregates (Nicot et al, 2014).
Meanwhile, in sIBM patient biopsies, NBR1 phosphorylation is
reduced. This, in turn, prevents the clearance of ubiquitinated
substrates, instead leading to the accumulation of misfolded
proteins. NBRI is also accumulated in Lewy bodies in Parkin-
son’s disease and glial cytoplasmic inclusions in multiple system
atrophy (Odagiri et al., 2012). We also reported early on that
NBRI colocalized with p62 and ubiquitin in Mallory bodies in the
liver of a patient with alcoholic steatohepatitis (Kirkin et al.,
2009). However, given the cooperation of NBR1 and p62 in
p62 bodies, it is often hard to distinguish NBRI1-specific patho-
logical effects.

NBR1 and cancer

Data from the Human Protein Atlas show that NBR1 mRNA is
expressed in most cancers with low-cancer specificity (Uhlen
et al., 2017). Recently, whole exome sequencing on germline
DNA from a family presenting with different subtypes of renal
cell carcinoma (RCC) identified a frameshift mutation in NBR1
(Adolphe et al., 2021). The mutation results in the expression of a
truncated form of NBRI that no longer includes LIR and UBA
domains. While this does not affect the ability of NBR1 to interact
with itself and with p62, overexpression of the truncated NBR1
delays the turnover of p62 and peroxisomes. The overexpression
of truncated NBRI increases the proliferation capacity of renal
cancer cells compared with cells overexpressing WT NBRI. Ex-
actly how NBR1 may affect RCC development is unclear and will
require further studies. Some rare cases of RCC present with
eosinophilic cytoplasmic inclusions, which are aggregates asso-
ciated with membrane-bound, electron-dense organelles (Yu
et al., 2018). These aggregates contain p62, NBRI, and other
autophagy markers, and maybe the result of defects in autoph-
agy. Strikingly, these aggregates are surrounded by clusters of
peroxisomes only when NBRI1 is present. While these inclusions
are relatively rare in RCC, their presence is generally associated
with larger tumors (Yu et al., 2018). However, the exact effects
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of these inclusions and clustering of peroxisomes on tumor
progression are not known.

In recent years, several comprehensive studies have revealed
potentially unique roles for NBR1 in cancer development, inde-
pendent of p62. In migrating cells, focal adhesions (FAs) are
continuously assembled and disassembled to allow cell protru-
sion, adhesion, and contraction. NBR1 has a specific role as a
selective autophagy receptor in the turnover of FAs at the
leading edge of the cell during cell migration (Kenific et al., 2016;
Fig. 1 A). Knockdown of NBR], but not other SLRs, inhibited cell
migration and increased FA lifetime. NBR1 localizes to FAs and
recruits autophagosomes to FAs at the leading edge of the cell,
targeting FAs for autophagosomal degradation and thereby
promoting cell migration. This process may be hijacked by
cancer cells to facilitate cancer metastasis. A more recent study
investigated the role of autophagy in different stages of breast
cancer development in a mouse model (Marsh et al., 2020). As
expected, impairment of autophagy led to an accumulation of
NBRI1 and p62. Intriguingly, the accumulation of NBR1, but not
p62, promoted the development of an aggressive subpopulation
of tumor cells. Injection of tumor cells overexpressing NBR1 led
to metastatic outgrowth, while overexpression of p62 did not.
Knockdown of NBRI in the autophagy-deficient cells reversed
the metastatic phenotype otherwise observed upon autophagy
inhibition alone. Even in autophagy-competent cells, the ectopic
overexpression of NBR1 was sufficient to promote tumor me-
tastasis. These results suggest that aberrant accumulation of
NBR1 can promote metastatic outgrowth during breast cancer
progression.

NBR1 plays a role in the immune evasion of pancreatic cancer
cells. Cytotoxic T cells can detect and eliminate cancerous cells
that present tumor antigens via MHC class I molecules on their
surface. Consequently, many cancers evade the immune system
through mutations or loss of MHC class I molecules. In pan-
creatic ductal adenocarcinomas (PDACs), MHC class I surface
expression is often downregulated, but rarely due to mutations.
In PDAC cells, MHC class I molecules are being degraded by
NBR1-mediated selective autophagy, effectively preventing
them from reaching the cell surface (Yamamoto et al., 2020;
Fig.1A). Inhibition of autophagy increases both the total and cell
surface expression of MHC class I in PDAC cells and further
leads to increased antigen presentation, T-cell infiltration, and
tumor cell killing. Of the SLRs tested, NBR1 was found to co-
precipitate with MHC class I proteins, while p62, NDP52,
TAXI1BPI1, and OPTN did not co-precipitate. Knockdown of NBR1
increases the total and surface levels of MHC class I molecules.
Altogether, this supports a role for NBR1 in targeting MHC class I
molecules for autophagic degradation, facilitating immune
evasion of PDAC cells. More studies are required to probe for
possible direct or indirect roles of NBR1 and other SLRs on the
turnover of MHC class I in different normal and cancer cells.

Possible autophagy-independent roles of NBR1

NBR1 has been implicated in processes with no obvious link to
autophagy, including the downregulation of receptor tyrosine
kinases and inhibition of ERK1/2 (Mardakheh et al., 2010;
Mardakheh et al, 2009). Several PBl domain-containing
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proteins are implicated in the differentiation of activated T cells,
including NBRI and p62 (Martin et al., 2006; Yang et al., 2010).
NBRI is required for proper differentiation of T helper 2 cells.
Whether this relates to the function of NBRI as an autophagy
receptor or potentially autophagy-independent functions is not
known. NBRI1 also acts as a regulator of JNK signaling and adi-
pose tissue inflammation by engaging in a PB1-PBI interaction
with MEKK3 (Hernandez et al., 2014). Furthermore, p62 and
NBR1 regulate PPARy-RXRa heterodimerization to control
thermogenesis in brown adipocytes. NBR1 represses the activity
of PPARy when p62 is inactivated. (Huang et al., 2021). NBR1 has
been shown to deliver IL-12 to late endosomes in intestinal
myeloid cells (Merkley et al., 2022).

NBRI is reported to interact with activated p38 and limit its
activity (Kim et al., 2019; Whitehouse et al., 2010). In mice, the
expression of a truncated version of NBR1 that is unable to bind
p38 and mitigate its activity results in an age-dependent in-
crease in bone mass (Whitehouse et al., 2010). Furthermore, loss
of NBRI1 in both transformed and non-transformed cell lines
causes cellular senescence because of p38-induced ER stress
(Kim et al., 2019). Whether or not this negative regulation of p38
requires autophagy is not clear.

Concluding remarks and future questions/perspectives
NBR1 is the archetypal autophagy receptor, likely present as
early as in the latest eukaryotic common ancestor. Gene dupli-
cation in the early metazoan lineage and subsequent molecular
evolution gave rise to mammalian NBR1 and the much more
studied paralog p62. Studies of NBR1 homologs in plants, fungi,
and mammals are beginning to shed light on some of the unique
roles of NBR1, gradually bringing it out of the shadow of pé2.
Structural and functional comparisons clearly suggest that yeast
Atg19 and Atg34 are NBR1 homologs. NBR1 plays a central role in
pexophagy in mammals, while its role in xenophagy is far better
understood in plants than in mammals. Exciting new informa-
tion has come from studies on the collaboration between p62,
TAXI1BP], and NBR1 in the recruitment of core autophagy com-
ponents to p62 bodies to facilitate autophagosome formation.
Here, NBR1 plays a much more central role than anticipated.
Important p62-independent roles of NBRI1 in cancer metastasis
and immune evasion in cancer have been revealed. NBR1 also
has autophagy-independent roles in regulating signaling path-
ways and immune cell differentiation.

NBR1 is understudied and future research must address this.
In future studies, a deeper understanding of the evolution and
interplay between NBR1 and p62 may reveal further functions of
NBR], not only as a SAR but also in regulating the dynamics of
p62 bodies. Very likely, new autophagic substrates unique to
NBRI1 will be discovered. It will be important to penetrate more
mechanisms of pexophagy and xenophagy involving NBRI.
Studies of fungal NBR1 homologs ask the question if there are
analogous roles of mammalian NBR1 in pathways similar to the
Cvt and NVT pathways. Further elucidation of pathophysiolog-
ical roles of NBR1 in human disease is required to evaluate NBR1
as a potential target for therapeutic strategies in cancer and
proteinopathies.
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