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Abbreviations 

ABIN A20-binding inhibitor of NF-kappa-B activation 

AHD ABIN homology domain 

ATG Autophagy-related genes 

CALCOCO Calcium-binding and coiled-coil domain-containing protein 

CC Coiled-coil 

CMA Chaperome-mediated autophagy 
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DAMP Danger-associated molecular patterns 

dsRNA/DNA Double-stranded RNA/DNA 
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FIR FIP200-interacting region 
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HSC70 Heat shock cognate 71 kDa protein 

IKK I-kappa-B kinase 

ILV Intraluminal vesicle 

IRAK1/4 Interleukin-1 receptor-associated kinase 1 

IRF3 Interferon regulatory factor 3 

LAMP2A Lysosome-associated membrane protein type 2A 

LAP LC3-associated phagocytosis 

LDS LIR-docking site 

LIR LC3-interacting region 
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MAP1LC3 Microtubule-associated proteins 1A/1B light chain 3 

MAPK Mitogen-activated protein kinase 

mPAS Mammalian phagophore assembly site 

mTOR Mechanistic target of rapamycin 

MVB Multivesicular body 

MyD88 Myeloid differentiation primary response protein 88 

NBR1 Neighbor-of-BRCA 1 

NCOA4 Nuclear receptor coactivator 4 

NDP52 Nuclear dot protein 52 

NEMO NF-kappa-B essential modulator 

NF-kB Nuclear factor-kappa-B 

OPTN Optineurin 

PAMP Pathogen-associated molecular pattern 

PB1 Phox and Bem1 

PE Phosphatidylethanolamine 

Poly(I:C) Polyinosinic-polycytidylic acid 

PRR Pattern recognition receptor 
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RIPK Receptor-interacting serine/threonine-protein kinase 

SAR Selective autophagy receptor 

SKICH SKIP carboxyl homology 

SLR Sequestosome-1-like receptor 

ssRNA/DNA Single-stranded RNA/DNA 

SQSTM1 Sequestosome-1 

TAX1BP1 Tax1-binding protein 1 

TBK1 TANK-binding kinase 1 

TLR Toll-like receptor 

TNFα Tumor necrosis factor α 

TNIP1 TNFAIP3-interacting protein 

TRAF3/6 TNF receptor-associated factor 3 

TRIF TIR-domain-containing adapter-inducing interferon-β 

TSG101 Tumor susceptibility gene 101 

UBAN Ubiquitin-binding domain of ABIN proteins and NEMO 

ULK1 Unc-51-like kinase 1 
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Summary 

Selective autophagy is important for maintaining cellular homeostasis. Generally, autophagy is 

considered cytoprotective and anti-inflammatory, acting to limit infection and accumulation of 

deleterious material. Key to this function is the ability to select cargo to be degraded, and here, 

selective autophagy receptors play a central role.  

In this thesis, we show that the anti-inflammatory and pro-survival adaptor protein 

TNIP1 is a selective autophagy substrate. Moreover, we identify two LIR motifs in TNIP1, 

designated LIR1 and LIR2, of which LIR2 is primarily responsible for direct binding to ATG8 

proteins. While TNIP1 is constitutively degraded by autophagy in resting cells, inflammatory 

signaling via TLR3 resulted in increased degradation of TNIP1. Specifically, activation of the 

kinase TBK1 was demonstrated to directly phosphorylate LIR2 in TNIP1, leading to enhanced 

ATG8 interaction and increased TNIP1 degradation by ATG7-dependent macroautophagy. The 

degradation of TNIP1 correlated with the increased activation of downstream inflammatory 

signaling. This suggests that the reduction of TNIP1 protein levels by autophagy upon 

inflammatory stimuli occurs to allow the mounting of a robust inflammatory response.  

Many studies of TNIP1 function have been done using mouse models. We found that 

human LIR1 is impaired by the presence of a proline, making LIR2 the main functional LIR in 

human TNIP1. In mice, however, LIR1 can augment binding to LC3A in conjunction with 

LIR2. Nonetheless, we discover that the constitutive turnover of human and mouse TNIP1 

occurs independently of LIRs, contrary to the inflammation-induced degradation by 

macroautophagy. Instead, we show that a part of TNIP1 that binds directly to TAX1BP1 and 

NBR1 is required for lysosomal degradation. Our study of the constitutive turnover of TNIP1 

highlights the existence of alternative routes to the lysosome beyond canonical 

macroautophagy.  

Finally, we provide an overview of the ancestral selective autophagy receptor NBR1. 

Here, we explore the evolution of NBR1 and selective autophagy, and discuss the role of NBR1 

in different forms of selective autophagy.  
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Introduction 

Protein degradation systems 

There are two major systems for the degradation of cytoplasmic material within the cell, namely 

the ubiquitin-proteasome system and the process of autophagy (Pohl and Dikic, 2019). The 

ubiquitin-proteasome system facilitates the degradation of single proteins by the action of a 

barrel-like protein complex known as the proteasome (Coux et al., 1996). Autophagy (greek 

for “self-eating”) involves delivery of cytoplasmic material to lysosomes and is commonly used 

to degrade larger structures, such as protein complexes, aggregates and organelles (Bento et al., 

2016). Upon macroautophagy, the most studied type of autophagy, cytoplasmic material is 

engulfed by the formation of a double-membrane vesicle that subsequently fuses with 

lysosomes, where the contents become degraded. The handling and removal of surplus or 

damaged material is pivotal for maintaining cell homeostasis. Therefore, it is not surprising that 

the process of autophagy plays important roles in human health and disease and is linked either 

directly or indirectly to a multitude of cellular processes.  

Both the ubiquitin-proteasome system and the process of autophagy are guided by the 

ubiquitin code. Ubiquitin is a small 76-amino acid protein that can be covalently attached via 

its C-terminal glycine to lysines (K) on other proteins, through a process called ubiquitination 

(Komander and Rape, 2012). The attachment of ubiquitin to a substrate is catalyzed by an 

enzymatic cascade involving E1, E2 and E3 enzymes (Figure 1) (Komander and Rape, 2012). 

The addition of a single ubiquitin protein to a substrate is known as monoubiquitination. 

Furthermore, ubiquitin itself contains lysine residues to which other ubiquitin proteins can be 

attached to form polyubiquitin chains. Polyubiquitin chains can be formed through either of the 

7 internal lysines, as well as the N-terminal methionine (M): K6, K11, K27, K29, K33, K48, 

K63 and M1 (Figure 1) (Komander and Rape, 2012). The many combinations of polyubiquitin 

types and lengths make up the ubiquitin code, as different ubiquitin modifications can be 

recognized by specific proteins and lead to distinct outcomes. For instance, K48-linked 

polyubiquitination predominantly acts as a signal for proteasomal degradation, while M1-

linked (also known as linear) polyubiquitination is used for mediating signal transduction upon 

inflammatory stimuli (Yau and Rape, 2016). K63-linked polyubiquitination is involved in 

forming protein complexes, and can also mark substrates for autophagosomal degradation (Yau 

and Rape, 2016). However, K63-linked polyubiquitination is not an exclusive signal for 

autophagy, as other chain types have been implicated in autophagy as well.  
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Figure 1: Overview of the process of ubiquitination. Ubiquitination is a stepwise process mediated 

by an activating E1 enzyme, followed by a conjugating E2 enzyme, and finally attached to a substrate 

by the E3 ligase. The attachment of a single moiety of ubiquitin is called monoubiquitination, while the 

different polyubiquitin chains can also be formed as shown. Figure from (Dikic et al., 2009). 

General autophagy 

The uncovering of the process of autophagy can be said to have begun with the discovery of 

the lysosome by Christian de Duve in 1955 (Ohsumi, 2014, De Duve et al., 1955). The lysosome 

is an acidic organelle containing hydrolytic enzymes that can degrade biological polymers 

(Bonam et al., 2019). In a way, the lysosome can be considered as the stomach of the cell, as it 

can break down proteins and organelles into single units that can subsequently be reused. 

However, at the time of its discovery, it was unclear how the cell could deliver cytoplasmic 

material to the lysosome for degradation. Because of the acidic nature of lysosomes, it would 

likely be lethal to the cell if their contents weren’t completely sealed off from the rest of the 

cytoplasm. This was also the reason why de Duve referred to them as “suicide bags” (De Duve, 

1965). Taking advantage of the revelatory electron microscope, one was able to observe 

characteristic double-membrane structures in different stages of enclosing cytoplasmic material 

(Figure 2) (Arstila and Trump, 1968). It was eventually established that these structures were 

engulfing material and subsequently fusing with lysosomes, delivering the contents for 

degradation. The term “autophagy” was coined to describe the process of engulfing and 

delivering cytoplasmic material to lysosomes – directly translating to “self-eating” (Ohsumi, 

2014).   
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Figure 2: Electron micrograph of autophagic vacuoles (AV) taken by (Arstila and Trump, 1968) 

showing the characteristic double membrane. Magnification x106,500. 

In the decades since its discovery, there has been an astounding advancement in our 

understanding of the complex steps involved in the process of autophagy. Indeed, several types 

of autophagy have been uncovered. The previously described engulfment of cytoplasmic 

material by a double-membrane structure is known as macroautophagy. In addition, material 

can be taken up directly into lysosomes or endosomes by invagination of the lysosomal or 

endosomal membrane, referred to as microautophagy (Galluzzi et al., 2017). A third process, 

called chaperone-mediated autophagy, involves the transfer of material into the lysosome with 

the help of chaperone proteins and the lysosomal membrane protein LAMP2A (Kaushik and 

Cuervo, 2018).  
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The many steps of autophagosome formation 

The process of macroautophagy involves multiple steps: the initiation and nucleation of the 

double-membrane structure, the sequestration of cargo and expansion of the double-membrane, 

eventually leading to the sealing and subsequent maturation and fusion with lysosomes (Figure 

3) (Dikic and Elazar, 2018). Each step requires the action of several proteins and/or protein 

complexes. These proteins include a group of autophagy-related proteins (ATGs), which make 

up the core autophagic machinery (Mizushima et al., 2011). Several of these genes were first 

identified in yeast by the pioneering work of Yoshinori Ohsumi’s laboratory, paving the way 

for further understanding of the regulation and execution of autophagy in higher eukaryotes as 

well (Ohsumi, 2014). In addition to the ATGs, the portfolio of proteins involved in the 

regulation of autophagy is yet expanding.  

 

 

Figure 3: Overview of the different steps of macroautophagy. For details, see main text. Figure was 

modified from (Hansen et al., 2018) 

Initiation and nucleation 

The major initiator of autophagy is the Unc-51-like kinase 1 (ULK1) complex, which consists 

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)) (Figure 3) (Bento et al., 

2016). One of the most studied pathways for ULK1 complex activation is starvation. Upon 

nutrient deprivation, the kinase mechanistic target of rapamycin (mTOR) is inactivated, which 

alleviates an inhibitory phosphorylation of ULK1 by mTOR (Hosokawa et al., 2009, Jung et 

al., 2009). This allows ULK1 to dissociate from mTOR and phosphorylate targets that initiate 
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the further steps of autophagosome formation. Activated ULK1 complex marks the mammalian 

phagophore assembly site (mPAS) (Dikic and Elazar, 2018). This is usually localized at the 

endoplasmic reticulum (ER), a site called the omegasome (Dikic and Elazar, 2018, Axe et al., 

2008).  

A central target of ULK1 is Beclin-1, which is recruited by the ULK1 complex to what 

will become the site of phagophore nucleation (Russell et al., 2013). Beclin-1 forms the 

phosphoinositide 3-kinase (PI3K) class III complex 1 along with VPS34, VPS15, and 

ATG14L, which mediate nucleation of the phagophore by inducing the production of 

phosphatidylinositol-3-phosphate (PI3P) (Figure 3) (Mizushima et al., 2011). PI3P is 

recognized by WD-repeat protein interacting with phosphoinositides (WIPI)1-4 and double-

FYVE-containing protein 1 (DFCP1), which are needed for the further expansion of the 

phagophore (Axe et al., 2008, Polson et al., 2010).  

Expansion and sealing 

WIPI1-4 mediate the recruitment of the ATG12-ATG5-ATG16L1 complex, which facilitates 

the conjugation of ATG8 family proteins to phosphatidylethanolamine (PE) (Figure 3) (Bento 

et al., 2016). The ATG8 family of proteins are small, ubiquitin-like proteins that consists of 6 

members in humans, divided into two subfamilies: the microtubule associated protein light 

chain 1 (MAP1LC3) subfamily (LC3A, LC3B and LC3C); and the GABA type A receptor-

associated protein (GABARAP) subfamily (GABARAP, GABARAPL1 and GABARAPL2) 

(Figure 4). Yeast, where the name ATG8 stems from, only have a single ATG8 protein. All 

ATG8 proteins are expressed as precursors, which become cleaved to expose a C-terminal 

glycine that can be conjugated to PE (Johansen and Lamark, 2020). When conjugated to PE, 

the ATG8 family proteins are incorporated into the growing phagophore membrane, where they 

play important roles in the further elongation of the phagophore, as well as the selection and 

recruitment of cargo. For instance, several core autophagy components bind lipidated ATG8 

proteins in the phagophore (Birgisdottir et al., 2019, Wirth et al., 2019, Alemu et al., 2012, 

Bozic et al., 2020, Skytte Rasmussen et al., 2017). This way, ATG8 proteins help scaffold the 

different complexes involved in phagophore expansion. Specifically, the LC3 subfamily is 

important for elongation of the phagophore, while the GABARAP subfamily is implicated in 

the initiation and closure of the autophagosome (Weidberg et al., 2010). The role and 

biochemistry of ATG8 family proteins in cargo selection will be elaborated further in later 

sections. 
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Figure 4: (A) Structural comparison and (B) superimposition of ubiquitin and the ubiquitin-like proteins 

LC3 (mammalian Atg8) and Arabidopsis thaliana Atg12. Figure from (Geng and Klionsky, 2008) 

The lipidation of ATG8 family proteins and their incorporation into the growing 

phagophore membrane requires the activity of two ubiquitin-like conjugation processes: 

ATG12-conjugation and ATG8-modification (Tanida et al., 2004). ATG12 is a ubiquitin-like 

protein that can be conjugated to substrates via its C-terminal glycine, reminiscent of the 

process of protein ubiquitination (Figure 4). The first step involves ATG7, an E1-like enzyme, 

which activates the C-terminal glycine of ATG12, followed by the attachment of ATG12 to 

ATG10, an E2-like enzyme. ATG10 subsequently transfers ATG12 to ATG5, which couples 

with ATG16L1 to form the ATG12-ATG5-ATG16L1 complex (Mizushima et al., 1998, Tanida 

et al., 2004). This complex then acts as an E3-like ligase which couples ATG8 to PE (Hanada 

et al., 2007). However, before ATG8 proteins can be attached to PE, the ATG8 precursor must 

be cleaved by ATG4 to expose the C-terminal glycine, which is then activated by ATG7. ATG7 

attaches the activated ATG8 protein to the E2-like enzyme ATG3, which then, together with 

the ATG12-ATG5-ATG16L1 complex, mediates attachment of ATG8 to PE (Tanida et al., 

2004). In addition to being important for ATG8 lipidation, ATG4 can also deconjugate ATG8 

from PE to limit phagophore expansion, and allow the reuse of ATG8 proteins (Satoo et al., 

2009).  

A critical protein involved in the formation of autophagosomes is ATG9A. ATG9A, 

and its isoform ATG9B, are the only membrane-spanning ATG proteins (Bento et al., 2016). 
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ATG9A is generally found embedded in small vesicles that are speculated to act as lipid sources 

for the growing phagophore (Figure 4) (Bento et al., 2016). These vesicles are believed to 

originate from the plasma membrane, recycling endosomes and the Golgi (Puri et al., 2013, 

Young et al., 2006, Imai et al., 2016). Nonetheless, the ER is considered a major source of 

membrane for phagophore expansion (Bento et al., 2016). Recent structural and mechanistic 

studies are beginning to shed light on the mechanisms that mediate the transfer of lipids from 

the ER to the growing phagophore. First, several labs successively reported that ATG2 is a lipid 

transferase that can transfer lipids from one membrane to another (Valverde et al., 2019, Osawa 

et al., 2019, Maeda et al., 2019). Second, it was recently discovered that ATG9 is a lipid 

scramblase, meaning it can transfer phospholipids between the leaflets of a lipid bilayer 

(Matoba et al., 2020, Maeda et al., 2020). This has culminated in a model in which ATG2 is 

suggested to transfer lipids from the ER to the phagophore, where ATG9 mediates the 

distribution of lipids in the growing phagophore membrane (Ghanbarpour et al., 2021, van Vliet 

et al., 2022).  

The mechanisms behind the sealing of the phagophore to form an autophagosome are 

still poorly understood. Interaction between GABARAP and ATG2A/B has been reported to be 

required for phagophore expansion and closure (Bozic et al., 2020). Endosomal sorting 

complex required for transport (ESCRT) proteins have also been shown to be involved in the 

steps leading to the sealing of the phagophore (Zhen et al., 2020, Takahashi et al., 2019).  

Maturation and fusion with lysosomes 

Once an autophagosome fuses with a lysosome, forming an autolysosome, the lysosomal 

hydrolases start to break down the cargo into its primary building blocks. Autophagosomes can 

either fuse directly with lysosomes, forming an autolysosome, or with late endosomes, resulting 

in an amphisome that subsequently fuses with lysosomes (Figure 4) (Lőrincz and Juhász, 2020, 

Gordon and Seglen, 1988). A number of proteins and complexes have been implicated in the 

process of autophagosome-lysosome fusion, including Rab GTPases, membrane tethering 

factors and soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs) 

(Lőrincz and Juhász, 2020). The SNARE syntaxin 17 (Stx17) is inserted into the closed 

autophagosome and mediates fusion by interacting with synaptosomal-associated protein 29 

(SNAP-29), vesicle-associated membrane protein 8 (VAMP8) and the homotypic fusion and 

protein sorting (HOPS) complex on lysosomes (Itakura et al., 2012, Jiang et al., 2014).  
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ATG8 proteins are shown to be involved in maturation and fusion steps as well. FYVE 

and coiled-coil domain-containing protein 1 (FYCO1), an adaptor protein involved in transport 

along microtubules, interacts with LC3-proteins to mediate transport of autophagosomes 

(Olsvik et al., 2015, Pankiv et al., 2010).  GABARAP subfamily proteins are proposed to be 

important for fusion with lysosomes, as knockout of these proteins result in severely impaired 

autophagosome-lysosome fusion (Vaites et al., 2018, Nguyen et al., 2016).  

Selective autophagy 

Initially, autophagy was described as a bulk process where autophagosomes are formed to 

engulf parts of the cytoplasm in an unselective manner (Zaffagnini and Martens, 2016). This 

may be the case upon nutrient deprivation, where cells can utilize autophagy to acquire building 

blocks to maintain the most essential components needed to survive. However, autophagy is 

triggered by a wide range of stressors and can be utilized accordingly to degrade substrates in 

a more targeted approach – a process known as selective autophagy (Lamark and Johansen, 

2021, Johansen and Lamark, 2011). Upon selective autophagy, specific cargoes such as 

proteins, protein complexes and organelles, become engulfed and degraded depending on the 

needs of the cell. There are many types of selective autophagy, often named after the component 

being degraded. Examples include mitophagy, the degradation of mitochondria; pexophagy, 

degradation of peroxisomes; aggrephagy, degradation of protein aggregates; xenophagy, 

degradation of intracellular pathogens and their components; and ERphagy, degradation of the 

ER, to name a few (Galluzzi et al., 2017). Specific proteins and protein complexes can also be 

degraded by selective autophagy, for instance to disrupt signaling pathways. 

Specific cargo is targeted for selective autophagy by a group of adaptor proteins known 

as selective autophagy receptors (SARs) (Lamark and Johansen, 2021). To function as a SAR, 

these proteins must interact with both the cargo as well as the phagophore. The latter is mediated 

through interaction with ATG8 family proteins embedded in the phagophore membrane and is 

achieved through so-called LC3-interacting regions (LIRs) of the SARs (Johansen and Lamark, 

2011, Johansen and Lamark, 2020). SARs can either be soluble and interact with cargo through 

specific domains, or integral to the membrane of specific organelles. The category of 

membrane-associated SARs mediate the degradation of the organelle in which they are 

embedded, and have been described for mitophagy, ERphagy and pexophagy (Lamark and 

Johansen, 2021). The most studied group of soluble receptors are the Sequestosome-1-like 

receptors (SLRs, see below), which largely interact with cargo through ubiquitin-binding 
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domains (Lamark and Johansen, 2021). In addition, other soluble SARs that bind cargo 

independent of ubiquitin-binding domains have been identified, including calcium-binding and 

coiled-coil domain-containing protein 1 (CALCOCO1), nuclear receptor coactivator 4 

(NCOA4) and tripartite motif-containing protein 5 (TRIM5α) (Mandell et al., 2014, Mancias et 

al., 2014, Nthiga et al., 2020, Lamark and Johansen, 2021) .  

Sequestosome-1-like receptors 

The Sequestosome-1-like receptors, or SLRs, are characterized by their similarity to the first 

identified SAR: p62/SQSTM1 (Deretic, 2012, Bjørkøy et al., 2005). This group of SARs 

contain ubiquitin-binding domains for cargo interaction, domains for oligomerization, and 

LIR(s) for interaction with ATG8 family proteins. An overview of the current known SLRs is 

shown in Figure 5. 

 

Figure 5: Overview of the domain architecture of the known SLRs. PB1: Phox and Bem1p; ZZ: ZZ-

type zing finger; NLS: nuclear localization signal; NES: nuclear export signal; LIR: LC3-interacting 

region; KIR: Keap1-interacting region; UBA: Ubiquitin-binding domain; ZF: zinc-finger; SKICH: 

SKIP carboxyl homology domain; CC: coiled-coil domain; FW: four tryptophan domain; UBAN: 

ubiquitin-binding domain of ABIN proteins and NEMO. Figure from (Birgisdottir Å et al., 2013). 

p62 and NBR1 

p62 was the first identified mammalian SAR and has since been shown to be involved in several 

forms of selective autophagy. In particular, p62 is important for the clearance of 

polyubiquitinated protein aggregates by aggrephagy (Zaffagnini et al., 2018, Bjørkøy et al., 

2005, Pankiv et al., 2007). In addition to a ubiquitin-binding domain that binds polyubiquitin, 

p62 contains a Phox and Bem1 (PB1)-domain that together allows oligomerization and 

formation of so-called p62 bodies (Sun et al., 2018, Wurzer et al., 2015, Bjørkøy et al., 2005). 
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p62-bodies are dynamic liquid-liquid phase separated structures that are believed to serve as 

platforms for signaling and protein degradation by autophagy (Kageyama et al., 2021). In 

addition to aggrephagy, p62 is involved in mitophagy, xenophagy, regulating oxidative stress 

response, nuclear factor-κB (NF-κB) and mTOR signaling, and more (reviewed in (Sánchez-

Martín et al., 2019)). 

Another PB1 domain containing protein that acts as an SLR is neighbor of BRCA1 gene 

1 (NBR1), which is genetically related to p62 (Lamark et al., 2003). Evolutionary analysis of 

NBR1 and p62 suggests that NBR1 may be the ancestral SAR, and that p62 resulted from a 

gene duplication during metazoan evolution (Svenning et al., 2011). There appears to be a close 

relationship between p62 and NBR1, due to their interaction with each other via their PB1 

domains (Lamark et al., 2003). NBR1 aids in forming p62 bodies, where p62 and NBR1 

collaborate in clearing protein aggregates by aggrephagy (Turco et al., 2021). While many 

studies have focused on NBR1 in relation to p62 function, evidence of unique roles for NBR1 

are emerging, as reviewed in paper III of this thesis.  

NDP52 and TAX1BP1 

Nuclear dot protein 52 kDa (NDP52, also known as CALCOCO2) was first identified as an 

SLR involved in the autophagic degradation of ubiquitin-coated Salmonella bacteria (Thurston 

et al., 2009). NDP52 contains an N-terminal SKIP carboxyl homology (SKICH) domain, a 

coiled-coil (CC) domain, a C-terminal ubiquitin-binding domain made up of two zinc fingers 

and a noncanonical LIR for ATG8 binding (von Muhlinen et al., 2012, Thurston et al., 2009). 

NDP52 is primarily involved in xenophagy, mitophagy and lysophagy (Lamark and Johansen, 

2021).    

Before being identified as an SLR, the NDP52 homolog Tax1-binding protein 1 

(TAX1BP1) was initially studied as a regulator of immune signaling. This was attributed to 

TAX1BP1 acting as an adaptor for the anti-inflammatory ubiquitin-editing enzyme A20 (also 

known as tumor necrosis factor alpha-induced protein 3 (TNFAIP3)), allowing A20 to 

terminate NF-κB and jun-kinase 1 (JNK1) signaling (Shembade et al., 2007). TAX1BP1 

knockout mice are hypersensitive to pro-inflammatory stimuli (Iha et al., 2008). Similar to 

NDP52, TAX1BP1 contains an N-terminal SKICH domain, three coiled-coil (CC) domains, 

and two C-terminal ubiquitin-binding zinc fingers (Figure 5) (Kirkin and Rogov, 2019). 

Eventually, it was discovered that TAX1BP1 is an autophagy substrate and receptor, with two 

ATG8-interacting LIRs (Newman et al., 2012). Since then, TAX1BP1 has been implicated in 
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several forms of selective autophagy that affects immunity, including aggrephagy, xenophagy 

and autophagy of immune signaling components (White et al., 2022). Furthermore, emerging 

evidence suggests TAX1BP1 may play an important role in mediating lysosomal degradation 

of substrates through other pathways than canonical macroautophagy. This will be described in 

more detail in later sections. 

Optineurin 

Optineurin (OPTN) has several coiled-coil (CC) domains for oligomerization, a LIR located 

near its N-terminus, and C-terminal ubiquitin-binding domains: a ubiquitin-binding domain of 

ABIN proteins and NEMO (UBAN) and a zinc-finger domain (Figure 5) (Kirkin and Rogov, 

2019). The UBAN is also found in the pro-inflammatory adaptor NF-κB essential modulator 

(NEMO), and the anti-inflammatory adaptors ABIN1-3 (also known as TNIP1-3) (Herhaus et 

al., 2019). OPTN has been found to accumulate in pathological inclusions associated with 

several types of diseases, including Parkinson’s and Alzheimer’s disease, and amyotrophic 

lateral sclerosis (Osawa et al., 2011). Mutations in OPTN are risk factors for Paget’s disease of 

bone, familial and sporadic forms of amyotrophic lateral sclerosis and Crohn’s disease (Ryan 

and Tumbarello, 2018). 

Like TAX1BP1, OPTN has been implicated as a negative regulator of innate immune 

signaling, by interacting with several pro-inflammatory proteins (Ryan and Tumbarello, 2018). 

As an SLR, OPTN is particularly studied for its important roles in mitophagy, xenophagy and 

aggrephagy (Ryan and Tumbarello, 2018). Here, there is a close interplay between OPTN and 

the TANK-binding kinase 1 (TBK1). OPTN interacts with TBK1 through the OPTN N-terminal 

CC domain and the C-terminal domain of TBK1 (Li et al., 2016). The affinity of OPTN against 

ubiquitin and ATG8s is enhanced by TBK1-mediated phosphorylation of the UBAN domain 

and the LIR, respectively (Richter et al., 2016, Wild et al., 2011). In this way, TBK1 has been 

shown to promote OPTN-mediated degradation of mitochondria and cytosolic bacteria. 

Interestingly, mutations in TBK1, OPTN and p62 have been identified as risk genes for 

amyotrophic lateral sclerosis, suggesting a role for these autophagy related proteins in disease 

development (Cirulli et al., 2015).  

LIR-ATG8 interactions 

Central to the known SARs is the presence of one or more LIRs that allow for interaction with 

ATG8 proteins embedded in the phagophore. The first LIR to be described was found in the 

pioneer autophagy receptor p62 (Pankiv et al., 2007). Over the years, numerous LIRs in 
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different SARs have been identified. A canonical LIR motif is made up of the “core” sequence 

of [W/F/Y]0-X1-X2-[I/L/V]3, where X can be any amino acid (Johansen and Lamark, 2020). 

The part of the ATG8 protein that interacts with the LIR motif of the SAR is called the LIR-

docking site, or LDS. The LDS contains two hydrophobic pockets, in which the aromatic 

(W/F/Y) and the hydrophobic residue (I/L/V) of the core LIR can dock (Figure 6) (Noda et al., 

2008, Ichimura et al., 2008). 

 

Figure 6: Structural model showing ATG14 LIR in the LDS of GABARAPL1. The side chains of 

the aromatic tryptophane (W435) and the hydrophobic leucine (L438) of ATG14 LIR dock inside the 

hydrophobic pockets of the LDS. The residues (D434, E436) engage in electrostatic interactions with 

the basic residues of GABARAPL1 (highlighted in blue). Figure from (Johansen and Lamark, 2020). 

It is becoming increasingly clear that the residues flanking the core LIR, both N-terminal 

and C-terminal, can affect the interaction strength and specificity of a LIR towards the ATG8 

proteins. Comparison of 100 different identified LIR motifs show that there is a higher 

frequency of acidic residues (aspartate (D), glutamate (E)) or residues that can be 

phosphorylated (serine (S), threonine (T)), immediately N-terminal, and to a degree also C-

terminal, to the core LIR (Figure 7) (Johansen and Lamark, 2020). This can be explained by 

the LDS having a generally basic surface, which can promote electrostatic interaction with the 

negatively charged acidic and phosphorylated residues surrounding the core LIR, thereby 

strengthening the interaction (Figure 6) (Johansen and Lamark, 2020). While the residues in 

positions X1 and X2 can in theory be any amino acid, the basic surface of the LDS appears to 

select against the presence of the basic residues arginine (R) and lysine (K) (Alemu et al., 2012). 

Glycine (G) and proline (P) are also selected against in these positions, as they may interfere 

with the structure of the LIR (Johansen and Lamark, 2020, Alemu et al., 2012).  
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Figure 7: Sequence comparison of 100 known LIRs. The size of the lettering indicates the probability 

of finding the amino acid in the given position relative to the hydrophobic residue of the LIR (position 

0). Figure from (Johansen and Lamark, 2020)   

Despite the structural similarities between the ATG8-family proteins, not all LIRs bind 

equally well to all members. Structural and functional studies indicate that residues within the 

core LIR, and the flanking N- and C-terminal sequences, can participate in the specificity. For 

instance, LIRs with preference for GABARAP over LC3 family members, termed GABARAP-

interaction motifs (GIMs), often carry the core consensus sequence of [W/F]0-[I/V]1-X2-V3 

(Rogov et al., 2017a). Further analysis of LIRs with preference for GABARAP, show that key 

residues in the flanking C-terminal can select against LC3 binding, and favor GABARAP 

(Wirth et al., 2019). FYCO1, FAM134B and ankyrin B and G (AnkB/G) LIRs show particularly 

strong ATG8-binding, due to the presence of a C-terminal amphipathic α-helix that stabilizes 

the interaction (Li et al., 2018). In the case of FYCO1, this extended LIR also imposes 

selectivity towards LC3 proteins, while the extended LIR of AnkB and AnkG results in 

selectivity towards GABARAP (Olsvik et al., 2015, Li et al., 2018). 

Post-translational regulation of LIR-LDS interaction 

In addition to the intrinsic nature of the LIR directly influencing LDS affinity, examples of 

post-translational regulation of LIRs are emerging. Several LIRs have serines and/or threonines 

in close vicinity that may be subject to phosphorylation. Phosphorylation of such residues will 

impose a negative charge that can interact with basic residues in the LDS (Johansen and 

Lamark, 2020). Post-translational regulation of LIRs adds another level of complexity to 

selective autophagy, providing a mechanism for cells to regulate degradation of substrates 

depending on stimuli, intrinsic and extrinsic conditions, and cell type. 

The LIR of OPTN was shown early on to be phosphorylated by TBK1 on the serine at 

the X-1 position upon Salmonella infection (Wild et al., 2011, Rogov et al., 2013). This TBK1-

mediated phosphorylation enhances OPTN binding to ATG8-proteins, which promotes the 
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OPTN-mediated autophagic clearance of Salmonella bacteria. Furthermore, TBK1 and ULK1 

have been demonstrated to phosphorylate the LIR of the Golgi protein SCOC, increasing 

affinity for the ATG8-proteins (Wirth et al., 2021). Phosphorylation of LIRs also regulate 

mitophagy: phosphorylation of activating molecule in BECN1-regulated autophagy protein 1 

(AMBRA1) LIR enhances mitophagy, as does phosphorylation of the LIRs of the 

mitochondrial SARs BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3), 

BNIP3L and FUN14 domain-containing protein 1 (FUNDC1) (Zhu et al., 2013, Wu et al., 

2014b, Rogov et al., 2017b, Di Rita et al., 2018). In the case of FUNDC1, phosphorylation of 

and near the LIR can both enhance and inhibit mitophagy. While phosphorylation of serine at 

the X-1 position of the LIR enhances interaction with ATG8-proteins and mitophagy, 

phosphorylation of serine at the X-5 position and of the tyrosine within the core LIR inhibits 

mitophagy (Liu et al., 2012, Wu et al., 2014a). Regulation of LIRs by phosphorylation has also 

been suggested based on mutational studies. Mutation of serine or threonine to glutamate or 

aspartate imposes a negative charge that mimics phosphorylation. Phosphomimic mutations of 

known phosphorylation sites in the LIRs of VPS34 and Beclin-1 strongly enhance binding to 

ATG8-proteins (Birgisdottir et al., 2019). It is likely that regulation of LIRs by phosphorylation 

is widespread, and that more examples will emerge. 

SAR-mediated autophagy induction 

Increasing evidence supports that SARs not only act as bridges between cargo and the 

phagophore, but also induce selective macroautophagy by recruiting core autophagy machinery 

components to the cargo. As is often the case in autophagy research, studies in yeast have paved 

the way for our understanding of similar processes in mammalian cells. In yeast, 

phosphorylation of the autophagy receptor Atg19 promotes interaction with Atg11, the yeast 

ortholog of FIP200 (Tanaka et al., 2014, Pfaffenwimmer et al., 2014). Atg19 thereby links the 

cargo to the autophagic machinery, where Atg11 further recruits Atg1, the homolog of ULK1 

(Kamber et al., 2015, Torggler et al., 2016). This then allows the induction of selective 

degradation of the receptor-bound cargo.   

In mammals, SAR-mediated autophagy induction has been demonstrated for mitophagy 

(Lazarou et al., 2015, Vargas et al., 2019), xenophagy (Ravenhill et al., 2019), ERphagy (Smith 

et al., 2018) and aggrephagy (Turco et al., 2019). NDP52 and OPTN induce mitophagy by 

recruiting ULK1, DFCP1 and WIPI1 to mitochondria (Lazarou et al., 2015, Vargas et al., 2019). 

Phosphorylation of NDP52 by TBK1 mediates the binding to FIP200 and subsequent 
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recruitment of ULK1 (Vargas et al., 2019). Upon Salmonella infection, NDP52 also recruits 

FIP200-ULK1 to induce xenophagy (Ravenhill et al., 2019). The recently identified ERphagy 

receptor cell-cycle progression gene 1 (CCPG1) binds both ATG8 proteins and FIP200 to 

initiate ERphagy (Smith et al., 2018). During aggrephagy, p62, NBR1 and TAX1BP1 are all 

able to interact with FIP200, yet TAX1BP1 appears to be mainly responsible for FIP200-

recruitment and aggrephagy induction (Turco et al., 2021). Intriguingly, a common theme is 

SAR-mediated recruitment of ULK1 through direct FIP200-interaction by so called FIP200-

interacting regions, or FIRs.  

 

Figure 8: Comparison of the LIR motif and proposed FIR. Amino acid properties of a LIR and FIR, 

respectively, are indicated in the legend. Figure from (Popelka and Klionsky, 2022) 

Alignment of the Atg11-interacting region of Atg19 with known FIP200-interacting 

proteins in humans, has led to the proposal of a core consensus FIR sequence that mediates 

interaction with the C-terminal region of FIP200 called the Claw domain (Zhou et al., 2021). 

In several instances, phosphorylation of the FIR increases the binding affinity, and for some 

SLRs the FIRs overlap with known LIRs. This is the case for OPTN, NDP52 and p62 (Zhou et 

al., 2021, Fu et al., 2021, Turco et al., 2019). For instance, TBK1-mediated phosphorylation of 

the OPTN LIR, which has been shown to promote ATG8-binding and mitophagy, strongly 

promotes binding between OPTN LIR and the FIP200 Claw (Zhou et al., 2021). The atypical 

LIR of NDP52 can interact with the Claw of FIP200, and again TBK1 promotes the interaction 

by phosphorylating a LIR-proximal residue (Fu et al., 2021). Interestingly, FIRs are also found 

in the two TBK1-adaptor proteins NAK-associated protein 1 (NAP1) and similar to NAP1 

TBK1 adaptor (SINTBAD), which also interact with NDP52 and TAX1BP1 (Fu et al., 2021, 

Ravenhill et al., 2019). In p62, the FIR is also positively regulated by phosphorylation, yet the 
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kinase responsible remains to be determined (Turco et al., 2019). The FIR of p62 encompasses 

the LIR and results in competitive binding between LC3 and FIP200. Interaction between SARs 

and FIP200 can also occur through other means than consensus FIR-Claw interaction. Both 

TAX1BP1 and NDP52 can bind the coiled-coil domain of FIP200 through their SKICH 

domains (Fu et al., 2021, Ohnstad et al., 2020, Ravenhill et al., 2019), while NBR1 binds the 

FIP200 Claw through its CC2 domain (Turco et al., 2021). It appears that phosphorylation-

induced interaction between SARs and FIP200 may represents an important mechanism for 

targeting selective autophagy induction. 

Other forms of autophagy  

Chaperone-mediated autophagy 

Chaperone-mediated autophagy (CMA) involves the direct uptake of soluble cytosolic 

substrates into the lysosome, through the lysosomal membrane receptor lysosome-associated 

membrane protein type 2A (LAMP2A) (Figure 9) (Kaushik and Cuervo, 2018). Substrates are 

recognized by having a KFERQ-like motif which is bound by the chaperone heat shock cognate 

71 kDa protein (HSC70) (Chiang et al., 1989). HSC70 directs the substrate to LAMP2A, where 

LAMP2A assembles into a multimeric channel complex (Rout et al., 2014). The substrate is 

unfolded prior to entering the lysosome, and aggregated proteins cannot be degraded by CMA 

(Salvador et al., 2000, Cuervo et al., 2004). LAMP2A has only been identified in mammals, 

birds, and recently fish (Tekirdag and Cuervo, 2018, Lescat et al., 2018). Studies suggest that 

CMA occurs at a resting state in multiple cell types, yet is also triggered by several stressors, 

including starvation, oxidative stress, and DNA damage (Koga et al., 2011, Park et al., 2015, 

Kiffin et al., 2004, Cuervo et al., 1995). Up to 40% of all proteins contain KFERQ-like motifs, 

and post-translational modifications can increase the number of potential substrates even 

further (Kaushik and Cuervo, 2018). How selection of substrates of CMA are spatiotemporally 

regulated is still unclear.  
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Figure 9: Destination: the lysosome. (A) Macroautophagy involves the formation of an 

autophagosome that fuses with the lysosome. (B) During chaperone-mediated autophagy, proteins with 

a KFERQ-like motif can be transported directly into lysosomes by the help of HSC70 and LAMP2A. 

(C) Microautophagy involves the direct uptake of material from the cytosol through invagination of the 

endosomal or lysosomal membrane. Figure is modified from BioRender. 

Microautophagy 

The term microautophagy encompasses several forms of autophagy that result in direct uptake 

of substrates into endosomes or lysosomes (Figure 9). Several substrates and mediators have 

been described, yet compared to macroautophagy and CMA, less is understood about the 

mechanisms behind microautophagy in mammals (Wang et al., 2022a). One type of 

microautophagy, known as endosomal microautophagy, shares similarities to CMA as it 

depends on HSC70 binding to a KFERQ-like motif within the substrate (Sahu et al., 2011). 

However, it does not require LAMP2A. Endosomal microautophagy is considered selective, 

and appears to be stimulus specific (Wang et al., 2022a). Upon invagination of the endosomal 

membrane, the substrate ends up inside endosomes to form multivesicular bodies (MVBs) and 

is degraded. The inward budding of the endosomal membrane to form intraluminal vesicles 

(ILVs) is one of the many processes mediated by the ESCRT machinery (Vietri et al., 2020). 

The ESCRT machinery consists of three protein complexes known as ESCRT-I, -II and -III, 

which are well studied for their role in sorting endocytosed plasma membrane receptors into 

ILVs for degradation. Furthermore, it appears that ESCRTs are involved in the process of 
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endosomal microautophagy as well, as this was shown to require ESCRT-I and -III (Sahu et al., 

2011). 

In Schizosaccharomyces pombe, the SAR Nbr1 (homologue of mammalian NBR1) 

mediates a type of microautophagy where substrates also end up in ILVs inside MVBs, which 

subsequently fuse with the yeast vacuole (Liu et al., 2015). This Nbr1-mediated vacuolar 

targeting (NVT) is independent of Atg proteins but requires the ESCRT machinery. Exactly 

how Nbr1 and its cargo is recruited to MVBs is still unclear. During the early stages of 

starvation in mammalian cells, several cytosolic proteins are taken up into endosomes by 

microautophagy and degraded (Mejlvang et al., 2018). It is estimated that around 2% of the 

total proteome within the cell was degraded during the first 2 hours of nutrient deprivation. 

Some of the most efficiently degraded substrates are the SLRs. This type of microautophagy is 

dependent on ATG8 lipidation and ESCRT-III, but not the activity of the ULK1- and PI3KC3 

complexes, nor LAMP2A. Microautophagy has also been implicated in the Parkin-dependent 

removal of mitochondria in ATG5/7-deficient cells (Hammerling et al., 2017). This type of 

microautophagy is reported to occur in Rab5-positive early endosomes, as opposed to late 

endosomes. In this pathway, internalization of mitochondria in endosomes is dependent on the 

ESCRT machinery.  

Non-canonical autophagy pathways 

The process of macroautophagy described earlier is commonly referred to as “canonical” 

autophagy, as other routes to the lysosome – or “non-canonical” pathways – have been 

described as well. An exact definition of what constitutes non-canonical autophagy is lacking, 

yet the term is generally used to describe the formation of autophagosomes independent of one 

or more of the components of the core autophagy machinery, or instances where certain ATGs 

are involved in other processes not related to macroautophagy (Codogno et al., 2012).  

“Non-canonical” lipidation 

A type of non-canonical autophagy is LC3-associated phagocytosis (LAP). LAP involves 

ATG8-conjugation to single membranes that arise from the internalization of cell surface 

receptors, generally receptors that detect pathogens or debris from apoptotic cells (Sil et al., 

2018). Unlike xenophagy, where a double membrane is formed around an intracellular 

pathogen, LAP results in a single-membrane vesicle with ATG8 proteins conjugated on the 

outside, called a LAPosome (Sil et al., 2018). Conjugation of ATG8 to form LAPosomes is 

required for fusion between the LAPosome and lysosome (Martinez et al., 2015). LAP has 
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proven to play an important role in innate immunity (Heckmann et al., 2017). Furthermore, 

conjugation of ATG8 proteins to single membranes has also been observed on endosomes in 

microglial cells (termed LANDO) and on Stimulator of interferon genes protein (STING)-

containing vesicles (Heckmann et al., 2019, Fischer et al., 2020).  

Upon conjugation to single membranes, ATG8 proteins can become coupled to 

phosphatidylserine (PS) as opposed to the exclusive conjugation to PE that occurs during 

canonical autophagy (Durgan et al., 2021). Adding another layer of complexity, it was recently 

reported that also ubiquitin can be covalently attached to PE on membranes, specifically 

endosomes (Sakamaki et al., 2022). Based on studies in yeast, it was proposed that lipidated 

ubiquitin may be involved in recruiting ESCRT proteins to endosomal membranes, and mediate 

uptake of substrates into intraluminal vesicles.  

SARs bypassing the need for ATG8s in autophagy 

The lipidation of ATG8, and thereby the components of the ATG8-conjugation system, was 

long considered essential for macroautophagy and autophagosome formation. This view was 

challenged when it was demonstrated that ATG5 and ATG7 deficient mouse cells, which are 

unable to lipidate ATG8 proteins, could still form autophagosomes and degrade substrates 

(Nishida et al., 2009). However, the autophagy flux in ATG8-conjugation deficient cells is 

highly reduced, likely due to their role in autophagosome closure (Tsuboyama et al., 2016, 

Vaites et al., 2018, Nguyen et al., 2016).  

A recent screen using a tandem fluorescent reporter system showed that not all 

autophagy receptors are equally affected by disruption of the ATG8-lipidation system 

(Shoemaker et al., 2019). Particularly, NBR1 is only partially dependent on the ATG8-

lipidation system for degradation, and can be found inside double-membrane autophagosomes 

in ATG7 deficient cells (Ohnstad et al., 2020). Interestingly, the ATG8-independent 

degradation of NBR1 is mediated by TAX1BP1 and TBK1. TAX1BP1 interacts directly with 

NBR1 and can recruit FIP200 and TBK1 to induce local autophagosome formation independent 

of ATG8-lipidation (Ohnstad et al., 2020). Similarly, NDP52 can recruit FIP200 to 

mitochondria to induce ATG8-independent mitophagy, a process also promoted by TBK1 

(Vargas et al., 2019).  



 

20 

 

Figure 10: Proposed model for TAX1BP1-mediated autophagy independent of ATG8-lipidation. 

NBR1 recruits TAX1BP1 to the cargo, where TAX1BP1 together with TBK1 recruit FIP200 to mediate 

phagophore formation in an ATG8-independent process. Figure from (Nguyen and Lazarou, 2020) 

TAX1BP1 has also been implicated as a driver of NCOA4 lysosomal degradation 

independent of ATG8-lipidation (Goodwin et al., 2017, Kuno et al., 2022). NCOA4 is a cargo 

receptor for ferritin, and thereby regulates iron homeostasis by mediating ferritin lysosomal 

degradation (Dowdle et al., 2014, Mancias et al., 2014). Degradation of NCOA4 and ferritin 

upon iron depletion does not require ATG8-conjugation, but depends on TAX1BP1, the 

ULK1/2-FIP200 complex, ATG9A, VPS34 and core ESCRT proteins (Goodwin et al., 2017). 

In the absence of FIP200, TBK1 can induce ferritin turnover in an ATG9-dependent manner. 

Here, TAX1BP1 is suggested to act as an adaptor for TBK1 recruitment. In iron replete cells, 

TAX1BP1 delivers iron-induced condensates of NCOA4-ferritin to lysosomes in a FIP200-

dependent and ATG7-independent manner (Kuno et al., 2022, Ohshima et al., 2022). Based on 

these studies, it appears that TAX1BP1 may be an important mediator of lysosomal degradation 

upon defective ATG8-conjugation. The recruitment of FIP200 by TAX1BP1 or NDP52 appears 

to circumvent the need for ATG8 lipidation for selective autophagy, likely through the direct 

recruitment of FIP200.  

Interplay between autophagy and immunity 

Autophagy has been implicated in the regulation of both innate and adaptive immune processes 

and has cytoprotective and anti-inflammatory functions (Cadwell, 2016, Deretic, 2021). This is 

in part achieved through the removal of damaged organelles, pathogens and aggregates that 

could otherwise trigger inflammatory responses if not removed. Non-canonical autophagy in 

the form of LAP is also proving important for phagocytic immune cells to clear debris and 

pathogens (Heckmann et al., 2017). Autophagy can also influence immune signaling by 

targeting specific signaling components for degradation (Cadwell, 2016). A possible link 

between autophagy and immunity is revealed by a particular genetic variant of ATG16L1 that 
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is strongly associated with development of Crohn’s disease, a type of inflammatory bowel 

disorder (Jostins et al., 2012). This variant causes a missense mutation (T300A), which results 

in destabilization of the ATG16L1 protein, and consequently compromised xenophagy and 

increased production of inflammatory modulators (Lassen et al., 2014, Murthy et al., 2014).  

Innate immune signaling 

Innate immune signaling is triggered by pathogen- and damage-associated molecular patterns 

(PAMPs and DAMPs, respectively) (Tang et al., 2012). Examples of PAMPs are molecules 

associated with invading pathogens, including bacterial membrane components such as 

lipopolysaccharide (LPS), and viral nucleic acids, including double-stranded RNA (dsRNA) 

(Tang et al., 2012). DAMPs, on the other hand, are endogenous molecules from damaged or 

dying cells that can trigger an inflammatory response in the absence of pathogenic infection 

(Tang et al., 2012). Examples of DAMPs can be the presence of specific nuclear proteins in the 

cytoplasm or DNA released from damaged mitochondria. Different PAMPs and DAMPs are 

recognized by specific pattern recognition receptors (PRRs), which exist either embedded in 

the plasma membrane or intracellular vesicles/organelles, or as soluble receptors (Tang et al., 

2012). PRRs include Toll-like receptors (TLRs), which are membrane-embedded receptors 

found in the plasma membrane and in vesicular compartments, and the soluble cytosolic NOD-

like receptors (NLRs) and RIG-I-like receptors (RLRs), which primarily detect cytosolic 

bacteria and viruses, respectively (Li and Wu, 2021). Upon activation, PRRs trigger 

downstream signaling pathways that ultimately lead to an inflammatory response, and in certain 

cases, autophagy (Tang et al., 2012). 

Toll-like receptor signaling and autophagy 

Toll-like receptors are found either on the cell surface or inside intracellular compartments, 

where they detect invading viruses and bacteria that are not exposed to the cytosol (Li and Wu, 

2021). The TLR family includes 10 members in humans, designated TLR1-10. Different TLRs 

recognize distinct PAMPs associated with viruses and bacteria (Figure 11). For instance, TLR4 

recognizes LPS on bacterial surfaces, while TLR3 recognizes viral double-stranded RNA 

genomes. When activated by PAMPs, TLRs mediate inflammatory signaling through the 

adaptors myeloid differentiation primary response protein 88 (MyD88) (except for TLR3) or 

TIR-domain-containing adapter-inducing interferon-β (TRIF) (Figure 11) (Li and Wu, 2021). 

MyD88 forms the Myddosome together with the kinases interleukin-1 receptor-associated 

kinase (IRAK) 1 and 4 (Kawasaki and Kawai, 2014). This leads to activation of IRAK1, which 
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further activates TGF-activated kinase 1 (TAK1) through the E3 ligase TNF receptor-

associated factor (TRAF) 6. TAK1, in turn, mediates activation of the mitogen activated protein 

kinase (MAPK) pathway, and the NF-κB pathway. NF-κB and MAPK signaling is important 

for activating inflammatory gene expression and regulating cell survival. TLR signaling 

through TRIF involves TRIF-mediated recruitment and activation of TRAF3 and -6. TRAF6 

along with the receptor-interacting serine/threonine-protein kinase 1 (RIPK1), lead to activation 

of NF-kB and MAPK signaling. Meanwhile, TRAF3 is responsible for activating the 

serine/threonine-protein kinases TBK1 and IKKε, which in turn activate the transcription factor 

interferon regulatory factor 3 (IRF3). IRF3 induces the expression of type I interferons, which 

are small proteins that are released by cells to signal antiviral responses against viruses and 

other pathogens (Schneider et al., 2014).  

 

Figure 11: TLR signaling. Overview of the different TLRs, their main localization, agonists and 

downstream signaling events. All TLRs, except for TLR3, mediate signaling through MyD88. TLR4 

can activate both MyD88 and TRIF, while TLR3 signals only through TRIF. MyD88 forms a complex 

with IRAK1 and IRAK4 called the Myddosome, which further leads to TRAF6 recruitment. TRAF6 

and RIPK1 then further activate the IKK complex consisting of NEMO, IKKα and IKKβ, ultimately 

leading to activation of NF-κB-mediated gene transcription. Upon activation of TLR3 or TLR4, TRIF 

activates TRAF3, which further leads to the activation of the kinases TBK1 and IKKε. This ultimately 

leads to activation of the IRF3 and the production of type I interferons. TRAF6/TAK1-induced 

activation of MAPK signaling is not included in the figure. Figure was made using BioRender.com 
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K63- and M1-linked polyubiquitination play essential roles in signal transduction 

through immune signaling pathways (Hu and Sun, 2016). For instance, signaling through 

MyD88 and TRIF requires TRAF3 and -6 mediated K63-linked polyubiquitination to activate 

downstream signaling (Kawasaki and Kawai, 2014). Activation of NF-κB requires assembly 

the IκB kinase (IKK) complex, which consists of the kinases IKKα and IKKβ, and the adaptor 

NEMO (Clark et al., 2013). This assembly and subsequent activation of NF-kB depends on 

both K63- and M1-linked ubiquitin chains (Clark et al., 2013).  

Several TLRs have been shown to activate autophagy, through both TRIF and MyD88 

signaling (Xu et al., 2007, Delgado et al., 2008, Shi and Kehrl, 2008). MyD88 and TRIF-

activated TRAF6 promotes K63-polyubiquitination of Beclin-1 to induce autophagy, while de-

ubiquitination by the ubiquitin editing enzyme A20 blocks autophagy induction (Shi and Kehrl, 

2010). Activation of autophagy by MyD88 in intestinal epithelium is important in protecting 

intestinal cells from bacterial invasion (Benjamin et al., 2013). Interestingly, TAX1BP1 

mediates the selective autophagy of TRIF to attenuate pro-inflammatory signaling and 

excessive immune responses (Yang et al., 2017, Samie et al., 2018, Gentle et al., 2017). 

Furthermore, autophagy is important for cell survival upon TLR activation, as ATG16L1 

deficient macrophages are more sensitive to TLR-induced cell death (Lim et al., 2019). These 

cells accumulate aggregated TRIF, RIPK1 and RIPK3, which are responsible for inducing cell 

death. Here, selective autophagy mediated by TAX1BP1 downstream of TRIF is important for 

survival (Lim et al., 2019).  

TBK1 in autophagy and immunity 

Historically, studies of TBK1 have largely focused on its function in mediating innate immune 

signaling. It is only recently that one has come to appreciate that TBK1 plays several roles in 

autophagy regulation as well.  

In immune signaling, TBK1 is involved in signal transduction to induce interferon 

production by activating the transcription factor IRF3 (Figure 12) (Oakes et al., 2017). 

Interferon-production is triggered by PRRs that detect signs of viral or bacterial infection, such 

as the presence of viral genomes in vesicles or the cytosol. For instance, TLR3 can detect the 

presence of viral dsRNA in endosomes and induce TRIF-mediated signaling that leads to 

activation of TBK1 (Figure 12) (Kawasaki and Kawai, 2014). The soluble receptors retinoic 

acid-inducible gene 1 protein (RIG-1) and melanoma differentiation-associated protein 5 

(MDA5) can detect dsRNA in the cytosol and activate TBK1 via the adaptor mitochondrial 
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antiviral-signaling protein (MAVS). Furthermore, TBK1 is activated upon sensing of dsDNA 

in the cytosol by the cyclic GMP-AMP synthase (cGAS)-STING pathway (Oakes et al., 2017).  

 

Figure 12: Overview of the role of TBK1 in autophagy and antiviral signaling. (A) Overview of the 

different signaling pathways that signal through TBK1 to activate the transcription factor IRF3. 

Detection of dsRNA through TLR3/TRIF or RIG-I/MDA5/MAVS, or cytosolic dsDNA by the 

cGAS/STING pathway leads to TBK1/IKKε activation. TBK1 in turn activates IRF3 transcription. 

Yellow dots show direct targets of TBK1 phosphorylation (B) Overview of known autophagic processes 

influenced by TBK1. TBK1 induces the degradation of NBR1 and NCOA4 by TAX1BP1/FIP200-

mediated autophagy in the absence of ATG8 lipidation. Furthermore, TBK1-mediated phosphorylation 

of p62, NDP52 and OPTN promotes xenophagy and mitophagy. TBK1-induced phosphorylation of 

NDP52 and OPTN can recruit FIP200 directly to bacteria/mitochondria. Phosphorylation of STX17 by 

TBK1 can promote FIP200 recruitment and mPAS assembly. Figure was made using BioRender. 

TBK1 has been implicated in mediating both induction and maturation of phagophores. 

Loss or inhibition of TBK1 results in reduced maturation of autophagosomes, yet the specific 

mechanisms for how TBK1 promotes maturation is not known (Pilli et al., 2012). Furthermore, 

TBK1 can phosphorylate syntaxin 17 (STX17) to promote mPAS assembly and autophagy 

induction at the Golgi (Figure 12) (Kumar et al., 2019). Cells deficient of TBK1 are unable to 

form FIP200 puncta upon autophagy induction by starvation (Kumar et al., 2019). In 

macrophages, IL-1β promotes autophagic killing of mycobacteria via TBK1 activation. (Pilli 

et al., 2012). TBK1 can phosphorylate the autophagy receptors OPTN, NDP52 and p62 to 

promote mitophagy or xenophagy (Figure 12) (Heo et al., 2015, Richter et al., 2016, Matsumoto 

et al., 2015, Wild et al., 2011, Pilli et al., 2012, Thurston et al., 2009). For OPTN, TBK1 

phosphorylation can both enhance interaction with ATG8 proteins, polyubiquitin, and FIP200, 
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all which may participate in promoting mitophagy and xenophagy (Figure 12) (Richter et al., 

2016, Wild et al., 2011, Zhou et al., 2021). Furthermore, TBK1 can phosphorylate p62 at S403 

within the ubiquitin-binding domain, a modification that promotes the binding of p62 to 

ubiquitin, to promote xenophagy and mitophagy (Figure 12) (Matsumoto et al., 2011, Pilli et 

al., 2012, Matsumoto et al., 2015). As mentioned earlier, TBK1 also plays a role in TAX1BP1-

mediated non-canonical autophagy of NCOA4 and NBR1 (Figure 12) (Ohnstad et al., 2020, 

Goodwin et al., 2017).  

Regulation of TBK1 itself by autophagy receptors and other autophagy proteins has also 

been reported. NDP52 recruits both FIP200 and TBK1 via the adaptor proteins SINTBAD and 

NAP1 to induce phagophore formation around Salmonella bacteria (Ravenhill et al., 2019). 

Efficient activation of TBK1 at mitochondria during mitophagy depends on OPTN and NDP52-

mediated recruitment (Heo et al., 2015). Furthermore, TAX1BP1 recruits TBK1 to p62-

containing aggregates (Schlütermann et al., 2021). TBK1 activity is in itself regulated by 

autophagy, as autophagy is needed to limit excessive TBK1 activation (Schlütermann et al., 

2021, Yang et al., 2016). Inefficient clearance of aggregates due to deficient autophagy, 

particularly loss of FIP200, results in accumulation of active TBK1 at these aggregates. 

Meanwhile, loss of FIP200 does not appear to affect TBK1 ability to promote interferon 

production upon TLR3/4 stimuli.  

TNIP1 

TNFAIP3-interacting protein 1 (TNIP1, also known as ABIN-1, Naf-1 and VAN) is an anti-

inflammatory adaptor protein implicated in the negative regulation of inflammatory signaling 

and cell death (Shamilov and Aneskievich, 2018). Negative regulation of immune signaling is 

crucial to prevent excessive inflammation and development of disease. Cells deficient of TNIP1 

show enhanced responses to TNFα and TLR activation, and TNIP1 deficient mice develop 

severe autoimmunity (Gao et al., 2011, Rudraiah et al., 2018, Su et al., 2019, Dziedzic et al., 

2018, Oshima et al., 2009, Kuriakose et al., 2019). Numerous genome wide-association studies 

have identified genetic variants of TNIP1 to be associated with autoimmune pathologies, 

including systemic lupus erythematous, lupus nephritis, psoriasis, rheumatoid arthritis, and 

systemic sclerosis (reviewed in (Shamilov and Aneskievich, 2018)). 
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Figure 13: (A) Structural overview of TNIP family proteins, TNIP1-3. AHD1-4 are highlighted with 

respective colors, and sequence alignment showing the homology is shown in the lower panel. 

Conserved residues are highlighted in bold. (B) Sequence alignment shows the UBAN domains of 

TNIP1-3 compared to the UBAN domains of NEMO and Optineurin. Grey highlights fully conserved 

residues, blue shows the AHD2 in TNIP1-3. Figure was made based on (G'Sell et al., 2015) 

TNIP1 is expressed in most tissues, but shows a higher expression level in skeletal 

muscle, peripheral blood lymphocytes and the spleen (Fukushi et al., 1999). TNIP1 belongs to 

a family of proteins consisting of three members: TNIP1, -2 and -3 (Figure 13A). Like TNIP1, 

TNIP2 and -3 also have anti-inflammatory functions (Clark et al., 2013). These proteins share 

sequences of homology designated ABIN homology domains (AHD) 1-4 (Figure 13A). All 

TNIP-proteins share the AHD2 domain that includes the ubiquitin-binding UBAN domain, 

which preferentially binds M1- and K63-linked polyubiquitin chains (Wagner et al., 2008, 

Nanda et al., 2011, Herhaus et al., 2019, Hong et al., 2021). The UBAN domain is also found 

in two other inflammatory regulators: OPTN and NEMO (Figure 13B) (Herhaus et al., 2019). 

A function for AHD3 and -4 in TNIP1 has not been established, while AHD1 is reported to be 

responsible for the interaction with the ubiquitin editing enzyme A20 (Heyninck et al., 2003, 

Mauro et al., 2006). 

TNIP1 452KQELVTQNELLKQQVKIFEEDFQRERSDRERMNEEKEELKKQVEKLQAQVTLSNAQLKA510

TNIP2 289RDAALERVQMLEQQILAYKDDFMSERADRERAQSRIQELEEKVASLLHQVSWRQDSREP347

TNIP3 190HEEMRTEMEVLKQQVQIYEEDFKKERSDRERLNQEKEELQQINETSQSQLNRLNSQIKA248

NEMO 291HKIVMETVPVLKAQADIYKADFQAERQAREKLAEKKELLQEQLEQLQREYSKLKASCQE349

OPTN 454QEEDLETMTILRAQMEVYCSDFHAERAAREKIHEEKEQLALQLAVLLKENDAFEDGGRQ512

UBAN

TNIP1 636AHD4 AHD3 AHD1 AHD2
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Mechanisms for negative regulation of immune signaling by TNIP1 

Most functional studies of TNIP1 as an anti-inflammatory adaptor have focused on its ability 

to bind K63- and M1- polyubiquitinated substrates via its UBAN domain. K63- and M1-linked 

polyubiquitination of proteins is particularly important for the complex assembly and signal 

transduction of immune-related signal pathways such as the NF-κB pathway (Hu and Sun, 

2016). Currently, there are two proposed hypotheses for how TNIP1 can negatively regulate 

inflammatory signaling through ubiquitin binding: (1) by competing for polyubiquitin binding 

and thereby blocking pro-inflammatory complex formation, or (2) through A20-dependent 

complex disruption (Shamilov and Aneskievich, 2018). A20 is a ubiquitin editing enzyme that 

can catalyze the removal of K63-linked polyubiquitin chains from substrates, yet also catalyze 

K48-linked polyubiquitination (Catrysse et al., 2014, Wertz et al., 2004). This way, A20 can 

disrupt inflammatory signaling complexes by removing K63-linked polyubiquitin chains, while 

also promoting the proteasomal degradation of substrates by marking them with K48-linked 

polyubiquitin. TNIP1 is a direct interactor of A20 and can thereby recruit A20 to 

polyubiquitinated pro-inflammatory mediators (Mauro et al., 2006, Heyninck et al., 2003). 

TNIP1 negatively regulates NF-κB signaling by targeting A20 to NEMO to disrupt the IKK 

complex (Figure 14) (Mauro et al., 2006). However, overexpression of a TNIP1 deletion 

construct lacking the A20-interacting AHD1 is still able to counteract TNFα-induced NF-κB 

activity, suggesting that TNIP1 can act independent of A20 on this pathway as well (Heyninck 

et al., 2003). Cooperation between TNIP1 and A20 is also demonstrated to inhibit interferon 

production upon viral infection (Figure 14) (Gao et al., 2011). Here, TNIP1 recruits A20 and 

TAX1BP1 to TBK1 and IKKε to promote disruption of the TRAF3/TBK1/IKKε complex and 

inhibit subsequent interferon production (Gao et al., 2011).  

RIPK1 is a central regulator of inflammatory cell death, and its activity is controlled by 

post-translational modifications, including ubiquitination (Mifflin et al., 2020). Upon 

stimulation with TNFα, TNIP1 is critical for preventing RIPK1-induced necroptotic cell death 

(Dziedzic et al., 2018, Fauster et al., 2019). TNIP1 recruits A20 to RIPK1, where A20-mediated 

removal of K63-polyubiquitin inhibits RIPK1 activation (Figure 14) (Dziedzic et al., 2018). 

Interestingly, the combined loss of TNIP1 and A20 in the intestinal epithelium of mice leads to 

considerable cell death of intestinal epithelial cells (IECs), severe bowel inflammation, and 

early mortality (Kattah et al., 2018). However, mice with loss of TNIP1 or A20 alone survive 

to a similar extent as WT mice, suggesting that TNIP1 and A20 have independent functions 

that can prevent excessive cell death. IECs deficient of both TNIP1 and A20 are more 
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susceptible to cell death in response to TNF, microbial signals (dsRNA mimic polyinosinic-

polycytidylic acid (poly(I:C)) and LPS) and lymphotoxin (Rusu et al., 2022). Cell death is 

partially rescued by TRIF deficiency, and completely rescued by MyD88 deficiency (Rusu et 

al., 2022). 

 

Figure 14: Overview of known pathways in which TNIP1 acts as an anti-inflammatory adaptor 

protein. Upon activation of the TNF receptor by TNFα, TNIP1 recruits A20 to RIPK1 to prevent the 

induction of apoptosis/necroptosis, and to NEMO to disrupt the IKK complex, through binding to 

ubiquitin via its UBAN domain. TNIP1 also prevents excessive activation of the Myddosome upon TLR 

signaling (specifically TLR4, TLR7/8 and TLR9), a process shown to depend on the UBAN domain. 

Furthermore, TNIP1 prevents IRF3 activation upon cytosolic viral infection detected via RIG-I/MDA5 

and MAVS. Here, TNIP1, along with TAX1BP1 and A20 disrupts the TRAF3-TBK1-IKKε complex 

required for IRF3 activation. Figure was made using BioRender.   

Studies on TNIP1 deficient and mutant mice have shed further light on the mechanisms 

in which TNIP1 can affect autoimmunity. Only few mice deficient of TNIP1 survive to birth, 

as the majority die during embryogenesis due to excessive TNFα-induced liver apoptosis 

(Oshima et al., 2009). The mice that do survive develop severe autoimmune disease and die 

within 2-4 months (Zhou et al., 2011, Kuriakose et al., 2019). While TNFα signaling is the main 

driver of liver apoptosis in these mice, excessive TLR signaling through MyD88 promotes the 

development of autoimmunity, including glomerulonephritis, a sign of lupus nephritis 

(Kuriakose et al., 2019, Zhou et al., 2011). TNIP1 is recruited to the MyD88-IRAK1/4 complex 
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through ubiquitin binding (Figure 14) (Zhou et al., 2011, Nanda et al., 2011). Similar studies of 

mice expressing a ubiquitin-binding mutant of TNIP1 (D485N in mice, equivalent to D472N 

in humans) show that they are born at a seemingly healthy rate, yet develop severe autoimmune 

disease similar to that mice deficient of TNIP1, after around 3 months (Nanda et al., 2011, 

Nanda et al., 2019). Here, the development of disease is also demonstrated to be caused by TLR 

signaling through MyD88-IRAK1/4 (Nanda et al., 2016, Nanda et al., 2019).  

Regulation of TNIP1 function 

Generally, it is believed that TNIP1 recruitment to signaling complexes is primarily driven by 

the presence of polyubiquitin. OPTN, another UBAN containing protein, has a serine residue 

within the UBAN domain that is phosphorylated by TBK1 to enhance the affinity for ubiquitin 

upon specific stimuli (Figure 13B) (Herhaus et al., 2019, Richter et al., 2016). TNIP1, on the 

other hand, has an acidic glutamate in this position that enhances binding, but no obvious 

residues within the UBAN that allow for regulation by phosphorylation (Herhaus et al., 2019). 

Whether or not phosphorylation can regulate TNIP1 ubiquitin binding and recruitment to 

signaling complexes, is not known. 

Recent studies have focused on the regulation of TNIP1 protein levels, and how this 

may relate to its function as a negative regulator of inflammation. For instance, NLR family 

pyrin domain containing 10 (NLRP10) can interact with and downregulate TNIP1 protein levels 

upon bacterial infection, through yet unknown mechanisms (Mirza et al., 2019). Activation of 

RIG-I/MDA5 signaling by cytoplasmic dsRNA mimic poly(I:C) also leads to a decline in 

TNIP1 protein levels, in a proposed A20-dependent manner (Su et al., 2019). Several recent 

proteomic screens have suggested a role for autophagy in the degradation of TNIP1. A 

proteomics screen of starvation-induced changes in protein expression done by our group found 

that TNIP1 protein levels were reduced upon starvation, alongside several known SLRs and 

LC3B (Mejlvang et al., 2018). A different proteomics screen of LPS-stimulated bone marrow 

derived macrophages deficient of ATG16L1, found that TNIP1 protein accumulates over time 

as compared to normal cells (Samie et al., 2018). TNIP1 has also been identified in a screen as 

a possible interactor of ATG16L1, alongside A20 (Slowicka et al., 2019). Interestingly, a 

proteomic analysis of senescent cells found that TNIP1 is degraded by OPTN-mediated 

selective autophagy upon induction of senescence (Lee et al., 2021). In the profiling of proteins 

found in autophagosomes-autolysosomes using proximity labelling of SARs and LC3B, TNIP1 

was found together with p62, NBR1, NDP52, TAX1BP1 and OPTN as well as LC3B (Zellner 

et al., 2021) More recently, it was reported that mouse TNIP1 is degraded by autophagy upon 
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LPS-stimuli (Shinkawa et al., 2022). TLR4-activation led to phosphorylation of TNIP1 

immediately N-terminal to an identified LIR motif, which increased binding to LC3A and the 

autophagic degradation of TNIP1 (Shinkawa et al., 2022). Meanwhile, TNIP1 is reported to be 

degraded by the proteasome in T cells upon T cell receptor activation, and upon interleukin-17 

stimuli in fibroblasts, likely to allow the potent activation of downstream signaling (Yin et al., 

2022, Cruz et al., 2017).   
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Aims of the study 

TNIP1 is established as an anti-inflammatory and pro-survival adaptor protein and is associated 

with autoimmune diseases including systemic lupus erythematosus, rheumatoid arthritis and 

systemic sclerosis. Uncovering the mechanisms in which TNIP1 protects against excessive 

inflammation could help our understanding and management of such debilitating diseases. 

Based on indications that TNIP1 is an autophagy substrate, we hypothesized that selective 

autophagy of TNIP1 may act as a mechanism for the cell to regulate TNIP1 protein levels both 

basally and under inflammatory conditions. This, in turn, could further affect the output of 

inflammatory signaling. To this end, the following aims were put forward for this study: 

 

• Identify TNIP1 as an autophagy substrate, and possibly an autophagy receptor 

• Determine the mechanisms underlying TNIP1 autophagic degradation, through both 

ATG7-dependent and -independent pathways  

• Examine the role of SLRs in TNIP1 degradation 

• Examine the functional consequences of TNIP1 autophagic degradation on 

inflammatory signaling 
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Summary of papers 

Paper I 

TBK1 phosphorylation activates LIR-dependent degradation of the inflammation 

repressor TNIP1 

Zhou, J.*, Rasmussen N.L.*, Olsvik, H.L., Akimov V., Hu Z., Evjen G., Kaeser-Pebernard S., 

Sankar, D.S., Roubaty, C., Verlhac, P., van de Beck, N., Reggiori F., Abudu, Y.P., Blagoev, 

B., Lamark, T., Johansen, T. and Dengjel, J. (2023). J. Cell Biol. 222 (2): e202108144. 

https://doi.org/10.1083/jcb.202108144; PMID: 36574265 

*Contributed equally to this paper 

 

In this study, we establish TNIP1 as a constitutive autophagy substrate. Furthermore, we find 

that TNIP1 colocalizes with several SLRs and interacts directly with the ATG8 proteins. As a 

result, we identify two LIR motifs, designated LIR1 and LIR2, in which LIR2 is the primary 

LIR responsible for ATG8 binding. However, we find that the constitutive turnover of TNIP1 

appears to depend on other SLRs and only partially on ATG8 lipidation. We further 

demonstrate that the autophagic degradation of TNIP1 is induced during the initial steps of 

TLR3 signaling by poly(I:C), in an ATG7- and LIR-dependent manner. The degradation of 

TNIP1 correlated with an enhancement of downstream TLR3 signaling, suggesting that 

autophagic degradation of TNIP1 occurs to remove its anti-inflammatory function. 

Mechanistically, the degradation of TNIP1 is induced through phosphorylation of residues 

immediately N-terminal to LIR2 by the kinase TBK1, which strongly promotes the interaction 

with all ATG8 proteins.  

 

Paper II 

TNIP1 is a constitutive autophagy substrate independent of ATG8 lipidation and LIRs 

Rasmussen N.L., Olsvik, H.L., Evjen, G., Øvervatn A., Lamark, T., and Johansen, T. (2023). 

Manuscript 

In this study, we further explore the roles and biochemistry of the TNIP1 LIRs. Due to 

conflicting reports of the role of LIR1 in mouse and human TNIP1, we examined the potential 

differences in TNIP1 binding to ATG8s. We find that LIR2 is the key LIR in human TNIP1, 

while LIR1 in mouse TNIP1 can augment LC3A binding in conjunction with LIR2. This 



 

33 

difference is due to the presence of a proline in human LIR1, which disrupts binding to ATG8s. 

We further show that the constitutive degradation of TNIP1, as opposed to the TLR3-induced 

degradation described in paper I, is independent of LIRs and ATG8 lipidation. Instead, we find 

that TNIP1 can interact with several proteins implicated in autophagy independent of ATG8 

lipidation, namely TAX1BP1, NBR1 and TSG101. Using tandem-tagged TNIP1 to assess 

lysosomal turnover, we find that the region of TNIP1 that interacts with TAX1BP1 and NBR1 

is required for its constitutive turnover. We suggest that the basal turnover of TNIP1 can occur 

through a TAX1BP1-mediated autophagy pathway.  

 

Paper III 

NBR1: The archetypal selective autophagy receptor 

Rasmussen, N.L., Kournoutis, A., Lamark, T. and Johansen, T. (2022). J. Cell Biol. 221 (11): 

e202208092. https://doi.org/10.1083/jcb.202208092; PMID: 36255390 

 

In this review, we aim to present the current body of knowledge regarding the SLR NBR1, to 

bring it out of the shadow of its more famous cousin, p62. Evolutionary analysis suggests that 

NBR1 represents the archetypal autophagy receptor, and possibly the origin of selective 

autophagy. We further discuss that the yeast autophagy receptors Atg19 and Atg34 are likely 

NBR1 homologs. Nonetheless, the number of studies focusing on p62 are vastly greater than 

that of NBR1. Studies are revealing an important role for NBR1 in regulating p62 bodies, and 

the clearance of detrimental aggregates within the cell. Furthermore, NBR1 is the main 

mediator of the removal of peroxisomes by pexophagy. In plants, the NBR1 homolog is 

responsible for the clearance of several pathogens and pathogen components, yet in humans, 

NBR1 is not as centrally implicated in xenophagy as other SLRs have been. In recent years, 

studies have highlighted a role for NBR1 in disease, including cancer development and 

metastasis, highlighting the importance of increasing our understanding of the functions of 

NBR1, both as an autophagy receptor and beyond.  
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Discussion 

Identification of TNIP1 as an autophagy substrate 

Our exploration of TNIP1 as an autophagy substrate began as the results of two separate 

proteomics screens. Initially, TNIP1 showed up as a potential autophagy substrate upon 

starvation, based on a stable isotope labeling by amino acids in cell culture (SILAC) proteomics 

analysis performed in our lab (Mejlvang et al., 2018). Here, TNIP1 was one of several proteins, 

including known SLRs, that showed reduced protein levels upon acute amino acid starvation 

through a type of selective microautophagy (Mejlvang et al., 2018). In this analysis the authors 

did not study TNIP1 further than to show it was degraded upon starvation. As presented in 

paper I, in a subsequent screen for identifying new autophagy substrates based on protein 

ubiquitination, TNIP1 showed up again as a candidate autophagy substrate. This lay the grounds 

for us to further study TNIP1 as a candidate autophagy substrate. 

In our proteomics screen of ubiquitinated autophagy substrates, we found that a 

ubiquitinated form of TNIP1 accumulated when lysosomal acidification was blocked, 

suggesting that TNIP1 may be ubiquitinated and degraded by autophagy. In support of our 

observations, accumulation of ubiquitinated TNIP1 was reported in a proteomics screen of 

ATG16L1 deficient macrophages infected with Shigella flexneri (Maculins et al., 2021). One 

of the ubiquitinated sites identified is K402, which is the mouse equivalent of human K389, 

which we identified as significantly ubiquitinated in our screen in paper I. We were, however, 

not able to pinpoint the exact importance of this ubiquitination for the turnover of TNIP1. Both 

modified and unmodified TNIP1 accumulated upon lysosomal blockage and mutating the 

identified lysine residues to arginine did not affect the autophagic turnover of TNIP1. TNIP1 

contains several lysines surrounding the ones identified in this screen, and it is possible that the 

E3 ligase responsible for the ubiquitination can target these when i.e. K389 is mutated. We can 

therefore neither exclude nor confirm that ubiquitination of TNIP1 plays a role in TNIP1 

degradation. Ubiquitination of TNIP1 may be involved in the formation of higher order 

structures that are involved in other signaling processes. It is also possible that ubiquitination 

allows for the interaction between TNIP1 and other SLRs, which are known to bind substrates 

through ubiquitin-binding domains (Lamark and Johansen, 2021). Proximity labeling of TNIP1 

by LC3B, TAX1BP1, p62 and NBR1 is reduced upon blockage of protein ubiquitination, which 

indicates that the interaction between these proteins and TNIP1 is mediated by ubiquitination 
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(Zellner et al., 2021). However, it is also possible that these proteins are brought together 

through the binding to other ubiquitinated components.  

Despite the undetermined role of TNIP1 ubiquitination, we were able to establish TNIP1 

as an autophagy substrate. TNIP1 protein is stabilized by the V-ATPase inhibitors 

BafilomycinA1 (BafA1) and ConcanamycinA (ConA), and tandem-tagged TNIP1 showed 

clear formation of red-only dots, showing TNIP1 inside acidic vesicles. Staining for 

endogenous TNIP1, we could observe colocalization with several known SLRs, including p62 

and TAX1BP1, as well as LAMP1, a marker for lysosomes, and LC3, a marker for 

autophagosomes. During this work, other studies have reported possible links between TNIP1 

and autophagy as well. Combining proximity-labeling by SLRs with autophagosome/lysosome 

enrichment to profile for possible cargo of the different SLRs, TNIP1 showed up as a cargo 

candidate for NBR1, NDP52, TAX1BP1 and p62 (Zellner et al., 2021). Furthermore, TNIP1 

was proximity labeled by LC3B and OPTN. However, the authors reported that TNIP1 did not 

show any significant BafA1 stabilization. The cells were treated with BafA1 for 2 hours and 

examined by western blotting, which in our experience may be too short a time to see a 

significant increase for TNIP1, which was also suggested by the authors (Zellner et al., 2021).  

Structurally, TNIP1 carries some resemblance to OPTN, having a UBAN domain, 

coiled-coil domains and, as identified in this study, FIR/LIRs. OPTN has been thoroughly 

demonstrated to act as a TBK1-activated SAR for mitophagy and xenophagy (Ryan and 

Tumbarello, 2018). However, unlike TNIP1, OPTN does not appear to be an autophagy 

substrate upon acute starvation nor localize in Rab5-Q79L positive vesicles (Mejlvang et al., 

2018). Another protein that shares the UBAN domain is NEMO, a pro-inflammatory adaptor 

protein in the NF-κB pathway (Herhaus et al., 2019). Mammalian NEMO has been shown to 

not contain any LIR, while the NEMO homolog in D. melanogaster, Kenny, is a LIR-containing 

autophagy substrate (Tusco et al., 2017). The functional similarities and differences in the 

autophagic degradation of these proteins could shed light on important immune regulatory 

mechanisms.  

Identification of LIRs and FIR in TNIP1 

We identified two LIRs in TNIP1, designated LIR1 and LIR2, and demonstrate that LIR2 

binding to ATG8s is enhanced by the phosphorylation of two adjacent serine residues by TBK1. 

Based on our in vitro studies of human and mouse TNIP1, we determined that LIR2 is the main 

LIR responsible for binding ATG8 proteins. Human LIR1 is disrupted by the presence of a 
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proline in the X2 position of the LIR. Comparison of numerous established LIRs and mutational 

peptide array studies indicate that proline is selected against in the X1 and X2 positions of the 

core LIR (Johansen and Lamark, 2020, Alemu et al., 2012, Wirth et al., 2019). However, mouse 

LIR1 can augment binding to LC3A, in conjunction with an intact LIR2. So, while LIR1 

appears to play a negligible role in human TNIP1, mouse LIR1 may play a more active role in 

ATG8 interaction. Nonetheless, human TNIP1 is, despite the lack of LIR1 cooperation, able to 

bind LC3A more strongly than mouse TNIP1, suggesting that ATG8 binding of human TNIP1 

has been largely restricted to LIR2. This could potentially allow a more targeted regulation of 

the ATG8 interaction by post-translational modifications, for instance by TBK1.  

 In addition to identifying LIRs, we also found that LIR2 in TNIP1 acts as a FIR when 

phosphorylated. Others have also recently reported an interaction between TNIP1 and FIP200 

that is LIR dependent (Le Guerroué et al., 2022, preprint). Several SLRs are reported to contain 

FIRs that overlap with LIRs, including NDP52, p62 and OPTN (Fu et al., 2021, Zhou et al., 

2021, Turco et al., 2019). The phosphorylation-induced interaction between the TNIP1 LIR and 

FIP200 is reminiscent of the OPTN LIR, which upon phosphorylation shows both enhanced 

binding to LC3 proteins, and interaction with the C-terminal region of FIP200 (Wild et al., 

2011, Rogov et al., 2013, Zhou et al., 2021). For p62, phosphorylation-induced binding to 

FIP200 competes with LC3 binding (Turco et al., 2019). It is possible that there may be a 

competition between LC3 and FIP200-binding by TNIP1 LIR2. Functionally, the overlapping 

LIR and FIR may somehow allow spatiotemporal regulation of these interactions. FIP200 is 

involved in the earlier steps of autophagy, followed by the lipidation of ATG8 proteins (Lamark 

and Johansen, 2021). It was suggested for p62 that the accumulation of lipidated ATG8s in the 

phagophore may outcompete any interaction with FIP200 as the formation of the phagophore 

progresses (Turco et al., 2019). On the other hand, TAX1BP1 and NBR1 are reported to interact 

with FIP200 through the SKICH and CC2 domain, respectively (Turco et al., 2021, Ohnstad et 

al., 2020). These interactions are likely LIR-independent. 

LIR-dependent degradation of TNIP1 upon inflammatory 
signaling 

In paper I, we find that TNIP1 LIR2 is phosphorylated by TBK1 upon TLR3-induced 

inflammatory signaling, which in turn results in the enhanced affinity for ATG8 proteins, and 

increased autophagic degradation of TNIP1. As TNIP1 has previously been shown to be 

involved in negatively regulating the immune response to several types of inflammatory 

stimuli, we examined the response of TNIP1 to TLR3-induced signaling (Gao et al., 2011, 
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Nanda et al., 2011, Dziedzic et al., 2018, Yin et al., 2022). Here, we observed that TNIP1 

protein was degraded upon TLR3-induced signaling, in an ATG7- and LIR-dependent manner. 

Multiplex proteomic profiling of ATG16L1 KO bone-marrow derived macrophages showed 

that TNIP1 accumulates upon induction of TLR4 signaling, suggesting that TNIP1 is normally 

degraded by macroautophagy upon such stimuli (Samie et al., 2018). While the authors did not 

pursue to further verify TNIP1 as an autophagy substrate, it is in support of our findings that 

inflammatory stimuli can induce the degradation of TNIP1 by macroautophagy. This is also 

supported in a recent study, that shows the phosphorylation-induced autophagic degradation of 

TNIP1 upon TLR4 and TLR1/2 signaling in MEFs (Shinkawa et al., 2022). In another recent 

publication, it was shown that TNIP1 is degraded by autophagy in an ATG7- and OPTN-

dependent manner upon induction of senescence, to allow an inflammatory response (Lee et 

al., 2021). The interaction between TNIP1 and OPTN was mapped to be between the AHD4 of 

TNIP1 and a NEMO-like domain of OPTN. In paper II, we were unable to demonstrate in vitro 

interaction between TNIP1 and OPTN, suggesting that there may be other factors involved in 

this interaction, such as post-translational modifications or indirect interaction.  

Instead, we showed that the degradation of TNIP1 upon TLR3 stimuli was induced by 

TBK1-mediated phosphorylation of LIR2, which led to a strong increase in ATG8 binding by 

TNIP1. We observed that TNIP1 formed dots that to a large degree colocalized with active 

TBK1 upon TLR3 activation. Several instances of phosphorylation-based regulation of LIRs 

have been demonstrated (Birgisdottir et al., 2019, Wirth et al., 2021, Zhu et al., 2013, Wu et al., 

2014b, Di Rita et al., 2018, Wild et al., 2011). In the case of SCOC LIR, phosphorylation of a 

serine at the X-2 position of the LIR results in an increased affinity for LC3 family proteins 

(Wirth et al., 2021). Also, TBK1-mediated phosphorylation of the OPTN LIR is demonstrated 

to enhance the affinity for LC3 proteins, which further promotes the autophagic degradation of 

OPTN (Rogov et al., 2013, Wild et al., 2011). This is reminiscent of the effect we observed 

when exchanging the serines in the X-2 and X-3 position with phosphomimic glutamate residues 

in the TNIP1 LIR2. Shinkawa et al. (2022) further report that phosphorylation of LIR1 in mouse 

TNIP1 is responsible for inducing the degradation of TNIP1 upon TLR4 and TLR1/2 activation. 

Whether TBK1 is involved in this process, and whether human TNIP1 LIR1 is also regulated 

by phosphorylation, remains to be determined.  

The possible interaction between phosphorylated TNIP1 LIR2 and FIP200 adds another 

interesting layer of complexity to the function of the LIRs upon inflammatory stimuli. 

Recruitment of FIP200 through direct interaction with certain SARs has been demonstrated as 
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a mechanism for inducing selective autophagy (Fu et al., 2021, Ohnstad et al., 2020, Turco et 

al., 2019, Ravenhill et al., 2019). In several cases, the interaction with FIP200 is promoted by 

TBK1-mediated phosphorylation. Our observations of the interaction between TNIP1 and 

FIP200 raises the possibility that TNIP1 can be involved in initiating autophagy and is 

dependent on phosphorylation of LIR2.  

Role of TNIP1 degradation upon inflammatory stimuli: 
substrate or receptor? 

The presence of LIRs and ubiquitin-binding domains are hallmarks of the members of the SLR 

family of SARs (Lamark and Johansen, 2021). We therefore speculated if TNIP1 is an 

autophagy receptor, or merely an autophagy substrate. Previous studies of TNIP1 indicate that 

it acts negatively on inflammatory signaling by outcompeting other ubiquitin-binding proteins 

to block signal transduction (Shamilov and Aneskievich, 2018). In light of TNIP1 being an 

autophagy substrate, it raises the question of whether autophagy is utilized to regulate TNIP1 

levels and thereby its ability to outcompete other ubiquitin-binding proteins, or if TNIP1 may 

act as a receptor that brings pro-inflammatory components for degradation. The autophagic 

degradation of TNIP1 may also have different functions depending on context and stimuli. 

Several of the identified SLRs were originally studied for their roles in immune 

signaling, prior to them being identified as autophagy receptors (Deretic, 2012). This highlights 

the potential role of selective autophagy in regulating immune signaling. According to 

Shinkawa et al. (2022), TNIP1 acts a receptor that mediates autophagic degradation of the 

Myddosome upon TLR4 and TLR1/2 signaling. We have not yet identified any substrate of 

TNIP1 upon TLR3 signaling, which does not involve the Myddosome and this would be 

important to address in future studies (Yamamoto et al., 2003). The timing of TNIP1 

degradation upon TLR3-signaling prompted us to speculate that the induced degradation of 

TNIP1 occurs to allow establishment of an inflammatory response during the early stages of 

TLR3 activation. The level of TNIP1 protein inversely correlates with the level of TBK1 

activation. As TBK1 is an important mediator of TLR3-signaling, it is possible that TNIP1 is 

degraded to remove the negative effect on signaling. Interestingly, as TNIP1 levels increase 

again at later stages, the activation of TBK1 goes down, while in TNIP1 deficient cells, TBK1 

activity is sustained and increased over time. Inflammatory signaling is often oscillatory, 

displaying peaks of signal activation, followed by reduction due to negative feedback (Tian et 

al., 2005). TNIP1 is established as a late NF-κB activated gene, and its increased expression is 

related to the negative feedback of NF-κB activation (Tian et al., 2005). This could support the 
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hypothesis that autophagy is utilized to limit the amount of TNIP1 in early stages of 

inflammation, followed by an increase in expression at later stages to inhibit signaling. 

Autophagy is generally considered anti-inflammatory, because of its homeostatic roles 

involving removal of damaged organelles such as mitochondria, and invading pathogens 

(reviewed in (Deretic, 2021)). However, we observed that the induction of ISG15 expression 

was delayed upon TLR3 activation in cells expressing LIR1+2 mutant TNIP1, suggesting that 

autophagic degradation of TNIP1 has a pro-inflammatory effect. We have not been able to 

establish if the autophagic turnover of TNIP1 occurs during later stages of signaling, due to the 

induction of TNIP1 expression. If TNIP1 acts as an autophagy receptor, it is possible that its 

expression is induced at later stages to promote the degradation of signaling components to 

prevent sustained inflammatory signaling. This would be important to determine in future 

studies.  

TNIP1 is involved in cell survival upon inflammatory stimuli, yet the details behind the 

regulation are unclear (Oshima et al., 2009, Dziedzic et al., 2018). Signal transduction upon 

inflammatory stimuli involves formation of higher-order protein assemblies, either solid-like 

supramolecular complexes, or liquid-like phase-separated condensates (Xia et al., 2021). Such 

higher-order assemblies are commonly promoted by M1- and K63-linked polyubiquitination of 

proteins to mediate signaling events, including the promotion of cell death (Gentle, 2019, Xia 

et al., 2021). The receptor homotypic interaction motif (RHIM)-containing proteins RIPK3 and 

TRIF play central roles in mediating TLR3-induced cell death, and RIPK1 and RIPK3 promote 

TNF-induced cell death (Kaiser et al., 2013, Annibaldi and Meier, 2018). Interestingly, 

autophagic degradation of supramolecular complexes of RIPK1, RIPK3 and TRIF is involved 

in limiting inflammation-induced cell death (Lim et al., 2019, Gentle et al., 2017). Cells 

deficient of ATG16L1 show accumulation of aggregated RIPK1, RIPK3 and TRIF structures 

upon stimuli of TLR3 and TLR4 and are consequently more sensitive to cell death (Lim et al., 

2019). Of the SLRs tested, TAX1BP1 loss also sensitized cells to cell death, suggesting a role 

for TAX1BP1 in mediating degradation of higher-order immune signaling complexes. TNFα 

can induce cell death through three different TNF receptor (TNFR) complexes designated IIa 

and IIb, inducers of apoptosis; and the necrosome, inducer of necroptosis, depending on stimuli 

and cellular context (Grootjans et al., 2017). In a very recent paper, it was demonstrated that 

autophagy acts as a cell death check-point upon TNFα-induced cell death via complex IIa 

caspase-8 activation (Huyghe et al., 2022). Specifically, the components of the cell death 

inducing TNFR complex IIa, consisting of Fas-associated death domain (FADD), RIPK1 and 
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caspase-8, were degraded through a non-canonical autophagy pathway that is independent of 

ATG8 lipidation and ULK1, but requires ATG9A and the other ULK1 complex components, 

including FIP200 (Huyghe et al., 2022). Interestingly, TAX1BP1 was responsible for mediating 

the degradation, likely through direct recruitment of FIP200 through its SKICH domain. In 

another example of crosstalk between TNF-induced cell death and autophagy, it has been 

shown that ULK1 can directly phosphorylate RIPK1 to prevent TNFR complex IIb and 

necrosome-induced cell death (Wu et al., 2020). Furthermore, induction of TNF-induced 

necroptosis leads to dysregulated fusion of autophagosomes with lysosomes (Wu et al., 2021). 

Interestingly, TAX1BP1 and p62 were still degraded under these conditions, suggesting 

alternative routes to the lysosome than macroautophagy. Altogether, these studies indicate a 

role for both canonical and non-canonical autophagy during inflammation-induced cell death. 

TNIP1 has previously been implicated in preventing excessive TNF-induced apoptosis and 

necroptosis, by targeting both RIPK1 and caspase-8-induced cell death pathways (Dziedzic et 

al., 2018, Oshima et al., 2009). TNIP1 is recruited to RIPK1 via ubiquitin binding and mediates 

the further recruitment of A20 to prevent TNF-induced apoptosis and necroptosis. TNIP1 is 

also demonstrated to prevent caspase-8 recruitment to the TNF death inducing signaling 

complex (Oshima et al., 2009). Considering the emerging role of autophagy in regulating 

inflammatory cell death, the pro-survival role of TNIP1, and that TNIP1 is an autophagy 

substrate of both canonical and non-canonical autophagy, it is tempting to speculate that TNIP1 

may be involved in the autophagic turnover of cell death related components. It would therefore 

be interesting to investigate whether autophagy is involved in the cell-survival function of 

TNIP1, possibly in conjunction with TAX1BP1.  

Whether autophagy plays a role in the functional relationship between TNIP1 and A20, 

is not known. However, there are clues that could indicate that A20 may be an autophagy 

substrate as well. In the profiling of proteins found in autophagosomes-autolysosomes by 

proximity labelling of SARs, A20 was identified as a cargo candidate of NDP52 and p62 

(Zellner et al., 2021). A20 has been reported to localize to lysosomes and mediates the 

lysosomal degradation of TRAF2 (Li et al., 2008, Li et al., 2009). A20 has also been observed 

in p62 bodies (Johansson et al., 2017). In addition, A20 has been linked to the negative 

regulation of autophagy, by deubiquitination of Beclin-1 and ATG9A (Shi and Kehrl, 2010, 

Wang et al., 2022b). If TNIP1 is involved in these processes is not known. It is possible that 

degradation of TNIP1 by autophagy indirectly regulates A20, by affecting its recruitment to 
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inflammatory complexes. Whether A20 plays a role in TNIP1 stability, or vice versa, remains 

to be determined.  

LIR-independent basal degradation of TNIP1 

In paper II, we find that unlike the inflammation-induced turnover of TNIP1, the basal 

degradation of TNIP1 does not require LIRs, ATG8 lipidation or ubiquitin binding. Our results 

support that the basal TNIP1 turnover is mediated primarily by lysosomal degradation. This 

was based on the formation of red-only dots with tandem-tagged TNIP1, and that inhibitors of 

lysosomal acidification led to accumulation of TNIP1 protein, as well as colocalization with 

LAMP1 and LC3. Furthermore, proteasomal inhibitors did not affect TNIP1 stability. However, 

we still observed lysosomal turnover of TNIP1 in ATG7 and ATG16L1 deficient cells. ATG7 

and ATG16L1 are central in the conjugation of ATG8 proteins to PE, which is considered an 

essential step in the process of macroautophagy (Weidberg et al., 2010). This indicates that 

TNIP1 can be delivered to lysosomes by other means than classical macroautophagy. This 

could include CMA and microautophagy, in addition to other less defined processes that go 

under the umbrella term of non-canonical autophagy (Codogno et al., 2012, Wang et al., 2022a, 

Kaushik and Cuervo, 2018). ESCRT proteins have been linked to forms of microautophagy 

(Mejlvang et al., 2018, Liu et al., 2015). Our observation that TNIP1 interacts with TSG101 in 

vitro, as well as the presence of TNIP1 in Rab5-Q79L positive vesicles could suggest 

involvement of microautophagy. The TSG101 interaction occurred through the N-terminal part 

of TNIP1 (1-260). The TNIP family member TNIP2 interacts directly with TSG101 via a 

conserved ESCRT and Alix binding region (EABR) (Banks et al., 2016). However, we did not 

identify any such region when examining the amino acid sequence of TNIP1, suggesting that 

the interaction with TSG101 is different from that of TNIP2. However, further studies are 

required to examine the functional significance of this interaction. Based on our tandem-tag 

assay using deletion constructs of TNIP1, the N-terminal region that binds TSG101 is not 

sufficient for lysosomal degradation.  

The SLR NBR1 contains LIRs and is normally turned over in a LIR-dependent manner 

(Kirkin et al., 2009). However, it was recently shown that in ATG7-deficient cells, NBR1 could 

still be degraded by the help of another SLR, TAX1BP1 (Ohnstad et al., 2020). TNIP1 has 

previously been reported to interact in a complex with TAX1BP1 and A20 in the regulation of 

IRF3 activation by TBK1 and IKKε (Gao et al., 2011). We observed direct in vitro interaction 

between TNIP1 and TAX1BP1 and NBR1, via a region of TNIP1 encompassing the AHD3. 



 

42 

Furthermore, we show that the region encompassing AHD3 can mediate TNIP1 turnover in 

unstimulated cells. This suggests that the ATG8-independent basal turnover of TNIP1 may be 

mediated by similar mechanisms as that of TAX1BP1 and NBR1. However, we cannot exclude 

that several mechanisms are at play during the basal turnover of TNIP1. Loss of TAX1BP1 

alone does not perturb the accumulation of TNIP1 upon BafA1 treatment. It is possible that the 

turnover can involve LIRs and ATG8 conjugation, or be mediated by other SLRs, and that a 

form of non-canonical autophagy mediated by TAX1BP1 can compensate for loss of ATG8 

conjugation. It is also possible that the interaction with FIP200 may play a role in an 

ATG7/ATG16L1/ATG8 deficient setting, while the turnover of LIR mutant TNIP1 (which 

cannot bind ATG8s or FIP200) is mediated by TAX1BP1 and/or other SLRs in ATG8 lipidation 

competent cells. To determine this, one would have to disrupt both pathways. The possibility 

that multiple pathways can lead to TNIP1 lysosomal degradation makes it challenging to 

pinpoint the required components and mechanisms involved. Our results suggest that the AHD3 

region is involved in the lysosomal localization of TNIP1. If this is due to the interaction with 

TAX1BP1 would be relevant to investigate in future studies. For instance, if the interaction 

could be disrupted by a point mutation or a smaller deletion, one could test the ability of such 

a construct to be degraded in lysosomes. Interestingly, we have observed endogenous TNIP1 

clustering around TAX1BP1 positive aggregates which form in ATG8- or FIP200-deficient 

cells (Figure 15). We have not been able to investigate the functional significance of this 

observation, but it supports the presence of an interaction between TNIP1 and TAX1BP1 upon 

impaired macroautophagy.  
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Figure 15: Staining of endogenous TNIP1 (yellow) and TAX1BP1 (purple) in HeLa FlpIn ATG8 

deficient cells (top) and U2OS FIP200 deficient cells (bottom). Scale bar in main image = 10 µm, scale 

bar in crops = 2 µm. Images were taken with Zeiss LSM800, with a 63× NA1.4 oil immersion lens. The 

crop for FIP200 KO cell was acquired using Airyscan, followed by deconvolution.  

The other TNIP family members TNIP2 and TNIP3 do not appear to have LIRs based 

on their amino acid sequences, and it is not known whether they are autophagy substrates. 

However, TNIP3 contains both AHD1 and AHD3, and one may speculate whether TNIP3 can 

undergo similar autophagic degradation as TNIP1. In contrast, TNIP2 lacks the AHD3. 

Whether autophagy can play a role in regulating the function of TNIP2 or TNIP3, either directly 

or indirectly, would be interesting to examine in future studies.  

Evolving selectivity in selective autophagy: NBR1 and TNIP1  

In paper III, we review the autophagy receptor NBR1. Evolutionary analysis suggests that 

NBR1 may be the ancestral soluble SAR, representing the possible origin of selective 

autophagy. A subsequent gene duplication during the development of early multicellular 

organisms (metazoa) likely gave rise to p62 (Svenning et al., 2011). Furthermore, homologs of 

the CALCOCO-family of SARs, with TAX1BP1 most resembling the ancestral gene, also exist 

in primitive metazoans (Tumbarello et al., 2015). Curiously, some species have lost the 

CALCOCO homologs, and this coincides with the loss of the NBR1 gene as well. This is 

potentially interesting considering the central role for TAX1BP1 in mediating lysosomal 

degradation of substrates independent of canonical autophagy, including the degradation of 

NBR1 (Ohnstad et al., 2020, Goodwin et al., 2017). Here, one may speculate if the CALCOCO 

family represents the development of an alternative pathway for autophagic clearance, while 

p62 developed into a central mediator of selective autophagy through canonical 

macroautophagy. It would be interesting to know if ancestral CALCOCO homologs interact 

with NBR1, and can mediate its degradation similar to what has been observed in humans 

(Ohnstad et al., 2020).  

 TNIP1 has been traced to amphioxus, the closest living invertebrate relative of 

vertebrates (Holland et al., 2004, Yuan et al., 2014). The TNIP1 homolog in Branchiostoma 

belcheri tsingtauense was demonstrated to cooperate with amphioxus A20 in targeting NEMO 

for degradation (Yuan et al., 2014). This homolog of TNIP1 shows conservation of the AHD1-

4 and binds ubiquitin via a UBAN - yet this homolog lacks any sequence resembling a classical 

LIR (Yuan et al., 2014). A search for TNIP1 homologs in other amphioxus species reveals that 

B. lanceolatum (NCBI sequence CAH1246196.1), B. floridae (NCBI sequence 
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XP_035669761.1) and B. belcheri (NCBI sequence XP_019619449.1) all have TNIP1-like 

homologs that contain a sequence that resembles the LIR. Interestingly, we found that the TBK1 

phosphorylation sites (S122, S123) of LIR2 in TNIP1 are preserved to cartilaginous fishes, 

which is believed to be the earliest species to develop an adaptive immune system (Flajnik and 

Kasahara, 2010). This could suggest that the regulation of LIR2 by phosphorylation emerged 

as part of the specialization of innate and adaptive immune responses.  

Conclusions 

Determining the mechanisms behind the anti-inflammatory and pro-survival function of TNIP1 

can prove valuable for our understanding of the development of complex autoimmune disorders 

associated with TNIP1 polymorphisms. Here, we show that TNIP1 is an autophagy substrate 

under both basal and inflammatory conditions. Upon inflammatory stimuli, TNIP1 degradation 

by ATG7-dependent macroautophagy is induced by the TBK1-mediated phosphorylation of 

TNIP1 LIR2. We propose that the increased degradation of TNIP1 is to remove the inhibitory 

function of TNIP1 on inflammatory signaling to allow a robust cellular defense against 

infection. It is also possible that TNIP1 acts as a SAR for yet unidentified substrates, which will 

be relevant to address in future studies. Under basal conditions, however, we find that TNIP1 

lysosomal degradation occurs independent of ATG8 lipidation, TNIP1 LIRs/FIR and ubiquitin-

binding. Instead, it appears that TNIP1 turnover is regulated by SLRs. TNIP1 can interact 

directly with TAX1BP1, NBR1 and TSG101, which have been implicated in autophagy 

independent of ATG8-lipidation. While we were unable to determine the exact mechanisms of 

the ATG8-independent turnover of TNIP1, our observations highlight the need to uncover the 

mechanisms behind the alternative routes to the lysosome upon compromised macroautophagy.  
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Methodological considerations 

Cell lines as model systems 

There are many considerations to make when choosing cell lines for cell-based studies. Many 

of the cell biological results presented in this thesis were acquired using HeLa cells, a well-

established model system in cell-based biomedical research. HeLa cells were established in 

1951 from a cervical adenocarcinoma from the patient Henrietta Lacks (Lucey et al., 2009). In 

the many decades since, HeLa cells have been extensively used in biomedical research across 

the world. Because of their wide use, there are consequently many tools based on HeLa cells, 

such as established knockout clones. In both our lab and our collaborators lab, we had several 

established HeLa cell clones available that were deficient of autophagy genes that were relevant 

for our study. Therefore, it was an advantage to establish our methods for studying TNIP1 

degradation in HeLa cells, as we had further tools to study the role of autophagy in this 

response.  

However, another consequence of the wide use of HeLa cells globally, is the divergence 

of genetic variants. Being a cancer cell line, HeLa cells have a high level of genetic instability, 

resulting in the accumulation of variations and clonal selection over the decades (Frattini et al., 

2015, Liu et al., 2019). An extensive multi-omics analysis of HeLa variants from different 

laboratories showed that there are indeed significant heterogeneity between HeLa cells 

originating from different labs (Liu et al., 2019). Furthermore, passaging time can influence 

reproducibility, as the cells can accumulate genetic alterations across passages (Liu et al., 2019). 

Therefore, it would be ideal to perform the same experiments in different HeLa variants as well 

as other cell lines to confirm if results are reproducible. For the studies of basal TNIP1 turnover, 

we also used U2OS cells, a human osteosarcoma cell line, where we saw similar results as 

observed for HeLa cells. However, U2OS reportedly show a poor TLR3 response, so we did 

not use this cell line for studying induced TNIP1 degradation (Laredj and Beard, 2011).  

Because TNIP1 is involved in immune signaling, it would be relevant to examine if similar 

TNIP1 degradation occurs in immune cell lines as well. Nonetheless, antiviral signaling through 

TLR3 is an important defense mechanism not only in immune cells, but also in epithelial 

tissues. As is pointed out in paper II, there is also inter-species differences in TNIP1, which is 

also something to consider when using cell lines such as MEFs. 
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CRISPR-Cas9 gene knockout 

For studying TNIP1 mutants, we generated TNIP1 knockout cells using the CRISPR-Cas9 

technology. CRISPR-Cas9 has revolutionized biomedical research since it was established as a 

genome editing tool, as it allows for the permanent silencing of genes (Ran et al., 2013). To 

target the TNIP1 gene specifically, we designed single guide RNAs (sgRNA) using the 

bioinformatics tools made by the Feng Zhang group (Ran et al., 2013). The sgRNAs guide the 

Cas9 enzyme to the target gene sequence, where Cas9 introduces double-stranded cuts in the 

DNA. However, there is a possibility of off-target effects, in which unintended mutations can 

occur in other sites of the genome (Fu et al., 2013). One should also keep in mind that KO cells 

arise from single clones. Within a population of the mother cell line, cells will have varying 

protein expression levels and metabolism, meaning that measured effects in a KO clone could 

instead be a clonal effect. There are several approaches that can be made to avoid the risk of 

off-target effects affecting the interpretation of observed phenotypes: 1) one can validate the 

phenotype using more than one knockout clone, 2) re-introduce the knockout gene to verify 

that the phenotype is reversed, 3) perform whole genome sequencing or sequencing of areas 

identified as having similarity with the sgRNA to identify potential off-target mutations. For 

studying the effects of TNIP1 KO on autophagy flux in paper I, we used two different clones 

to examine the effect of TNIP1 loss on autophagy flux and antiviral signal induction. For 

subsequent reconstitution studies, we decided to focus on a single clone. Here, we saw that 

TNIP1 loss resulted in increased abundance in pro-inflammatory proteins, and reconstitution 

was able to counteract this effect, suggesting it is indeed caused by TNIP1 loss, and not an off-

target effect.  

In vitro interaction studies 

In vitro GST pulldown assays were performed in a candidate screen for interaction partners of 

TNIP1. An advantage with this method is that it is done in a cell-free system and allows for 

detailed biochemical studies of direct interactions between proteins and affinity assessment. On 

the other hand, the fact that it is cell-free could mean bringing together two proteins that may 

in fact never physically meet in a cellular context. For instance, if one protein is always found 

in the cytosol, while the other is confined inside peroxisomes, they may interact in vitro, but 

never actually encounter each other in a physiologically relevant context. Furthermore, specific 

post-translational modifications can be involved in interactions in a cellular context that may 

not occur in vitro, and in vitro translated protein may fold differently than it would within a 

cell. Notably, ubiquitination of proteins has been reported to occur in the rabbit reticulocyte 
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lysate based in vitro translation system used in our studies (Pridgeon et al., 2003). These factors 

could lead to false negative or positive results. Therefore, such in vitro GST pulldown studies 

should ideally be accompanied by other assays that can assess interaction in a cellular context, 

such as immunofluorescent microscopy assessed colocalization, proximity labeling or co-

immunoprecipitation. A drawback with co-immunoprecipitation is that it doesn’t discern direct 

interactions and indirect interactions through complexes. In addition, cell lysis may expose 

proteins that are otherwise confined to separate subcellular compartments. In the case of our 

reported interaction with ATG8 proteins and TAX1BP1, we have observed TAX1BP1 and LC3 

in both immunoprecipitation-based proteomics screens, colocalization between endogenously 

stained proteins by immunofluorescent microscopy, and in vitro GST pulldown. For NBR1, 

TSG101 and FIP200, we have so far only established interaction in vitro, in addition to others 

reporting NBR1 (Van Quickelberghe et al., 2018, Zellner et al., 2021) and TSG101 (Huttlin et 

al., 2021, Luck et al., 2020) from large-scale screens. Future studies will be required to assess 

these interactions in a cellular context.  

Transient and stable protein expression 

To study TNIP1 degradation and effect of mutations and deletions, we utilized both stable and 

transient protein expression. Transient transfection of cells is a simple and fast method, but a 

drawback is that the expression is only temporary, and the protein expression levels are difficult 

to regulate, leading to overexpression compared to endogenous expression of the protein. We 

managed to achieve lower expression levels with stable expression of TNIP1, though the 

expression was still higher than endogenous levels. Furthermore, stably expressed TNIP1 is not 

under the control of its endogenous promoter, so its transcription is not regulated in the same 

way as the endogenous protein. This makes it difficult to assess the long-term physiological 

effects of TLR3-induced signaling on stably expressed exogenous TNIP1, as its expression will 

not be induced in the same way as the endogenous gene.  

Transient transfection was used to express tandem-tagged TNIP1. Here, we observed 

that cells expressing very high levels of mCherry-EYFP-TNIP1, would accumulate TNIP1 in 

large yellow aggregates. To assess red-only dot formation, we therefore selected cells that 

showed lower expression levels. However, we cannot exclude that overexpression itself may 

induce the high levels of TNIP1 turnover observed with this method. Furthermore, the presence 

of two large protein tags (mCherry and EYFP) can potentially affect TNIP1 behavior and 

localization. Another factor to consider is that transient transfection involves introducing DNA 
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into the cell in the form of a plasmid, which can inadvertently be recognized as a PAMP and 

lead to a stress response. Since TNIP1 is involved in responses to immunogenic stimuli, this 

could itself affect the turnover we observe. 

Poly(I:C)-induced TLR3 signaling 

One of the challenges encountered when studying the effect of TLR3-induced autophagic 

degradation of TNIP1, was that many of the inhibitors used to block autophagy also affected 

TLR3 signaling. For instance, the activation of TLR3 in endosomes requires endosomal 

acidification (de Bouteiller et al., 2005), so blocking autophagy with V-ATPase inhibitors such 

as BafA1 and ConA also disrupts TLR3 signaling. Proteolytic cleavage of TLR3 by proteases 

has also been reported to be required for signaling, while others have reported that it is 

important for TLR3 stability and localization, and not essential for signaling (Garcia-Cattaneo 

et al., 2012, Qi et al., 2012). However, we found that inhibition of lysosomal proteases by E64d 

and pepstatin A also disrupted TLR3-signaling. We therefore used several cell lines deficient 

of different autophagy genes to assess the contribution of autophagy on TNIP1 degradation 

upon TLR3 signaling. TLR3 signal induction was determined based on the induction of ISG15 

and CCL5 expression, which are target genes of IRF3 (Lin et al., 1999, Daly and Reich, 1995). 

While ISG15 and CCL5 were each successfully induced in cells deficient of various autophagy 

genes, we cannot exclude that there may be differences in the response of these cells to TLR3 

signaling that could influence the effect observed on TNIP1 degradation. The same can be said 

by the observation that TBK1 inhibition prevents TNIP1 degradation upon TLR3 activation. 

While our data strongly indicate that TBK1 phosphorylates TNIP1 directly, it may be that 

TBK1 activity is necessary to activate other components involved in TNIP1 degradation.  

Western blotting 

Western blotting was employed to determine protein levels under different cellular conditions 

and treatments. Western blotting is a widely used technique, which involves the separation of 

proteins by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed 

by transfer to a nitrocellulose or polyvinylidene fluoride (PVDF) membrane. Proteins are 

subsequently detected using primary antibodies against the protein of interest, followed by 

secondary antibodies containing a probe, for instance horseradish peroxidase or a fluorophore 

(Mahmood and Yang, 2012). The technique involves many steps at which variations or errors 

can occur. Varying techniques for sample preparation, electrophoresis, buffers, transfer 

systems, immunolabeling and detection can all affect the obtained results. Consequently, 
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comparison of results between different labs, individual researchers and even individual 

experiments can sometimes prove challenging.  

Despite these caveats, western blotting is often used as a means for quantifying protein 

levels and achieving statistically significant results. Because of the many variables affecting 

the obtained results by western blotting, it is generally considered a semi-quantitative method 

(Mahmood and Yang, 2012). This means that it allows for relative comparison of protein levels 

within a membrane but does not give an absolute value of protein quantity. Relative protein 

levels are normalized against housekeeping genes. However, the dynamic range of the 

housekeeping genes may differ from the protein of interest, and as a result the amount of protein 

loaded can affect the accuracy of the normalization (Pillai-Kastoori et al., 2020). The method 

used for immunodetection also impacts the reliability of quantification (Mathews et al., 2009). 

In our lab, we have two systems for detection: chemiluminescent and near-infrared detection. 

Chemiluminescent detection is achieved by an enzymatic reaction between a substrate and the 

horseradish peroxidase attached to the secondary antibody. Here, the rate of the reaction, and 

thereby the signal detected, depends on the concentration of substrate and enzyme, and the rate 

is not necessarily linear (Pillai-Kastoori et al., 2020). Uneven distribution of substrate across 

the blot can also affect the signal. Furthermore, highly expressed proteins may result in a too 

strong signal and use up the substrate, thereby “burning” the membrane. Near-infrared detection 

relies on the direct detection of fluorophores and does not require addition of substrate 

(Mathews et al., 2009). Furthermore, it allows detection of two proteins at the same time, by 

using fluorophores with different emission spectra. This reduces some of the variabilities from 

chemiluminescent detection, making the detection more reliable and quantifiable.  

In our lab, near-infrared detection was the standard whenever the goal was to achieve 

quantifiable results. However, we occasionally experienced that some antibodies did not work 

well with this method. When this was the case, chemiluminescent detection was used. In paper 

I, our collaborators used only chemiluminescent detection of western blots. For quantification 

of western blots, at least 3 individual experiments were performed and quantified, to increase 

confidence in the obtained results. However, the values obtained only give an approximation 

of the changes in protein levels, and we cannot exclude that the sources of variation and error 

discussed here, could affect interpretation of results.  
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TBK1 phosphorylation activates LIR-dependent
degradation of the inflammation repressor TNIP1
Jianwen Zhou1*, Nikoline Lander Rasmussen2*, Hallvard Lauritz Olsvik2, Vyacheslav Akimov3, Zehan Hu1, Gry Evjen2,
Stéphanie Kaeser-Pebernard1, Devanarayanan Siva Sankar1, Carole Roubaty1, Pauline Verlhac4, Nicole van de Beck4, Fulvio Reggiori4,5,6,
Yakubu Princely Abudu2, Blagoy Blagoev3, Trond Lamark2, Terje Johansen2, and Jörn Dengjel1

Limitation of excessive inflammation due to selective degradation of pro-inflammatory proteins is one of the cytoprotective
functions attributed to autophagy. In the current study, we highlight that selective autophagy also plays a vital role in
promoting the establishment of a robust inflammatory response. Under inflammatory conditions, here TLR3-activation by
poly(I:C) treatment, the inflammation repressor TNIP1 (TNFAIP3 interacting protein 1) is phosphorylated by Tank-binding
kinase 1 (TBK1) activating an LIR motif that leads to the selective autophagy-dependent degradation of TNIP1, supporting the
expression of pro-inflammatory genes and proteins. This selective autophagy efficiently reduces TNIP1 protein levels early
(0–4 h) upon poly(I:C) treatment to allow efficient initiation of the inflammatory response. At 6 h, TNIP1 levels are restored
due to increased transcription avoiding sustained inflammation. Thus, similarly as in cancer, autophagy may play a dual role in
controlling inflammation depending on the exact state and timing of the inflammatory response.

Introduction
Macroautophagy, hereafter referred to as autophagy, is a pri-
mary cytoprotective process that leads to the removal and ly-
sosomal degradation of non-functional and/or superfluous
cytoplasmic material. Autophagy is a constitutive process but
may also be triggered by various forms of cell stresses
(Mizushima and Levine, 2020). It involves the formation of a
double membrane vesicle known as autophagosome that en-
wraps portions of the cytoplasm, including organelles. The
content of the autophagosome is then targeted for degradation
through the lysosome. Constitutive autophagy is regarded as a
non-selective, bulk process, whereas stress-induced autophagy
is often selective, aiming at removing the causes of stress, e.g.,
depolarized mitochondria in oxidative stress (Youle, 2019). Se-
lective autophagy is carried out either by direct interactions
between cargo and lipidated human ATG8 family members
(MAP1LC3-A, -B, -C, GABARAP, GABARAPL1, GABARAPL2,
commonly referred to as LC3s) that are anchored to autopha-
gosomal membranes or by indirect interactions in which so-
called selective autophagy receptors (SARs) tether cargo to
LC3s (Johansen and Lamark, 2020). Cargo and receptors are then
both degraded within lysosomes (Morishita and Mizushima,
2019). p62/SQSTM1, which is considered the founding member

of the protein class of p62/SQSTM1-like receptors (SLRs),
recognizes poly-ubiquitinated proteins/organelles destined
for lysosomal degradation through its ubiquitin-associated
(UBA) domain and interacts with lipidated LC3s through its
LC3-interacting region (LIR) motif (Johansen and Lamark,
2020; Pankiv et al., 2007). SLRs are involved in the selec-
tive, autophagy-dependent degradation of a highly diverse
set of substrates (Zellner et al., 2021).

The limitation of deleterious inflammatory responses is one
of the cytoprotective functions attributed to autophagy (Deretic
and Levine, 2018). The link between autophagy and tissue in-
flammation became obvious by genome-wide association studies
that identified ATG16L1 as susceptibility locus for Crohn’s disease
(Hampe et al., 2007). Since then several autophagy loci have
been linked to inflammatory and autoimmune disorders
(Mizushima and Levine, 2020). The selective degradation of
inflammasome components, e.g., by p62/SQSTM1, is among the
best-understood functions of autophagy in limiting tissue in-
flammation (Deretic and Levine, 2018; Samie et al., 2018).
However, autophagy was also shown to support unconventional
secretion of the pro-inflammatory cytokine IL1B (Dupont et al.,
2011; Zhang et al., 2015), which argues for a fine-tuned and
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balanced role of autophagy in regulating inflammatory
responses.

TNIP1 (also known as ABIN-1, Naf1, and VAN) is a ubiquitin-
binding adaptor protein that has been implicated as a negative
regulator of inflammatory signaling and cytokine-induced cell
death (Dziedzic et al., 2018; Gao et al., 2011; Oshima et al., 2009;
Su et al., 2019; Zhou et al., 2011). Interestingly, recent studies
linked TNIP1, either as cargo or as receptor, to autophagy-
dependent protein degradation (Shinkawa et al., 2022). Selective
autophagy-dependent degradation of TNIP1 through interac-
tion with the SLR optineurin (OPTN) was reported, supporting
senescence-associated inflammation (Lee et al., 2021). While
TNIP1 itself shows no catalytic activity, its ability to bind linear
polyubiquitin chains through its Ub-binding domain in ABIN
proteins and NEMO (UBAN) is important for its anti-
inflammatory function (Nanda et al., 2011; Wagner et al.,
2008). A number of studies suggest that TNIP1 exerts its nega-
tive function by recruiting the ubiqutitin-editing enzyme
TNFAIP3 (also known as A20) to polyubiquitinated targets
(Dziedzic et al., 2018; Gao et al., 2011; Mauro et al., 2006).
However, the exact mechanism behind this negative regulation
is not completely understood. Furthermore, TNIP1 shows activ-
ity independent of TNFAIP3 (Kattah et al., 2018; Oshima et al.,
2009). The importance of TNIP1 as an anti-inflammatory signal
transducer is highlighted by numerous studies implicating TNIP1
dysregulation in autoimmune disorders (Shamilov and
Aneskievich, 2018). Uncovering the molecular function and dy-
namics of TNIP1 could, therefore, be valuable in understanding
the mechanisms behind such complex disorders.

In the current study, we characterize TNIP1 as an autophagy
substrate, which is selectively degraded at an early stage (0–4 h)
under inflammatory conditions. We highlight that TNIP1 fulfills
the structural characteristics of an autophagy receptor with an
oligomerization domain, a ubiquitin-binding domain, and an LIR
motif. Upon TLR3 activation, TNIP1 is phosphorylated by TBK1
on LIR proximal serine residues to increase binding to LC3s.
Hence, TNIP1 is selectively degraded by autophagy in order to
promote a competent initiation of pro-inflammatory signaling.

Results
TNIP1 is ubiquitinated and degraded within lysosomes
To identify new proteins potentially involved in autophagy
regulation or autophagosomal targeting, we screened ubiquiti-
nation dynamics by quantitative mass spectrometry (MS)-based
proteomics. U2OS and HeLa cells were differentially labeled by
stable isotope labeling by amino acids in cell culture (SILAC),
and autophagy was induced by inhibiting MTORC1 by rapamy-
cin. In parallel, lysosomal degradation was blocked by con-
canamycin A (ConA), an inhibitor of lysosomal V-type ATPase
(Klionsky et al., 2021). Respective cell lysates were mixed, pro-
teins digested with the endoprotease LysC and ubiquitinated
peptides were enriched using the UbiSite approach followed by
MS-based identification and quantification (Akimov et al., 2018;
Fig. 1 A). We identified more than 9,000 ubiquitination sites, of
which more than 2,000 were quantified in minimally three bi-
ological replicates and could be localized clearly to specific

amino acid residues (class I sites, Fig. 1 B and Table S1; Olsen
et al., 2006). These sites were used for further analyses. Com-
paring abundance changes of ubiquitination sites of cells treated
with rapamycin with cells treated with rapamycin and ConA,
148 sites were identified as significantly regulated; the majority
being more abundant in cells in which lysosomal degradation
was inhibited by ConA (paired t test, FDR < 0.05, Fig. 1 C). As
anticipated, we identified many proteins involved in autopha-
gosomal biogenesis and target recruitment. Importantly, four
central SLRs, p62/SQSTM1, NBR1, CALCOCO2/NDP52, and
TAX1BP1 (Johansen and Lamark, 2020), were identified as being
increasingly ubiquitinated (Fig. 1 C), indicating that our exper-
imental strategy was successful.

One protein that caught our attention was TNIP1/ABIN-1,
which was identified as significantly ubiquitinated on the amino
acid residue Lys389 (Fig. 1 C). TNIP1 is a key repressor of in-
flammatory signaling (Shamilov and Aneskievich, 2018), and
posttranslational mechanisms regulating its protein abundance
are largely unknown. In a reverse affinity purification (AP), we
used U2OS-StUbEx cells inducibly expressing 6xHis-FLAG-tag-
ged ubiquitin (Akimov et al., 2014), treated cells with rapamy-
cin, or starved for amino acids with and without ConA and used
Ni-NTA beads to enrich ubiquitinated proteins. Anti-TNIP1
immunoblotting validated the MS findings and characterized
TNIP1 as increasingly ubiquitinated in cells in which lysosomal
degradation was inhibited (Fig. 1 D and Fig. S1 A).

As only a fraction of TNIP1 appeared to be ubiquitinated, we
investigated whether ubiquitination of Lys389 is necessary for
lysosomal targeting of TNIP1. We performed site-directed mu-
tagenesis and analyzed the stability and ubiquitination of wild-
type (TNIP1WT) and respective TNIP1 variants. Next to Lys389,
we also mutated the neighboring residue Lys371, which we
identified in two out of the three SILAC experiments. The
blockage of lysosomal degradation led to the accumulation of
modified and non-modified variants of TNIP1, indicating that
ubiquitination is not decisive for lysosomal degradation (Fig. S1
B). In addition, arginine-variants did neither exhibit alterations
in their global ubiquitination pattern nor in their stability, in-
dicating the presence of additional ubiquitination sites, which
agrees with database entries (Fig. S1, B–F). Together, these re-
sults indicate that non-ubiquitinated and multi-ubiquitinated
variants of TNIP1 accumulate upon the blockage of lysosomal
acidification and that TNIP1 may be an autophagy substrate. Due
to its importance in inflammation, we decided to study the
regulation of TNIP1 protein abundance in more detail.

TNIP1 is degraded by autophagy
Because the blockage of lysosomal degradation by ConA led to an
accumulation of non- and ubiquitinated TNIP1 variants, we ex-
amined whether TNIP1 is degraded by autophagy and whether
proteasomal degradation also contributes to regulating TNIP1
protein abundance under basal conditions. TNIP1 behaved
similarly as p62/SQSTM1 under basal and mTORC1 inhibited
conditions using Torin-1, while the inhibition of lysosomal
acidification by ConA led to a significant accumulation of TNIP1
protein, inhibition of the proteasome byMG132 did not (Fig. 2, A
and B). Furthermore, confocal immunofluorescent imaging
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showed endogenous TNIP1 accumulation upon Bafilomycin A1
(BafA1), another V-type ATPase inhibitor, treatment (Fig. S2).
Importantly, under these conditions TNIP1 colocalized with LC3-
positive structures, which also strongly overlapped with p62/
SQSTM1. Using airyscan super-resolution confocal microscopy,
we found that TNIP1 is located inside LAMP1- and LC3-positive
structures in untreated cells, and that TNIP1 is accumulated
within these structures upon BafA1 treatment (Fig. 2 C). Another
way to test for lysosomal degradation is using a tandem tag
autophagy flux reporter system (Pankiv et al., 2007), in which

TNIP1 is fused to a tandem mCherry-EYFP tag. While EYFP is
sensitive to low pH and therefore quickly loses its fluorescence
in acidic lysosomes, the mCherry tag is rather stable under these
conditions. In neutral cytosol, both tags of mCherry-EYFP-TNIP1
will be visible, while in lysosomes, only the mCherry-tag will
fluoresce and appear as red-only dots. Transient transfection of
mCherry-EYFP-TNIP1 did indeed lead to the formation of many
red-only dots per cell, supporting the notion that TNIP1 ends up
in lysosomal structures (Fig. 2 D). Taken together, this suggests
that TNIP1 is degraded by autophagy under basal conditions as

Figure 1. Ubiquitination and lysosomal degradation of TNIP1. (A) MS workflow to quantify ubiquitination sites potentially involved in autophagy-
dependent lysosomal protein degradation. U2OS and HeLa cells were SILAC labeled and treated for 4 h with 100 nM rapamycin (Rapa), Rapa and 2 nM
concanamycin A (ConA), or DMSO as control. After mixing of lysates, proteins were digested with Lys-C endoproteinase and ubiquitinated peptides were
enriched using the UbiSite approach (Akimov et al., 2018). Enriched peptides were digested with trypsin, followed by high-pH reversed phase fractionation
(Batth and Olsen, 2016) and shotgun LC-MS/MS analysis. (B) Detected ubiquitination sites. In three biological replicates, 9,183 ubiquitination sites were
identified of which 8,969 were quantified. (C) Volcano plot highlighting significantly regulated ubiquitination sites. Significantly regulated sites comparing Rapa
with Rapa + ConA treated cells are highlighted in dark grey (n = 3, paired two-sided t test, FDR < 0.05, S0 = 0.1, 148 sites in total; see Table S1). Data
distribution was assumed to be normal but this was not formally tested. Non-regulated sites are colored in light gray. Sites identified on known autophagy
receptors are colored in red exemplifying data quality. The newly identified site on TNIP1, K389, is highlighted in bold red. (D) TNIP1 gets ubiquitinated and
degraded in the lysosome. U2-OS-StUbEx cells inducibly expressing His-FLAG-tagged ubiquitin at endogenous levels were used to enrich ubiquitinated proteins
(Akimov et al., 2014). Under control conditions as well as under 4 h 100 nM rapamycin treatment TNIP1 got ubiquitinated as shown by anti-TNIP1 immunoblots.
Ubiquitinated TNIP1 was stabilized by the addition of concanamycin A indicating its lysosomal degradation in treated and nontreated cells. The same was
observed for starved cells (HBSS treatment; see Fig. S1). Actin was used as loading control. Note: Due to the design of the experiment and the used gels, the
molecular weight marker (PageRuler Plus, #26619; Thermo Fisher Scientific) and the Rapa+/ConA+ sample were run in the same lane. In the respective source
data, an additional replicate is shown in which samples ran separately. Source data are available for this figure: SourceData F1.
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Figure 2. TNIP1 is degraded by autophagy. (A) U2OS cells were treated with 1 μM Torin-1 for 4 h; proteasomal or lysosomal degradation were inhibited by
10 μM MG132 or 2 nM ConA, respectively. Under fed conditions (DMSO) and in Torin-1 treated cells blockage of lysosomal acidification led to a significant
increase of TNIP1 protein abundance. Shown are representative blots of three biological replicates. (B) Quantification of blots shown in A (n = 3). * = P < 0.05,
** = P < 0.01, *** = P < 0.001 unpaired, two-sided t test compared to DMSO treated samples. Error bars indicate SEM. (C) Confocal images showing
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well as upon Torin-1 treatment, with proteasomal protein deg-
radation playing a negligible role.

Next, we aimed to characterize the molecular events that led
to autophagosomal recruitment of TNIP1. We immunoprecipitated
HA-tagged TNIP1 and performed an MS analysis of its inter-
actome. This screen identified a number of autophagy-related
proteins as possible TNIP1 interactors, including p62/SQSTM1,
TAX1BP1, OPTN, and TBK1 (Fig. 3, A and B and Table S2). The
former two, p62/SQSTM1 and TAX1BP1, were also identified by
MS as enriched in IPs of endogenous TNIP1 under basal con-
ditions (Fig. S3 A). The interaction with p62/SQSTM1 was also
observed by immunoprecipitation followed by Western blot-
ting (Fig. 3 C). In ATG101 KO, FIP200 KO, and pentaKO HeLa
cells (which do not express the SLRs p62/SQSTM1, NBR1,
NDP52, TAX1BP1 and OPTN [Sarraf et al., 2020]) TNIP1 no
longer showed stabilization upon lysosomal blockage (Fig. 3, D
and E). This was also true for single KOs of p62 and OPTN (but
not TAX1BP1), which also showed a reduction in TNIP1 abun-
dance upon lysosomal blockage (Fig. S3, B and C). Taken to-
gether, this suggests that more than one SLR is mediating the
basal autophagic turnover of TNIP1. The staining of endogenous
TNIP1 in U2OS cells showed an increase in the number of TNIP1
puncta (Fig. 3, F and G) and increased colocalization between
TNIP1 and the SLRs p62/SQSTM1, TAX1BP1, and NDP52 upon
BafA1 treatment (Fig. 3 H). Thus, under basal conditions, TNIP1
interacts with SLRs, which target TNIP1 to autophagosomes for
lysosomal degradation. To further investigate the basal turno-
ver, we analyzed the autophagic flux using mCherry-EYFP-
TNIP1 in U2OS cells KO for FIP200, ATG9, ATG7, and ATG16L1.
As quantified in Fig. 3 I, FIP200 and ATG9 KO cells showed little
to no red-only dots. This is consistent with the importance of
these proteins in both ATG7-dependent and -independent au-
tophagy (Goodwin et al., 2017). ATG7 and ATG16L1 KOs showed
reduced formation of red-only dots, but not a complete loss,
indicating that there may also be ATG7-independent degrada-
tion of TNIP1 under basal conditions. Altogether, these results
suggest that autophagic degradation of TNIP1 under basal
conditions is aided by SLRs, and that this turnover may be
both ATG7-dependent and -independent.

TNIP1 interacts with human ATG8 family proteins through
LIR motifs
Having established that TNIP1 colocalizes with several SLRs
and is degraded by autophagy, we aimed to examine whether
TNIP1 may also function independently of SLRs in autophagy.
TNIP1 contains coiled-coil domains for oligomerization and a
ubiquitin-binding UBAN domain similar to that of OPTN,

which preferentially binds K63- and M1-linked polyubiquitin
chains (Fig. 4 A; Herhaus et al., 2019; Wagner et al., 2008).
TNIP1 only needs an LIR motif interacting with ATG8 proteins
to be able to function as a SAR itself. Hence, we performed a
peptide array screen for potential LIR motifs in human TNIP1.
The peptide array, containing overlapping 20-mer peptides of
TNIP1 moved by increments of three amino acids to cover the
636 amino acids full-length sequence, was probed with GST-
GABARAP and revealed two potential LIRs in TNIP1, with core
sequences 83-FDPL-86 and 125-FEVV-128, respectively (Fig. 4
B). The N-terminal region harboring these LIR motifs is
missing in the two other TNIP family members, TNIP2 and -3.
Of these two candidates, only LIR2 is conserved in the evo-
lution of vertebrates down to cartilagous fishes, while LIR1 is
only conserved down to marsupials and is not found in
platypus (Fig. 4 C). LIR2 also has acidic- and phosphorylatable
residues flanking the core LIR motif, making it a very strong
candidate for a functional LIR that could be positively regu-
lated by phosphorylation (Johansen and Lamark, 2020; Wirth
et al., 2019). LIR1 has a proline within the core motif which is
usually inhibitory to binding to the ATG8s (Alemu et al., 2012;
Johansen and Lamark, 2020). We then further tested the in-
teraction between TNIP1 and the six human ATG8 family
proteins by GST-pulldown assays. GST and GST-tagged hu-
man LC3 and GABARAP proteins were used to pull down
in vitro translated wild-type TNIP1. Here, we observed that
TNIP1 bound very well to several of the human ATG8s, with
the strongest interaction being with LC3A, LC3B, GABARAP,
and GABARAPL1, and weak binding to LC3C and GABARAPL2
(Fig. 4, D and E). To test whether any of the two potential LIRs
identified in the peptide array scan were responsible for this
interaction, we mutated the conserved aromatic- and hydro-
phobic residues in each core LIR sequence to alanine, namely,
F83A/L86A and F125A/V128A (Fig. 4 C). GST-pulldown assays
with these mutants revealed that the F125A/V128A mutations
in LIR2 strongly reduced the interaction between TNIP1 and
the GST-ATG8s, while the F83A/L86A mutations in LIR1 had
either no or a very minor effect compared to mutating LIR2
alone (Fig. 4, D and E). We also tested the influence of LIRs for
in vivo interactions of TNIP1 with LC3s using HeLa cells ex-
pressing HA-TNIP1 variants by performing anti-HA affinity
purifications (APs) followed by anti-LC3A/B Western blots
(Fig. 4, F and G). In agreement with the in vitro observations,
TNIP1 with both LIR motifs mutated (mLIR1+2) interacted
significantly weaker with LC3A/B in vivo. Thus, TNIP1 fulfills
all structural characteristics of being an SLR, with LIR2 being
the motif mainly responsible for binding to ATG8s.

colocalization between endogenous TNIP1, LAMP1 and LC3 in U2OS cells treated for 5 h with either BafA1 or vehicle DMSO. Cells were immunostained against
endogenous TNIP1 (yellow), LAMP1 (cyan), and LC3 (purple) and imaged by Airyscan using the Zeiss LSM880 confocal microscope. Inserts highlight TNIP1
localized in LAMP1- and LC3-positive structures. Due to BafA1 treatment leading to accumulation of the immunostained proteins, signal intesities in the DMSO
image have been increased relative to the BafA1 treated image during post-processing. Scale bars are 5 µm for the airyscan images and 1 µm for the inserts.
(D) U2OS cells were transiently transfected with either mCherry-EYFP or mCherry-EYFP-TNIP1. 24 h after transfection, cells were either left untreated or
treated with BafA1 for 4 h. BF = bright field. Scale bars, 20 µm. Quantification of red-only TNIP1 dots over total TNIP1 dots was done using Volocity software
(PerkinElmer), with intensity cut-offs based on BafA1 intensity of red and green dots (n = 3). Around 2,000–3,000 dots were counted for each condition within
each replicate. * = P < 0.05, unpaired, two-sided t test. Error bars indicates SD. In B and D, data distribution was assumed to be normal, but this was not
formally tested. Source data are available for this figure: SourceData F2.
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Figure 3. TNIP1 localizes to p62 bodies. (A) HA-TNIP1 affinity purification (AP)-MS highlights its interaction with autophagy receptors. HeLa cells expressing
HA-TNIP1 and vector control cells (ctrl.) were differentially SILAC-labeled and anti-HA APs were performed under basal conditions, followed by quantitative MS
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TNIP1 does not affect basal autophagy flux
We next asked whether TNIP1 was capable of regulating au-
tophagy flux. For this, we compared the levels of several known
SLRs as well as the ratio of LC3-I and II under basal and star-
vation conditions in WT HeLa and two TNIP1 KO clones. The
ratio of LC3-I and LC3-II was not affected by TNIP1 KO, and
neither was the conversion upon starvation by HBSS, suggesting
that TNIP1 does not affect autophagic flux under the tested
conditions (Fig. 5, A and B). With the exception of OPTN, the
basal protein levels of several SLRs and their degradation upon
starvation were also unaffected by TNIP1 KO. However, the
basal protein levels of OPTN were elevated in both TNIP1 KO
clones, indicating that OPTN might be involved in a compen-
satory response. Indeed, we identified an upregulation of OPTN
mRNA in TNIP1 KO clones (Table S3).

As SLRs are themselves autophagy substrates, and as loss of
TNIP1 was shown to lead to increased inflammatory signaling
(Shamilov and Aneskievich, 2018), we next asked if loss of TNIP1
in our cell systems also led to an increase of pro-inflammatory
proteins. Comparing gene expression by RNAseq and protein
abundance by SILAC-based proteomics between WT and TNIP1
KO HeLa cells, we indeed observed an upregulation of a number
of genes involved in inflammatory signaling in TNIP1 KO cells on
mRNA and protein level, including TNFAIP3, ISG15, and GBP1
(Fig. 5, C and D; and Table S3). This was confirmed by gene set
enrichment analyses (GSEA), which highlighted an activation of
the inflammatory response in TNIP1 KO cells at both mRNA and
protein level (Fig. 5, E and F). At the mRNA level, we identified
several chemokines which were more abundant in TNIP1 KO
cells, CCL5 being themost differentially regulated gene (Table S3
B). The upregulation of single proteins was also observed by
Western blot analysis and was at least in part due to changes at
the transcriptional level (Fig. 5, G and H). Importantly, re-
expression of TNIP1 blunted this effect confirming that it was
indeed the absence of TNIP1 that led to the observed changes of
the respective proteins. The LIR motifs did not affect this re-
sponse under basal conditions as expression of TNIP1-mLIR1+2
led to the same consequences as TNIP1-WT (Fig. 5 I). Taken
together, whereas TNIP1 seemed not to affect autophagy flux
under basal conditions, its loss led to an increased abundance of

pro-inflammatory proteins, indicating that selective autophagy
may contribute to the tuning of inflammatory signaling by
regulating TNIP1 protein levels. Thus, in this context, TNIP1 is a
bona fide autophagy substrate whose protein level is critical for
the regulation of inflammatory signaling.

Pro-inflammatory signaling induces LIR-dependent,
autophagic degradation of TNIP1
So far, we characterized TNIP1 as a constitutive autophagic
cargo as we did not observe changes in autophagosomal re-
cruitment and lysosomal degradation based on the metabolic
status of cells. To test whether inflammatory signaling could
lead to specific effects, we treated cells with the double-stranded
RNA mimic poly(I:C), which mimics viral infection and elicits a
TLR3 signaling response (Glavan and Pavelic, 2014). After 4 h of
poly(I:C) treatment, we observed a significant decrease in en-
dogenous TNIP1 levels, followed by an increase after 6 h (Fig. 6,
A and B). Parallel to the observed decrease of TNIP1, an increase
in pro-inflammatory proteins like ISG15 and the chemokine
CCL5 was observed (Fig. 6 A and Fig. S4 A). The decrease of
TNIP1 was dependent on canonical autophagy, as loss of ATG7,
ATG101, and FIP200 inhibited the response, but independent of
SLRs, as loss of the SLRs p62/SQSTM1, NBR1, NDP52, TAX1BP1,
and OPTN in a pentaKO cell line did not inhibit the response
(Fig. 6, A and B). In agreement, lysosomal inhibition by ConA
could block this decrease in WT and pentaKO cells but had no
effect on the autophagy incompetent cell lines (Fig. S4 B). Pro-
teasomal inhibition by MG132 did not stabilize TNIP1 levels in
any of the cell lines (Fig. S4 B). The observed increase at 6 h of
treatment is due to transcriptional upregulation of TNIP1 (Fig. 6
C). Hence, TNIP1 is itself specifically targeted to autophago-
somes under poly(I:C) treatment. Confocal imaging showed that
upon poly(I:C) treatment in WT cells, endogenous TNIP1
changes from being mostly diffuse to forming dots in the cyto-
plasm (Fig. 6, D and E). The formation of TNIP1 dots in response
to poly(I:C) was also observed in ATG7- and pentaKO cells
(Fig. 6, D and E). In ATG7 KO cells, there was an increased
amount of TNIP1 dots already at the basal level, which increased
even further upon poly(I:C) treatment. In pentaKO cells, we
observed an increased diffuse TNIP1 staining of cells at the basal

analyses (n = 3). Proteins that were significantly enriched in minimum two out of three replicates are highlighted in red (P < 0.05, BH corrected). Proteins with
known functions in autophagy and inflammation are annotated. (B) TNIP1 interactome. STRING DB was used to highlight the TNIP1 interactome identified in A
(Szklarczyk et al., 2019). Thickness of edges indicate confidence of interaction. (C) TNIP1 interacts with p62/SQSTM1. Anti-HA affinity purifications followed by
Western blot analyses were performed to test for HA-TNIP1-p62/SQSTM1 interactions as identified in A in basal (DMEM), stress conditions (amino acid
starvation, HBSS) and after rapamycin (Rapa) treatment each for 4 h. EV, empty vector. (D and E) TNIP1 is degraded in an autophagy- and SLR-dependent
manner. Shown are representative blots of three biological replicates. HeLaWT cells, ATG101 KO cells, FIP200 KO cells and PentaKO cells were treated with 10
μMMG132 or 2 nM ConA for 4 h. TNIP1 abundance was significantly increased in ConA-treated HeLa WT cells, while treatment had no effect in HeLa ATG101
KO, FIP200 KO, and pentaKO cells. E shows quantifications of D (n = 3). * = P < 0.05, unpaired, two-sided t test. Error bars indicates SEM. (F) U2OS cells were
treated with either vehicle (DMSO) or BafA1 for 5 h and stained for endogenous TNIP1 (green) together with either endogenous p62, NDP52 or TAX1BP1.
Representative images are shown. Colocalization between TNIP1 and respective SLRs are indicated by arrowheads. Scale bars, 10 µm. (G)Quantification of the
average number of TNIP1 puncta per cell imaged in F (>40 cells analyzed for each condition within each replicate [n = 3]). ** = P < 0.01, unpaired two-sided
t test. Error bars indicate SD. (H) Quantification of percent TNIP1 puncta colocalizing with the indicated SLRs in F (>40 cells analyzed for each condition within
each replicate [n = 3]). *** = P < 0.001, ** = P < 0.01, * = P < 0.05, unpaired, two-sided t test. Error bars indicate SD. (I) Transient transfection of mCherry-
EGFP-TNIP1 in WT U2OS cells and indicated KO cell lines. The graph bars indicate the percentage of transfected cells containing >5 red-only puncta indicative
of autophagic degradation. Each graph bar shows the mean value from three separate transfections (n = 3, >100 cells counted per transfection, unpaired, two-
sided t test). Error bars indicate SD. In E and G–I, data distribution was assumed to be normal, but this was not formally tested. Source data are available for
this figure: SourceData F3.
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Figure 4. TNIP1 interacts with human ATG8 family proteins through a LIR motif. (A) Schematic drawing of the domain architecture of TNIP1, showing
possible LIRs. (B) Peptide array of 20-mer peptides covering full length TNIP1 was used to probe for possible LIRs, using GST-GABARAP. (C) Amino-acid
sequence alignment showing conservation of the core consenesus LIRs in TNIP1 across species. TNIP1 amino acid sequences were collected from UniProt, and
multiple sequence alignment performed with Clustal Omega. Asterisk (*) indicates fully conserved residues; colon (:) indicates conservation between groups of
strongly similar properties (>0.5 Gonnet PAM 250 matrix); and a period (.) indicates conservation between groups of weakly similar properties (0–0.5 Gonnet
PAM 250 matrix). Mutated residues for the LIR mutants (mLIR1 and mLIR2) are shown in red. (D) In vitro GST-pulldown assay using 35S-labeled myc-TNIP1,
myc-TNIP1-F83A/L86A (mLIR1), myc-TNIP1-F125A/V128A (mLIR2) and myc-TNIP1-F83A/L86A/F125A/V128A (mLIR1+2) against recombinant GST and GST-
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level likely reflecting an increase in basal protein levels. Upon
4 h stimulation with poly(I:C) TNIP1 puncta increased also in
pentaKO cells similarly as in ATG7 KO cells. Taken together, our
data suggest that neither ATG7 nor SLRs are required for poly(I:
C)-induced TNIP1 aggregation into dots. However, ATG7, but not
SLRs, is necessary for TNIP1 degradation upon poly(I:C)
stimulation.

Because our data suggested that TNIP1 is degraded specifi-
cally by autophagy upon poly(I:C) exposure, we investigated
whether this was LIR-dependent. To this end, we observed that
in cells reconstituted with HA-TNIP1-WT, 6 h of poly(I:C)
treatment led to a significant decrease in TNIP1 levels, while we
did not observe this decrease in cells expressing HA-TNIP1-
mLIR1+2 (Fig. 6, F and G; and Fig. S4 C). ISG15 levels anti-
correlated with HA-TNIP1 levels confirming the inhibitory role
of TNIP1 in regulating ISG15 expression (Fig. 6, F and G; and Fig.
S4 A). Importantly, the relative increase of ISG15 was signifi-
cantly higher in HA-TNIP1-WT compared to HA-TNIP1-mLIR1+2
expressing cells, supporting the interpretation that LIR-dependent
degradation of TNIP1 is critical for a stimulus- and time-dependent
expression of pro-inflammatory genes. Note that the time-
dependent increase of endogenous and exogenous TNIP1 after
prolonged poly(I:C) treatment differed, indicating a long-term
transcriptional and/or translational regulation next to the ob-
served short-term autophagy-dependent effects (Fig. 6, F and G;
and Fig. S4 D). TNIP1 expression has previously been shown to
be transcriptionally regulated by NF-κB, making it likely that
prolonged poly(I:C) treatment can lead to the increased expres-
sion of TNIP1 (Tian et al., 2005). To further test the LIR-
dependent recruitment of TNIP1 to autophagosomes under
poly(I:C) treatment, we performed anti-GFP-LC3B IPs followed
by anti-TNIP1 Western blotting. In these IP experiments, we
observed a poly(I:C)-dependent increase in interaction of TNIP1
with LC3B in TNIP1 KO cells reconstitutedwithWTTNIP1, which
was significantly reduced in KO cells reconstituted with
TNIP1-mLIR1+2 (Fig. 6 H). Thus, pro-inflammatory signaling as
exemplified by poly(I:C) treatment appears to lead to the specific,
LIR-dependent degradation of TNIP1 by autophagy.

TBK1 positively regulates LIR-dependent interaction of OPTN
with LC3B by phosphorylating the LIR motif of OPTN (Wild
et al., 2011). In addition, TBK1 is an important mediator of
TLR3-inducd antiviral signaling (Louis et al., 2018). Since we
identified TBK1 as a possible interaction partner of TNIP1 (Fig. 3
A), we tested whether TBK1 also plays a role in selective TNIP1
degradation. Indeed, confocal imaging showed that upon poly(I:
C) treatment in WT cells, several of the observed endogenous
TNIP1 dots colocalized with phosphorylated (Ser172), i.e., active,
TBK1 (Fig. 7 A). Poly(I:C) treatment also led to a time-dependent
activation of TBK1 as indicated by phosphorylation of Ser172

(Fig. 7 B). Interestingly, loss of TNIP1 led to an increased acti-
vation of TBK1 indicating a feedback regulatory mechanism.

With the TBK1-mediated regulation of the OPTN LIR in mind,
we used MS-based phosphoproteomics to study whether TBK1
can phosphorylate serine and threonine residues located
N-terminal to the core LIR sequence FEVV of LIR2 in TNIP1
(Fig. 4 C). Due to the surrounding amino acid sequence, we could
not follow the standard workflow of bottom-up proteomics ex-
periments using trypsin to generate respective peptides. In-
stead, we performed a multi-protease digestion protocol using
Elastase or ProAlanase to generate optimal sequence coverage
(Eisenhardt et al., 2016; Samodova et al., 2020). We were able to
identify and quantify two phosphopeptide species which were
phosphorylated within the TSS motif just in front of LIR2 (Fig. 7
C). Comparing cells treated or not with poly(I:C) and/or the
TBK1 inhibitor MRT67307 clearly indicated that TBK1 phos-
phorylates TNIP1 in a stimulus-dependent manner (Fig. 7 C). To
determine whether TNIP1 is a direct target of TBK1, we per-
formed in vitro kinase assays and could recapitulate the in vivo
observations characterizing TNIP1 as a bona fide TBK1 substrate
(Fig. 7 D). To test the effect of phosphorylations of the evolu-
tionary conserved S122 and S123 residues N-terminal to the core
LIR motif (Fig. 4 C), we analyzed the binding of the phospho-
mimicking S122E/S123E TNIP1 mutant to ATG8 family proteins
by GST pulldown. Strikingly, the phosphomimicking mutant
displayed strongly increased binding to all ATG8 proteins. The
binding increase was particularly evident for LC3B (3.4-fold),
LC3C (4.4-fold) and GABARAPL2 (5.8-fold; Fig. 7 E). Finally, we
tested the effects of poly(I:C) treatment and TBK1 inhibition on
TNIP1-LC3B interaction by GFP-LC3B IP. Inhibition of TBK1 led
to a decreased interaction of TNIP1-WT with GFP-LC3B indi-
cating that TBK1-dependent phosphorylation of the TNIP1 LIR
motif was responsible for the observed increased interaction
between LC3 and TNIP1 (Fig. 7 F). In agreement, pharmacological
and genetic inhibition of TBK1 led to a stabilization of TNIP1
under poly(I:C) treatment, i.e., interfered with its stimulus-
dependent degradation (Fig. 7, G and H). Thus, whereas SLRs
appear to support autophagy-dependent, basal turnover of
TNIP1, activation of its LIR motif by TBK1 induces its selective,
autophagy-dependent removal, supporting the mounting of a
transcriptional program to induce a robust inflammation re-
sponse (Fig. 8).

Discussion
Autophagy is largely regarded as a cytoprotective, anti-
inflammatory response ensuring cell and organismal homeosta-
sis (Deretic, 2021; Deretic and Levine, 2018). Several autophagy
loci have been linked to genetic predispositions for chronic

tagged human ATG8s. Bound myc-TNIP1 WT and LIR mutants were detected by autoradiography (AR). (E) Quantification of GST-pulldown from D. 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. (F) LIR
mutation impacts in vivo interaction with LC3A/B. Anti-HA AP of cells expressing HA-TNIP1WT and HA-TNIP1mLIR1+2 were performed followed by Western blot
against indicated proteins. LIR mutation reduced the interaction between TNIP1 and LC3A/B. (G) Quantification of blots exemplified in panel F (n = 3). Error
bars indicate SEM. ** = P < 0.01, unpaired, two-sided t test. In E and G, data distribution was assumed to be normal, but this was not formally tested. Source
data are available for this figure: SourceData F4.
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Figure 5. Loss of TNIP1 leads to an increase in inflammatory proteins. (A) Loss of TNIP1 does not alter autophagy flux under basal and starvation
conditions. TNIP1 knock out HeLa cells generated by CRISPR/Cas9 were used to study its effect on autophagy. Wild-type HeLa cells and the two TNIP1
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inflammatory and autoimmune diseases. This indicates that the
lack of removal of damaged organelles may indirectly promote
tissue destabilizing pro-inflammatory signaling. Autophagy
may also contribute on a direct molecular level to limit exces-
sive inflammatory signaling, e.g., by the selective degradation
of inflammasome components by SARs, such as p62/SQSTM1
(Shi et al., 2012). Furthermore, by removing other endogenous
pro-inflammatory sources including damaged organelles and
components from viral and bacterial infections, SARs play an
important role in anti-inflammatory responses (Deretic, 2021).
The pro-inflammatory functions of autophagy were so far
limited to its contribution to interleukin secretion and to
senescence-associated inflammation (Dupont et al., 2011; Lee
et al., 2021; Zhang et al., 2015). In the current article, we
highlight that the role of autophagy in inflammation appears to
be more complex than anticipated and that both processes ap-
pear to be more intimately intertwined on a molecular level.

As TNIP1 has no reported enzymatic activity itself, it was be-
lieved that its functions in inflammation were directly linked to its
interaction with TNFAIP3 (also known as A20), a ubiquitin-editing
enzyme that contains both ubiquitin ligase and deubiquitinase
activities and that was shown to negatively interfere with NF-κB
signaling (Shamilov and Aneskievich, 2018; Song et al., 1996).
Several recent studies, however, indicate that TNIP1 itself may
function as a key repressor of inflammatory signaling, its dysre-
gulation being linked to hyperinflammatory diseases like psoriasis
(Nair et al., 2009), systemic lupus erythematosus (Gateva et al.,
2009), systemic sclerosis (Allanore et al., 2011), and senescence
(Lee et al., 2021). TNIP1 is thus a potential target for the design of
anti-inflammatory therapeutics. It has also been suggested that
TNIP1 can function by out-competing other pro-inflammatory
mediators for polyubiquitin binding, thereby negatively affecting
inflammatory signaling (Shamilov and Aneskievich, 2018).

Whereas single nucleotide polymorphisms were shown to
alter TNIP1 expression and microRNAs to decrease TNIP1 mRNA
levels (Shamilov and Aneskievich, 2018), posttranslational
mechanisms regulating TNIP1 protein abundance are largely
unknown. We and others localized TNIP1 to autophagosomes,
but did so far not address underlying mechanisms and pheno-
typical consequences (Mejlvang et al., 2018; Shinkawa et al.,
2022; Zellner et al., 2021). In the current study, we corrobo-
rate observations that TNIP1 can be regarded as a substrate for
constitutive autophagosomal degradation. We did not identify
changes in autophagy-dependent lysosomal degradation under
fed and starved conditions, as well as under blocked mTORC1

signaling. The association of TNIP1 with SLRs and its colocali-
zation with p62 bodies and LC3 puncta further supports this
interpretation, indicating that ubiquitination of TNIP1 and direct
protein-protein interactions lead to SLR-dependent lysosomal
degradation (Fig. 8). Indeed, we could show that TNIP1 was still
ubiquitinated even after mutating the two ubiquitination sites
identified in this study. This is in agreement with www.
phosphosite.org, which lists 11 ubiquitination sites of TNIP1,
Lys389 being one of them (Akimov et al., 2018). In addition, also
non-modified TNIP1 could be stabilized by lysosomal inhibition.
Thus, TNIP1 appears to be constitutively degraded by autophagy,
the role of ubiquitination being not entirely clear.

Interestingly, this changes under inflammatory conditions.
Poly(I:C) treatment led to SLR-independent, selective removal of
TNIP1 by autophagy dependent on its LIR motif. This suggests
the existence of distinct TNIP1 pools within cells: non-modified
TNIP1, phosphorylated and/or ubiquitinated TNIP1 (Fig. 8). This
interpretation is supported by the observation that TNFAIP3
appeared to not be degraded by autophagy in a poly(I:C)-de-
pendent manner, indicating that the pool of TNIP1 which in-
teracts with TNFAIP3 under these conditions is also spared from
degradation (see Fig. S4 A). The time-dependent regulation of
TNIP1 protein levels indicates that autophagy-dependent deg-
radation within the first 4 h of poly(I:C) treatment contributes to
the establishment of a robust inflammatory response. At 6 h,
TNIP1 levels rise again due to transcriptional upregulation
starting already at 4 h. This regulation occurs to prevent ex-
cessive inflammatory signaling, which may lead to cell and tis-
sue damage. In light of the model suggesting that TNIP1 can
compete with pro-inflammatory proteins for ubiquitin binding
(Shamilov and Aneskievich, 2018), it is possible that TNIP1 is
degraded during the early stages of TLR3-activation to prevent
this competition. The subsequent increase in TNIP1 at later
stages of the signaling response could then be to outcompete
other pro-inflammatory mediators in order to limit excessive
signaling. In a recent study, OPTN was characterized as a direct,
ubiquitination-independent binding partner of TNIP1 contrib-
uting to the specific, autophagy-dependent degradation of TNIP1
in senescent cells (Lee et al., 2021). The pathway characterized
by us is different as TNIP1 degradation under inflammation
conditions appears as SLR-independent (Fig. 8). OPTN and
TNIP1 appear to function in parallel and to be positively linked
on the transcriptional level since TNIP1 KO led to an upregula-
tion of OPTN mRNA and protein levels, potentially in a com-
pensatory fashion.

knockout clones denoted KO1 and KO2were kept in either fed or starved (HBSS) conditions and treated with either vehicle (DMSO) or BafA1 for 8 h. Blots were
probed for several known SLRs as well as LC3. (B) Quantification of blots shown in A (n = 3). Error bars indicate SD. (C) Loss of TNIP1 leads to an increased
transcription of inflammatory genes. Fold changes of RNA and protein intensities of TNIP1 KO and WT cells were compared. Shown are average values of two
KO clones compared to WT cells (n = 3 per cell type for RNAseq; n = 5 per cell type for proteomics). Genes that were significantly regulated on RNA and protein
level are highlighted in red (P < 0.01). Genes linked to immune effector processes and interferon-stimulated genes are annotated. (D) Protein-protein in-
teractions of significantly regulated proteins. Proteins highlighted in red in C were analyzed on known interactions using STRING DB (Szklarczyk et al., 2019).
Interactions between 17 proteins were identified, of which 13 are linked to stress response (marked in red). Thickness of edges indicate confidence of in-
teraction. (E and F) Gene set enrichment analysis of significantly dysregulated mRNAs and proteins identifies an increased transcription and translation of
genes involved in inflammation. NES denotes normalized enrichment score. (G–I) TNIP1 represses translation of pro-inflammatory gene products. Whereas
knockout of TNIP1 led to an increased abundance of indicated inflammatory proteins (G), which is likely due to transcriptional changes (H, n = 3, error bars
indicate SEM), re-expression of TNIP1WT or TNIP1mLIR1+2 blunted this phenotype (I). Source data are available for this figure: SourceData F5.
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Figure 6. Poly(I:C) stimulation induces LIR-dependent, specific degradation of TNIP1 by autophagy. (A) Poly(I:C) treatment leads to time-dependent
changes in TNIP1 abundance. Poly(I:C) stimulation leads to an autophagy dependent and SLR independent decrease of TNIP1 abundance within the first 4 h as
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The canonical core LIR motif has the consensus sequence
W/F/Y-X1-X2-L/I/V. The W/F/Y and the L/I/V occupy two hy-
drophobic pockets of the LIR docking site (LDS) of ATG8 family
proteins. Additionally, acidic residues N-terminal, within and
C-terminal, to the core motif, as found in the main LIR2 of
TNIP1, increase binding affinity to the LDS which has a largely
basic surface surrounding the two hydrophobic pockets (re-
viewed in Johansen and Lamark, 2020). The presence of serine
or threonine residues N-terminal to the core motif which can be
phosphorylated to increase the acidic nature of the LIR is a neat
strategy for a switchable LIR-LDS interaction. It has been shown
for a number of SARs, including OPTN and several mitophagy
receptors, that phosphorylation of N-terminal residues flanking
the core LIR enhances the LIR-LDS interaction (Di Rita et al.,
2018; Rogov et al., 2017; Wild et al., 2011; Wu et al., 2014; Zhu
et al., 2013). This is also found for Beclin1, VPS34, and SCOC LIR-
ATG8 interactions (Birgisdottir et al., 2019; Wirth et al., 2021). In
the case of OPTN, the LIR-proximal phosphorylation is mediated
by TBK1, leading to the enhanced binding of OPTN to LC3 (Wild
et al., 2011). In this study, we show that upon TLR3-activation,
TNIP1 is phosphorylated at residues N-terminal to its main LIR-
motif. Similar to OPTN, TNIP1 phosphorylation N-terminal of
LIR2 enhances the interaction of TNIP1 with human LC3B. In
vitro, phosphomimic S122E/S123E mutations of TNIP1 led to a
strong increase in the binding to all of the human LC3 and
GABARAP proteins, further supporting that LIR2 of TNIP1 is
regulated by phosphorylation. Whether phosphorylation also
influences the ubiquitination status of TNIP1 is currently not
known, and a potential crosstalk between the two PTMs will
have to be addressed in future studies.

During revision of our article, TNIP1 was reported as a po-
tential SLR acting in the lipopolysaccharide (LPS)- and TLR1/
TLR2-dependent degradation of MYD88 and IRAK1 (Shinkawa
et al., 2022). In contrast to our data, this group reported LIR1 of
murine TNIP1 as being responsive to TLR1/TLR2 activation by LPS
(Shinkawa et al., 2022). In another very recent study, TNIP1 was
shown to negatively interfere with mitophagy by interfering with
ULK1 complex dynamics (Le Guerroue et al., 2022 Preprint). In
accordance with our results, these authors reported that LIR2
mutation abolished all binding to ATG8 proteins, while LIR1 mu-
tations had no effect on binding. As we noted, LIR2 is conserved in
vertebrate evolution down to cartilagous fishes, while LIR1 is only
conserved down to marsupials (Fig. 4 A).

Our results strongly suggest that TBK1 is responsible for
phosphorylation of the LIR2 proximal TSS motif. TBK1 is an
important kinase in response to innate antiviral signaling. Upon
TLR3-activation, TBK1 gets activated through TRIF and TRAF3
leading to the phosphorylation and activation of IRF3 and in-
duction of type I interferons (Louis et al., 2018). TRIF itself may
undergo autophagy-dependent degradation (Gentle et al., 2017;
Inomata et al., 2012; Lim et al., 2019; Samie et al., 2018). How this
anti-inflammatory effect of autophagy is coordinated with the
described pro-inflammatory acting degradation of TNIP1 will be
an interesting question to address in the future studies. TBK1 is
also implicated in the regulation of autophagy and is known to
phosphorylate several autophagy proteins (Oakes et al., 2017). It
is possible that TBK1 promotes TNIP1 degradation in order to
ensure the efficient activation of downstream interferon sig-
naling. Our results indicate that TNIP1 may rely on the other
SLRs for its basal turnover in unstimulated cells, but upon TBK1
activation in response to innate immune stimuli, the selective
degradation of TNIP1 is promoted (Fig. 8). Interestingly, TNIP1
fulfills all characteristics of a SAR, having a UBD, LIR motif, and
coiled-coil regions supporting multimerization. TLR1/2-induced
degradation of TNIP1 was shown to mediate the degradation of
MYD88 and IRAK1 (Shinkawa et al., 2022). Whether TLR3-
activation leads to selective TNIP1-dependent degradation of
specific cargo proteins will have to be addressed in future
studies. The knockout of TNIP1 resulted in a basal increase in the
expression and protein levels of several pro-inflammatory
genes, even in the absence of pro-inflammatory signaling. This
suggests that TNIP1 may have a role in preventing the induction
of an inflammatory response even in untreated cells. Whether
this is caused by TNIP1-mediated selective degradation of pro-
inflammatory-mediators or -complexes will also be important to
address in future studies.

Taken together, we identified TBK1-dependent phospho-
rylation sites immediately N-terminal to the core LIR motif
of TNIP1 that lead to its selective degradation by autophagy
under inflammatory conditions. Autophagy may contribute
to the establishment of a potent inflammatory response be-
fore it limits excessive cytotoxic inflammatory signaling.
Thus in addition to cancer, inflammation is another condi-
tion in which autophagy may have a dual role either sup-
porting or inhibiting underlying processes depending on the
exact cell state and timing.

indicated by a block of degradation in ATG101, FIP200 and ATG7 KO cells. Autophagy receptors appear to have a minor influence as degradation still occurs in
pentaKO cells. (B) Quantification of blots shown in A (n = 3). Error bars indicate SEM. * = P < 0.05, ** = P < 0.01, *** = P < 0.001 unpaired, two-sided t test
compared to 0 h values of respective cell lines. (C) After 2–4 h of poly(I:C) treatment TNIP1 transcription is significantly upregulated. Bar diagrams show
quantification of three biological replicates (n = 3), error bars: SEM. * = P < 0.05, ** = P < 0.01, *** = P < 0.001; unpaired, two-sided t test. (D) Representative
immunofluorescent images showing endogenous TNIP1 response to poly(I:C) in WT, ATG7 KO, and pentaKO. Cells were either left untreated or treated with 5
µg/ml poly(I:C) for 4 h. Scale bar = 10 µm. (E) Quantification of images shown in D, error bars indicate SEM. * = P < 0.05, unpaired two-sided t test.
(F and G) The degradation of TNIP1 depends on functional LIR motifs. TNIP1WT is degraded in a time-dependent fashion after poly(I:C) stimulation. The double
LIR mutant TNIP1 (LIR1+2, TNIP1mLIR) is spared from degradation. Note: Protein amounts of TNIP1 and ISG15 correlate inversely. Due to ectopic expression of
TNIP1 variants regulation based on transcriptional/translational control as shown in A is lost. E shows quantification of blots exemplified in D (n = 3). Error bars
indicate SEM. * = P < 0.05, unpaired, two-sided t test. KO1 cells were used for reconstitution. (H) Poly(I:C) induces a LIR-dependent interaction with LC3.
Indicated HeLa cells expressing GFP-LC3 were used for anti-GFP AP. Cells expressing TNIP1mLIR do not exhibit an increased interaction between TNIP1 and
GFP-LC3 after poly(I:C) treatment, in contrast to cells expressing TNIP1WT. KO1 cells were used for reconstitution. In B, C, E, and G, data distribution was
assumed to be normal, but this was not formally tested. Source data are available for this figure: SourceData F6.
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Figure 7. Poly(I:C) stimulation induces TBK1-dependent, specific degradation of TNIP1 by autophagy. (A) Immunofluorescence images showing co-
localization between TNIP1 and pTBK1 upon poly(I:C) treatment. Cells were either left untreated or treated with 5 µg/ml poly(I:C) for 4 h, and subsequently
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Materials and methods
The reagents, antibodies, and plasmids used in this study are
listed in Tables S4, S5, and S6, respectively.

Cell culture and cell treatments
HeLa cells and HEK293T cells were obtained from ATCC. U2OS
cells were obtained from ECACC. StUbEx U2OS cells were a gift

from Blagoy Blagoev (Department of Biochemistry and Molec-
ular Biology, University of Southern Denmark, Odense, Den-
mark; Akimov et al., 2014). HeLa CCL2.2, HeLa CCL2.2 ATG7 KO
cells, and HeLa CCL2.2 pentaKO cells were a gift from Richard
J. Youle (National Institutes of Health, Bethesda, MD; Sarraf
et al., 2020). HeLa p62 KOs have been described previously
(Abudu et al., 2021). All cells were maintained in Dulbecco’s

stained for endogenous TNIP1 and pTBK1. Colocalization between TNIP1 and pTBK1 is indicated by arrowheads. Quantification of TNIP1 dots colocalizing with
pTBK1 was done using Volocity software (PerkinElmer). Around 160–220 cells were counted for each condition in each independent experiment (n = 3). * = P <
0.05, unpaired two-sided t test. Error bars indicate SD. Scale bar in overview image is 10 µm, and scale bar in insert is 2 µm. (B) Time-course effect of poly(I:C)
treatment on TBK1 activation and TNIP1. Representative blot and the corresponding quantification of the relative pTBK1 over total TBK1 levels are shown.
(C and D) TBK1 phopshorylates TNIP1 N-terminal of LIR2. (C) In vivo phosphoproteomics using Elastase or ProAlanase as proteolytic enzymes identified
indicated phosphopeptides. The single phosphorylation site could not be unambiguously localized to one of the three amino acid residues highlighted in red.
Inhibition of TBK1 blocked the respective phosphorylation event (n ≥ 3). (D) In vitro kinase assay using purified TBK1 and TNIP1 coupled to phosphoproteomics
indicates that TBK1 directly phosphorylates TNIP1 on one of the amino acid residues highlighted in red. * = P < 0.05, unpaired two-sided t test. Error bars
indicate SEM. (E) In vitro GST-pulldown assay using 35S-labeled myc-TNIP1 and myc-TNIP1-S122E/S123E against recombinant GST and GST-tagged human
ATG8s. Bound myc-TNIP1 WT and S122E/S123E was detected using autoradiography (AR). Quantification and fold change of n = 3, * = P < 0.05, ** = P < 0.01,
*** = P < 0.001; unpaired two-sided t test. Error bars indicate SD. (F) The interaction between TNIP1 and LC3B is regulated by TBK1. GFP-LC3B is purified using
GFP trap beads. Bound TNIP1 is deteced by Western blot. Inhibition of TBK1 by MRT67307 negatively regulates the poly(I:C)-dependent interaction of TNIP1
with LC3. KO1 cells were used for reconstitution. (G) Inhibition of TBK1 negatively interferes with poly(I:C)-dependent degradation of TNIP1. Western blots of
whole cell lysate indicate TNIP1 stabilization by TBK1 inhibition. Actin was used as loading control (n = 3). Error bars indicate SEM. ** = P < 0.01, unpaired, two-
sided t test. (H) TBK1 KO negatively interferes with poly(I:C)-dependent degradation of TNIP1. Western blots of whole cell lysate indicate TNIP1 stabilization by
TBK1 KO in two independent cell lines. Tubulin was used as loading control (n = 3). Error bars indicate SD. ** = P < 0.01, unpaired, two-sided t test. In A, C, D, E,
G, and H, data distribution was assumed to be normal, but this was not formally tested. Source data are available for this figure: SourceData F7.

Figure 8. Model of TNIP1 regulation. Under basal, unstimulated conditions (left panel), TNIP1 functions as a negative regulator of inflammatory signaling and
is subject to constitutive autophagic degradation through interaction with autophagy receptors such as p62/SQSTM1. Upon poly(I:C)-induced activation of
TLR3 (right panel), activated TBK1 phosphorylates TNIP1 in the vicinity of its LIR, increasing TNIP1 affinity for human LC3 and GABARAP proteins. This, in turn,
leads to a LIR-dependent increase in TNIP1 degradation through selective autophagy. The removal of TNIP1 relieves the negative effect on inflammatory
signaling, allowing the establishment of a robust inflammatory response upon antiviral signaling.
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modified Eagle’s medium (DMEM) supplemented with 10% fetal
calf serum, 2 mM L-glutamine, and 100 U/ml penicillin/strep-
tomycin. For starvation experiments, cells were incubated with
Hanks’ Balanced Salt solution (HBSS) for the indicated times.
Cells were treated with 100 nM rapamycin, 200 nM bafilomycin
A1, 5 µg/ml Concanamycin A, 20 µg/ml cycloheximide, or 10 μM
MG132, for the indicated time periods. For SILAC, cells were
grown for >14 d in SILAC DMEM supplemented with dialyzed
fetal calf serum, 2 mM L-glutamine, 100 U/ml penicillin, and
“light” (12C6

14N2-Lysine and 12C6
14N4-Arginine), “medium” (D4-

Lysine and 13C6-Arginine), or “heavy” (13C6
15N2-Lysine and

13C6
15N4-Arginine) stable isotope-labeled amino acids. For tran-

sient DNA transfection, subconfluent cells were transfected
using TransIT LT1 transfection reagent according to the manu-
facturer’s instructions.

Plasmid constructs
Plasmids used in this study are listed in Table S4. Cloning into
pDest-vectors was performed using the Gateway cloning system
(Invitrogen). QuickChange site-directed mutagenesis kit (Stra-
tagene) was used to create desired point mutations, which were
verified by DNA sequencing (BigDye Sequencing kits, Applied
Biosystems). Oligonucleotides for mutagenesis and sequencing
were from Invitrogen. TNIP1 cDNAwas obtained from Genscript
(NM_001252390), TNIP1 LIR mutation fragment was synthe-
sized by IDT gBlocks Fragments (Integrated DNA Technologies).
TNIP1 and TNIP1_mLIR were cloned into pDONR201 and pLenti
CMV Blast DEST (706-1) by Gateway recombination cloning
according to manufacturer’s instructions. All plasmid constructs
were verified by sequencing (BigDye; Applied Biosystems) and/
or restriction digestion.

Generation of knockout (KO) and stable cell lines
The TNIP1 KO cells were generated by CRISPR/Cas9-mediated
genome-editing tools provided by the F. Zhang laboratory
(Broad Institute, MIT, Boston, MA). A target sequence in exon
twenty of human TNIP1 was selected (sgTNIP1-1, 59-CGTACC
GGATCTACGACCCT-39; sgTNIP1-2, 59-GGCCCTGGAGTTCAA
CCGAC-39; sgTNIP1-3, 59-CACCCGACAGCGTGAGTACC-39). The
sgRNA oligos were cloned into the Bbs1 site of hSpCas9 plasmid.
Lipofectamine LTX and Plus reagent (15338100; Invitrogen)
were used to transfect hSpCas9-sgRNA into HeLa cells according
to the manufacturer’s instructions. Cells were selected with
2 μg/ml puromycin for 2 d and single cells were isolated by serial
dilutions. TNIP1 deficiency was screened by immunoblotting.

CRISPR knockout of FIP200 and ATG101 in HeLa cells was
performed using sgRNAs cloned into the plasmid pX330-U6-
Chimeric_BB-CBh-hSpCas9 (#42230; Addgene): ATG101, 59- ACC
AGAAGAAGAAGTCTCGC-39 and 59- GTTATCCACCTCCGACTG
TG-39; FIP200, 59-GTAGTTTTAGGAATAGCAGG-39. CRISPR
plasmids and pEGFP-puromycin plasmid were co-transfected in
HeLa cells using lipofectamine LTX reagent (15338030; Thermo
Fisher Scientific), according to manufacturer’s instructions. 24-h
post-transfection, co-transfected cells were selected in culture
medium supplemented with 3 μg/ml puromycin (Invivogen,
ant-pr-1). Efficiently transfected cells were isolated to generate
clonal lineages by single-cell cloning in 96-well plates; colonies

were all evaluated for KO efficiency by Western blotting against
the targeted protein. The sgRNAs were designed using CHOP-
CHOP CRISPR/gRNA algorithm (Labun et al., 2019).

Generation of HeLa CCL2.2 cells KO for OPTN and TAX1BP1
and HeLa KO for TBK1 was carried out as described previously
(Abudu et al., 2021). The following gRNAs were used: sgOPTN:
59-CCCACGAGAACAGTCTCCAC-39, sgTAX1BP1: 59-AGACCTGCA
TACTGCACGCT-39, sgTBK1: 59- AACGTGGATGTACTTTAGGG-
39.

For generation of stable cell lines, lentiviral vectors were co-
transfected with packaging (psPax2) and envelope plasmids
(pMD2.G) in HEK293T cells using jetPRIME reagent (Polyplus
transfection). Medium was changed to fresh DMEM 15 h after
transfection. After 24 h incubation, the supernatant was har-
vested by filtration through 0.22-μm filter. Polybrene (8 µg/ml)
was added before infection of recipient cells. To obtain stable cell
lines, infected cells were cultured in the presence of 5 μg/ml
blasticidin for 1 wk and monitored by immunoblotting.

Enrichment of ubiquitinated peptides
Ubiquitinated peptides were purified according to Akimov et al.
(2018). Triple SILAC labeled U2OS and HeLa cells were treated
with DMSO, Rapa, and Rapa + ConA. Cells were washed twice
with cold PBS and lysed with 12 ml lysis buffer (8 M guanidine-
HCl, 25 mM ammonium bicarbonate [ABC], pH 8.5). The lysates
were sonicated to reduce viscosity and cleared by centrifugation
at 15,000 RCF for 30min. Protein concentration was determined
by BCA protein assay kit (23225 and 23227 Pierce), and the same
amount of proteins of each label were mixed. Proteins were
reduced with 2 mM DTT for 30 min at room temperature and
alkylated with 11 mM chloro acet amide in the dark for 30min at
room temperature. The concentration of guanidine-HCl was
diluted to 2 M with 25 mM ammonium bicarbonate and filtrated
with low binding 0.45-µm PVDF filters (Millipore). The Lys-C
endopeptidase was added at a 1:100 enzyme-to-protein ratio to
digest proteins at room temperature overnight. The peptide
mixture was cleaned and purified using C18 cartridges (WA-
TERS) and lyophilized for 24–36 h. The lyophilized peptides
were dissolved in 12 ml of IAP buffer (50 mM MOPS, pH 7.2,
10 mM sodium phosphate, 50 mM NaCl, pH 7.5–8.0) plus 0.1%
Triton X-100. Dissolved peptides were spun down and passed
through low binging 0.45-µm PVDF filters and incubated with
500 μl of UbiSite conjugated matrix for 5 h at 4°C. The Ubisite
matrix was washed three times with IAP buffer without deter-
gent and three times with 150 mM NaCl. After the third wash,
the matrix was transferred to a small Poly-Prep column (Bio-
RAD). Enriched peptides were eluted with 250 μl 0.1% TFA three
times, and each time incubated for 5 min. The eluted peptides
were pooled and neutralized with 1 M ABC buffer to a final
concentration at 25mM, followed by trypsin digestion overnight
at 37°C. The fractionation of tryptic peptides was performed as
described previously (Akimov et al., 2018). The resulting pep-
tides were lyophilized and cleaned by STAGE-tips.

Enrichment of ubiquitinated proteins by StUbEx
StUbEx U2OS cells were induced with doxycycline for 48 h and
treated with Rapa and lysosomal degradation was blocked with
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ConA. The cells were washed with cold PBS and lysed with
binding buffer (6 M Guanidinium-HCl, 50 mM Na2HPO4/
NaH2PO4, pH 8.0, 500 mM NaCl, 5 mM imidazole). Sample
viscosity was reduced by sonication followed by centrifugation
at 11,000 RCF for 30 min at room temperature. Protein con-
centration was determined by BCA assay. Ubiquitin conjugates
were purified by cOmplete His-tag purification beads (Roth) for
4 h at room temperature, followed by washes with binding
buffer and washing buffers 1–3 (WB1—8 M Urea, 50 mM
Na2HPO4/NaH2PO4, pH 8.0, 500 mM NaCl, 0.1% Triton-X-100;
WB2—same asWB1 but with 0.2% Triton X-100;WB3 -8MUrea,
25 mM Tris, pH 8.0, 150 mM NaCl). The ubiquitin conjugates
were finally eluted with three times elution buffer (150 mM
NaCl, 50 mM Tris, pH 8.0, and 300 mM imidazole).

Immunoblotting
For immunoblot analysis, treated cells were harvested and lysed
in modified RIPA buffer supplemented with 2% SDS and 0.1%
benzonase Nuclease or 1× SDS buffer (50 mM Tris, pH 6.8, 2%
SDS, and 10% glycerol). For cells harvested in modified RIPA
buffer, lysates were centrifuged for 15 min at 11,000 RCF. For
cells harvested in 1× SDS buffer, lysates were incubated at 100°C
for 10 min. Protein concentration was measured using Pierce
BCA Protein Assay Kit. Quantified cell lysates or AP elutes were
either reduced with 2 mM DTT at 75°C for 10 min or 100 mM
DTT at 100°C for 10 min and resolved on SDS-PAGE gels. Pro-
teins were transferred to a PVDF or nitrocellulose membrane,
and subsequently prepared for either fluorescent or chemilu-
minescent detection. For fluorescent detection, membranes
were blocked in Intercept (PBS or TBS) Blocking Buffer, fol-
lowed by overnight incubation at 4°C with primary antibody.
Membranes were subsequently washed 4× in PBS or TBS con-
taining 0.1% Tween (PBS-T/TBS-T), followed by incubation with
secondary antibody diluted in Intercept Blocking Buffer. After
4× wash in PBS-T/TBS-T, a final wash was carried out in PBS/
TBS without Tween. Fluorescent signal was detected using
LiCOR Odyssey CLx imaging system. Chemiluminescent detec-
tion: membranes were blocked in either 5% milk or 5% bovine
serum albumin in PBS-T or TBS-T, followed by incubation with
primary antibody. Membranes were washed 3–4× in PBS-T/
TBS-T followed by incubation with secondary antibody. After
3–4× washes in PBS-T/TBS-T, membranes were developed using
SuperSignal West Pico Chemiluminescent Substrate on GE Fu-
jifilm LAS4000 Luminescent image analyzer or Odyssey Fc reader
(LI-COR Biosciences-GmbH). The densitometry of immuno-
blotting was performed by either ImageJ (National Institutes of
Health) or ImageStudio software (LI-COR Biosciences-GmbH).

Immunofluorescence staining and confocal
fluorescence microscopy
For imaging, cells were grown on #1.5 round 12-mm coverslips
(#631-0150; VWR) for immunofluorescence staining or 8-well
Lab-Tek chamber coverglass for double-tag analysis (#155411;
Thermo Fisher Scientific), and fixed with 4% formaldehyde in
PBS for 30 min. For immunofluorescence staining, cells were
washed 3× with PBS and then permeabilized with either 0.1%
Triton X-100 in PBS for 10 min, or ice-cold methanol for 10 min.

Next, cells were washed 5× with PBS or TBS, and blocked for 1 h
in 5% BSA in PBS or TBS. Subsequently, cells were incubated
with primary antibodies diluted in 1% BSA in PBS or TBS for
1–2 h at room temperature. After 5× wash in PBS or TBS, cells
were incubated with Alexa Fluor secondary antibodies diluted in
1% BSA in PBS or TBS for 1 h at room temperature. After 5× wash
in PBS or TBS, cell nuclei were stained with 1 µg/ml DAPI diluted
in PBS for 5 min, followed by 2× final washes in PBS or TBS.
Coverslips were mounted using ProLong Gold or ProLong Glass
Antifade Mountant. Cells were imaged using Zeiss LSM800 or
LSM880 (Carl Zeiss Microscopy) using a 63 × NA1.4 oil im-
mersion lens for coverslips or a 40× NA1.2 water immersion lens
for chambered coverglass. Images were collected in ZEN soft-
ware (Zeiss). For Airyscan super-resolution images, optimal
pixel size and z spacing as suggested by ZEN was used. Optimal
excitation and emission settings were determined using the
Smart Setup function. All fluorescence channels were recorded
at non-saturating levels, and settings were kept identical be-
tween all samples within replicates used for comparisons or
quantifications.

Image analysis
For quantification of red-only dots of mCherry-EYFP-TNIP1,
transiently transfected cells with low expression of mCherry-
EYFP-TNIP1 were visually selected and imaged. Cells with high
levels of overexpression were excluded, as this resulted in the
formation of large aggregates. All images within each replicate
were taken using identical settings. For quantification of relative
amounts of red-only dots versus total dots, mCherry and EYFP
dot detection was performed using a custom-made measure-
ment protocol using intensity thresholding, size exclusion, and
noise filtering, based on signal intensity of the BafA1 control in
Volocity software (PerkinElmer) ver. 6.3. The number of
mCherry-only positive dots was counted by subtracting total
EYFP dots from total mCherry dots for each experiment. For
quantification of the number of cells positive for red-only
mCherry-EYFP-TNIP1 dots, the images were analyzed manu-
ally by a subject that was blind to the analyzed conditions.

To quantify the number of TNIP1 dots and the colocalization
between TNIP1 and SLRs/pTBK1, populations of objects repre-
senting fluorescent puncta in each channel were segmented
using a custom-made protocol in Volocity ver. 6.3 (Perki-
nElmer). Detection of TNIP1, SLRs, and pTBK1 puncta was per-
formed by intensity thresholding, size exclusion, and noise
reduction. Overlap between TNIP1 and pTBK1 was identified by
excluding TNIP1 objects not touching SLRs/pTBK1. The per-
centage of TNIP1 dots colocalizing with SLRs/pTBK1 was calcu-
lated by dividing the number of TNIP1 dots overlapping with
SLRs/pTBK1 with the total number of TNIP1 dots. For line-
profiles, the line-profile tool in Zen Blue software (Zeiss) was
used to measure signal intensity across indicated lines.

SPOT synthesis and peptide array
TNIP1 peptide array was synthesized on cellulose membranes
using MultiPrep peptide synthesizer (INTAVIS Bioanalytical
Instruments AG). Membranes were blocked with 5% non-fat
milk in TBS-T and peptide interactions were tested using GST-
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GABARAP by overlaying the membrane with 1 µg/ml recombi-
nant protein for 2 h at room temperature. Membranes were
washed three times in TBS-T. Bound GST-GABARAP was visu-
alized with HRP-conjugated anti-GST antibody (Johansen et al.,
2017). Putative LIR motifs in 20, 3 arrays (20-mer peptides
moved a window of 3 residues along the protein sequence) were
identified as 4–6 consecutive strong spots containing the core
LIR consensus (W/F/Y)XX(L/I/V).

Recombinant protein production and GST-pulldown analysis
GST and GST-fusion proteins were expressed in Escherichia coli
strain SoluBL21 (DE3; #C700200;Genlantis). Protein expression
was induced by adding 50 μg/ml isopropyl β-D-1-thiogalactopyr-
anoside (IPTG). The bacterial cells were sonicated in lysis buffer
(20 mM Tris-HCl, pH 7.5, 10 mM EDTA, 5 mM EGTA, 150 mM
NaCl) and GST-fused proteins were immobilized on Glutathione
Sepharose 4 Fast Flow beads (#17-5132-01; GE Healthcare) by in-
cubating in a rotator at 4°C for 1 h. The beads containing GST-
fusion proteins were subsequently used for pulling down in vitro
translated proteins or cell lysates. For in vitro translated proteins, a
pDest-myc-vector containing the protein of interest and a T7
promoter was used. In vitro translation was performed using the
TNT T7 Reticolucyte Lysate System (Promega Corp.), in the pres-
ence of radioactive 35S-methionine. In vitro translated protein was
then precleared by incubation with empty Glutathione Sepharose
beads in 100μl of NETNbuffer (50mMTris, pH 8.0, 150mMNaCl,
1 mM EDTA, 0.5% NP-40) supplemented with cOmplete Mini
EDTA-free protease inhibitor (Merck) for 30min at 4°C. Precleared
lysates were then incubated with GST-fusion protein bound beads
for 1–2 h on a rotator at 4°C. Beads were then washed 5× with
NETN-buffer, and resuspended in 2 × SDS-PAGE gel loading buffer
(125 mM Tris, pH 7.5, 4% SDS, 0.04% bromophenol blue, 20%
glycerol, 100mMdithiothreitol), boiled for 10min, and resolved by
SDS-PAGE. Gels were stained with Coomassie Brilliant Blue for
protein visualization and then vacuum-dried. The radioactive sig-
nal was then detected on imaging plates with Fujifilm BAS-5000
(Fujifilm). Signals from 35S-labeled proteins were measured in
terms of unit of photostimulated luminescent (PSL) and quantified
in comparison with 10% of the in vitro translated lysate (input)
using the Image Gauge software (Fuji; Johansen et al., 2017).

Affinity purification
Cells were lysed in ice-cold modified RIPA buffer (25 mM Tris-
HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.1% Sodium
deoxycholate) containing complete protease inhibitor cocktail
and phosphatase inhibitor cocktail. Lysates were centrifugated
for 15 min at 13,000 RCF and protein concentration was deter-
mined by BCA assay. GFP-tagged proteins were affinity purified
by GFP-trap (ChromoTek) according to the manufacturer’s in-
structions. HA-TNIP1 was affinity purified by anti-HA magnetic
beads (Pierce). TNIP1 polyclonal antibody-coupled protein G
dynabeads were used for affinity purification of endogenous
TNIP1. For denaturing purification, the lysate was supplemented
with 2% SDS and incubated for 30 min at room temperature to
break protein-protein interaction, then diluted to 0.5% SDS with
lysis buffer and incubated with HA or anti-TNIP1 antibody for
affinity purification.

For TNIP1 interactome analysis by MS, HA-TNIP1 cells and
empty vector cells were cultured in “heavy” and “light” SILAC
medium, respectively. After 2 wk, cells were harvested and lysed
in modified RIPA buffer containing complete protease inhibitor
cocktail and phosphatase inhibitor cocktail. Protein concentra-
tion was determined by BCA assay, and protein amount was
adjusted to equal concentration with lysis buffer, followed by
affinity purification with anti-HA magnetic beads. The eluate of
“heavy” and “light” samples was combined and fractionated by
SDS-PAGE. Proteins were in-gel digested by trypsin and pep-
tides were desalted by STAGE-tips prior to LC-MS/MS analysis.

Whole proteome analysis
For whole proteome analysis by MS, HeLa wild-type cells and
TNIP1 KO cells were cultured in SILAC medium for 2 wk. Cells
were harvested and lysed in modified RIPA buffer containing 2%
SDS and 0.1% benzonase Nuclease. Protein concentration was
determined by BCA assay and equal amounts of proteins in each
label weremixed. Proteins were reducedwith DTT and alkylated
with IAA, followed with SDS-PAGE fractionation and trypsin in-
gel digestion. Tryptic peptides were desalted by STAGE-tips
prior LC-MS/MS analysis.

TNIP1 phosphorylation analysis
HA-TNIP1 cells were treated with poly(I:C) with or without
TBK1 inhibitor MRT67307. Cells were harvested and lysed in
modified RIPA buffer containing complete protease inhibitor
cocktail and phosphatase inhibitor cocktail, 2% SDS was sup-
plemented to break protein-protein interaction. The samples
were diluted to 0.5% SDS with lysis buffer and subjected to af-
finity purification with anti-HA magnetic beads. After purifi-
cation, the beads were transferred onto 10 kDa MW cut-off filter
with 400 μl 8 M urea and 1 mM DTT. Proteins were digested by
elastase or ProAlanase using the FASP protocol (Wiśniewski
et al., 2009). Digested peptides were eluted twice with 200 μl
50 mM ammonium bicarbonate into fresh tubes and acidified
with TFA to a final concentration of 1%. Peptides were frozen
and lyophilized prior to phosphopeptide enrichment. The ly-
ophilized peptides were resuspended in 200 μl of 80% ACN,
0.1% TFA. Phosphopeptides enrichment was performed on
Agilent AssayMAP Bravo platform according to manufacturer’s
instructions. The Agilent AssayMAP phosphopeptide enrich-
ment v2.0 App was used for automated phosphopeptide en-
richment using Fe (III)-NTA cartridges (Basel, Switzerland).
Cartridges were primedwith 100 μl of 50% ACN, 0.1% TFA using
a high flow rate of 300 μl/min and equilibrated using 80% ACN
containing 0.1% TFA. Samples were loaded onto the cartridge
using a low flow rate of 3 μl/min. The cartridges were washed
twice with 200 μl 80% ACN containing 0.1% TFA and eluted
with 50 μl of 1% ammonium hydroxide (pH 11) and 50 μl of 1%
ammonium hydroxide in 80% ACN to a low-binding PCR tube
containing 5 μl FA. The eluted peptides were lyophilized and
resuspended in 20 μl of 0.1% FA for LC-MS/MS analysis.

In vitro kinase assay
HA-TNIP1 cells were harvested and lysed in ice-cold modified
RIPA buffer containing complete protease inhibitor cocktail.
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TNIP1 protein was enriched by anti-HA magnetic beads and
dephosphorylated by lambda phosphatase with 1 mMMnCl2 for
30 min at 30°C. Beads were washed with 2 × 10 ml of kinase
buffer (50 mM Tris-HCl, pH 7.6, 10 mM MgCl2, 150 mM NaCl
and 1× PhosSTOP) to remove lambda phosphatase. Kinase buffer
was added to a final volume of 800 μl with 1 μg TBK1 protein, for
control sample, 10 μM TBK1 inhibitor MRT67307 was added.
Kinase assays were performed on a rotor at 37°C for 1 h. Finally,
reactions were quenched by addition of 8M urea and 1 mMDTT.
The beads were transferred onto 10 kD MW cut-off filter for the
digestion with ProAlanase, followed with phosphopeptide
enrichment.

LC-MS/MS analyses
Solubilized peptides were injected into a 20 cm fused silica column
with an inner diameter of 75 µm and in-house packed with C18
(ReproSil-Pur 120 C18-AQ, 1.9 μm, Dr. Maisch) for reverse phase
fractionation by EasyLC 1200 nanoflow-HPLC system (Thermo
Fisher Scientific). Peptides were loaded with solvent A (0.1% FA in
water) at a max. pressure of 800 Bar and eluted with a step gra-
dient of solvent B (0.1% FA in 80% ACN) from 2 to 25% within
85 min, from 25 to 60% within 5 min, followed by increasing to
100% in 2 min at a flow rate of 250 nl/min. MS/MS analysis was
performed on a nano-electrospray ion source equipped QExactive
HF-X mass spectrometer (Thermo Fisher Scientific). The spray
voltage was set to 2.3 kV with a capillary temperature of 250°C.
Mass spectrometer was operated in positive polarity mode andMS
data were acquired in the data-dependent mode. The automatic
gain control (AGC) target was set to 3 × 106, the resolution was set
to 120,000, and the ion injection time was set to 15 ms for the full
scan at a mass range of m/z = 370–1750. 12 precursors were frag-
mented using normalized collisional energy (NCE) of 28 by higher-
energy collisional dissociation (HCD). MS/MS scans were acquired
with a resolution of 30,000, AGC target of 100,000maximum IT of
54ms, isolationwindowof 1.6m/z, and dynamic exclusionwindow
of 30 s. MS raw files were analyzed using MaxQuant software
version 1.6.2.10 (Cox andMann, 2008), data were searched against
UniProt full-length homo sapiens database (21.033 entries, released
March, 2016). Cysteine carbamidomethylation was set as a fixed
modification, protein aminoterminal acetylation and methionine
oxidation were set as variable modifications. Ubiquitination of ly-
sinewas set as a variable modification and digestionwas specific to
trypsin/P for Ubisite experiment. Serine-, threonine- and tyrosine-
phosphorylation were set as a variable modification and digestion
was set to unspecific or ProAlanase for TNIP1 phosphorylation
experiments. The analysis was carried out with “match-between-
run” with a time window of 0.7 min. MaxQuant results were an-
alyzed using Perseus (Tyanova et al., 2016).

Total RNA extraction and library construction
Four replicates of HeLa WT cells and TNIP1 KO cells (clone1 and
clone2) were cultured in 10 cm dishes. The total RNA was ex-
tracted using RNeasy Mini Kit (Qiagen) according to the in-
structions of the manufacturer. Cells were lysed with 350 μl RLT
buffer and homogenized by passing 5 times through a blunt 20-
gauge needle. One volume of 70% ethanol was supplemented,
the lysates were transferred to RNeasy spin column and

centrifuged at 8,000 × g to collect RNA. The RNA was washed
once with 700 μl RW1 buffer and twice with 500 μl RPE buffer.
After completely removing the RPE buffer, the RNA was eluted
with 50 μl RNAse-free water. The quality of RNA samples was
analyzed by RNA screen tape (Agilent). The complementary
DNA (cDNA) libraries were barcoded using Illumina primers
and sequenced on one lane of an Illumina Novaseq 6000 in-
strument with 2 × 50 bp paired-end sequencing cycles. The se-
quence data were deposited at the European Nucleotide Archive
(accession number: PRJEB45902). The output reads from mul-
tiple lanes were combined into single files and quality control
was performed with FastQC v0.11.7 and cleaned with fastp
v0.19.5 to removed polyG trails and keep only full-length reads
(Chen et al., 2018). The human genome GRCh38.p13 (ENSEMBL)
was used to remap the reads using STAR v2.5.3a (Dobin et al.,
2013). The differential expression between WT and KO was
analyzed by R software (R Core Team, 2014 http://www.R-
project.org/) using the DESeq2 package (Love et al., 2014).

qRT-PCR
The total RNAwere purified as above, 1 μg RNAwas subjected to
reverse transcription by Quantitect RT kit (Qiagen). Quantita-
tive PCR was performed using the KAPA SYBR Fast (Universal)
qPCR kit (Merck Millipore) according to the manufacturer’s
recommendations. The qRTPCR reaction was performed with a
Rotor-GeneQ (Qiagen) and the same thermal profile conditions
were set as 95°C for 10 min; then 40 cycles were performed of 10
s at 95°C, 20 s 60°C and 20 s 7°C. The following primer pairs
were used: TNIP1 forward 59-CTAGTGTGACGGCAGGTAAGG-39,
TNIP1 reverse 59-GCTGCTTCATGGACCGGAA-39; Actin forward
59-GGACTTCGAGCAAGAGATGG-39, Actin reverse 59-AGCACT
GTGTTGGCGTACAG-39; HPRT1 forward 59-TGACACTGGCAA
AACAATGCA-39, HPRT1 reverse 59-GGTCCTTTTCACCAGCAA
GCT-39; 18s rRNA forward 59-CGGCGACGACCCATTCGAAC-39,
18s rRNA reverse 59-GAATCGAACCCTGATTCCCCGTC-39.

Gene set enrichment analyses
Gene set enrichment analyses (GSEA) was performed using
default setting weighted enrichment statics and signal2noise
metric for ranking genes (Subramanian et al., 2005). Signifi-
cantly regulated genes in transcriptome data and proteins in
whole proteome data were listed in Table S3.

Quantification and statistical analyses
Significantly regulated ubiquitination sites were determined by
two samples paired t test, FDR < 0.05, S0 = 0.1. In all other cases
unpaired, two-sided t tests were used unless stated otherwise. In
general, parametric test were used, and data distribution was
assumed to be normal, but this was not formally tested. The
interactome network was generated by the String database. The
statistical analyses including standard deviations, error bars,
and P values were performed using Excel (Microsoft), all the
details were indicated in figure legends.

Online supplemental material
Fig. S1 shows TNIP1 gets ubiquitinated and degraded in the lyso-
some. Fig. S2 shows TNIP1 localizes to autophagosomes. Fig. S3
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shows endogenous TNIP1 interacts with TAX1BP1 and p62/
SQSTM1 under basal conditions. Fig. S4 shows regulation of TNIP1
protein abundance. Table S1 shows UbiSite-proteomics approach
to identify ubiquitination sites on proteins being potentially in-
volved in autophagy. Table S2 shows HA-TNIP1 interactome. Ta-
ble S3 shows RNA-Proteome correlation comparingWT and TNIP1
KO HeLa clones. Table S4 shows chemical reagents used in this
study. Table S5 shows antibodies used in this study. Table S6 lists
plasmids used in this study.

Data availability
The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium through the PRIDE (Perez-
Riverol et al., 2019) partner repositorywith the dataset identifier
PXD027163.
The RNA sequence data were deposited at the European Nu-
cleotide Archive (accession no. PRJEB45902).
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Figure S1. TNIP1 gets ubiquitinated and degraded in the lysosome. (A) U2-OS-StUbEx cells inducibly expressing His-FLAG-tagged ubiquitin at endogenous
levels were used to enrich ubiquitinated proteins (Akimov et al., 2014). Under control conditions as well as under starvation treatment (HBSS), TNIP1 gets
ubiquitinated as shown by anti-TNIP1 immunoblots. Ubiquitinated TNIP1 was stabilized by the addition of concanamycin A (ConA) indicating its lysosomal
degradation in treated and nontreated cells. Actin was used as loading control. (B and C) Mutations of identified TNIP1 ubiquitination sites do not lead to
reduced lysosomal degradation as indicated by stabilized protein amounts by ConA treatment. This is the case for fed control conditions (DMEM) as well as
under active autophagy (Rapa and HBSS treatment). C shows quantification of blots exemplified in B (n = 3, error bars indicate SD). (D and E) Mutated
TNIP1K371/389R is still getting ubiquitinated as indicated by anti-TNIP1 IP followed by anti-ubiquitin (D) and anti-TNIP1 (E) Western blot. The addition of ConA
leads in all cases to a stabilization of non-ubiquitinated and polyubiquitinated protein variants. (F) Identified ubiquitination sites according to PhosphoSitePlus
database and this study. Gray bar depicts the amino acid sequence of TNIP1. Sections in green mark tryptic peptides identified in this study, i.e., sequence
coverage of TNIP1. Amino acids marked in blue highlight published ubiquitination sites, number of references shown on y-axis. Amino acids marked in red were
identified in this study. Source data are available for this figure: SourceData FS1.
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Figure S2. TNIP1 localizes to autophagosomes. U2OS cells kept in either fed or starved (HBSS) conditions and treated with either vehicle (DMSO) or BafA1
for 8 h. Cells were fixed and stained with antibodies against endogenous TNIP1 (green), p62 (orange), and LC3 (purple) and imaged using the Zeiss LSM800
confocal microscope. Line-profile co-localization plots were made using the line-profile quantification tool in the Zen blue imaging software (Zeiss). Vertical
axis represents measurements of fluorescent intensity and the horizontal axis the drawn distances. Scale bar = 10 µm.
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Figure S3. Endogenous TNIP1 interacts with TAX1BP1 and p62/SQSTM1 under basal conditions. (A) SILAC-based, IP-MS analyses of anti-TNIP1 im-
munoprecipitations identified TAX1BP1 and p62/SQSTM1 as enriched compared to negative control IPs using beads only. GAPDH is shown as negative control.
Shown are average values of three biological replicates (n = 3). Error bars: SD, ** = P < 0.01, *** = P < 0.001, unpaired, two-sided t test. (B and C) Lysosomal
turnover of TNIP1 is mediated by several SLRs. HeLa WT and HeLa p62, OPTN, and TAX1BP1 KO cells were either left untreated or treated with 200 nM BafA1
for 12 h. Shown are average values of three biological replicates. Error bars: SD, * = P < 0.05, unpaired, two-sided t test. Source data are available for this figure:
SourceData FS3.
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Provided online are Table S1, Table S2, Table S3, Table S4, Table S5, and Table S6. Table S1 shows UbiSite-proteomics approach to
identify ubiquitination sites on proteins being potentially involved in autophagy. Table S2 shows HA-TNIP1 interactome. Table S3

Figure S4. Regulation of TNIP1 protein abundance. (A) Reduction of TNIP1 correlates with an increase of ISG15 and TNFAIP3/A20 in HeLa cells. The
increase of the TNIP1 interaction partner TNFAIP3 under poly(I:C) treatment indicates the existence of distinct TNIP1 pools, i.e., free and bound to TNFAIP3.
Arrow marks A20 band. (B) Poly(I:C) treatment leads to an autophagy-dependent and SLR-independent lysosomal degradation of TNIP1. Whereas lysosomal
inhibition by ConA treatment leads to a significant block of TNIP1 degradation in WT and pentaKO cells, proteasomal inhibition by MG132 treatment has no
effect. In ATG101 KO, FIP200 KO and ATG7 KO, autophagy incompetent cell lines poly(I:C) does not lead to TNIP1 degradation. TLR3 and SQSTM1 are
monitored as positive controls, actin as loading control. Shown are representative blots of three biological replicates each. Bar diagram shows quantification,
error bars: SEM. * = P < 0.05, ** = P < 0.01, *** = P < 0.001, unpaired, two-sided t test. (C) TNIP1 KO cells transfected with an empty control vector (EV) do also
respond to poly(I:C) treatment by an upregulation of ISG15 and CCL5 similar to KO cells transfected with a TNIP1 expression construct. This indicates that ISG15
and CCL5 abundances are not only regulated by TNIP1. Shown are representative blots of three biological replicates. Bar diagram shows quantification. Error
bars represent SEM. * = P < 0.05, ** = P < 0.01, *** = P < 0.001; unpaired, two-sided t test. (D) Blockage of protein translation by cycloheximide (CHX)
treatment reduced the time- and poly(I:C)-dependent increase of TNIP1 after 6 h of treatment indicating a regulation on translational level. Source data are
available for this figure: SourceData FS4.
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shows RNA-Proteome correalation comparing WT and TNIP1 KO HeLa clones. Table S4 shows chemical reagents used in this study.
Table S5 shows antibodies used in this study. Table S6 lists plasmids used in this study.
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REVIEW

NBR1: The archetypal selective autophagy receptor
Nikoline Lander Rasmussen1, Athanasios Kournoutis1, Trond Lamark1, and Terje Johansen1

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 Atg19 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/SQSTM1 (se-
questosome-1), belongs to a family of soluble SARs including
NBR1, CALCOCO1, CALCOCO2 (aka NDP52), TAX1BP1 (aka
CALCOCO3), 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/
Bem1p (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).

NBR1 (neighbor of BRCA1 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
et al., 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
et al., 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 NBR1 in mammals, plants, and yeast are summa-
rized in Fig. 1. In this review, we will elaborate on the roles of
NBR1 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 NBR1.

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, NBR1 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 p62,
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 ATG8 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 FWdomainwas 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 NBR1 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
NBR1-like domains; Fig. 2 A). The FW domain of human NBR1
binds to microtubule-associated protein MAP1B 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 α-mannosidase
(Ams1) and delivers Ams1 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 Ams1 from the cytosol into the vac-
uole, analogous to Atg19 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). Ams1 and Ape4 bind
competitively to ZZ1. Lap2 and Ape2 bind to ZZ2 and ZZ3.
Surprisingly, this Nbr1-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 NBR1, 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 α-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

JUBA domain for juxta-UBA. Since JUBA and UBA are confus-
ingly similar names both verbally andwritten, we propose to call
this domain simply AH for amphipathic α-helix. Circular di-
chroism spectroscopy showed the AH domain to be an unfolded
structure that folds into an α-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 NBR1.

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., 2011; 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 NBR1 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 choanoflagellateMonosiga 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 ATG12 are conserved inmost 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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Figure 1. NBR1 as a selective autophagy receptor in mammals, plants, and yeast. Summary of identified substrates of NBR1-mediated selective au-
tophagy, indicated by immediate vicinity to NBR1. This does not distinguish direct or indirect interaction. Transparent proteins are part of a complex. (A) In
mammals, NBR1 has been shown to mediate the degradation of peroxisomes (pexophagy), bacteria (xenophagy), and protein aggregates (aggrephagy) in
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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 NBR1, 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 C6orf106)
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 tometazoansMonosiga 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 NBR1, ILRUN is not found in plants and fungi. This
suggests a secondary loss of ILRUN in these taxa.

Atg19 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 Atg19 is the
NBR1 homolog in S. cerevisiae (Kraft et al., 2010). Acting as a
receptor in the Cvt pathway, yeast Atg19 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 (preApe1), which forms a
tetrahedral dodecameric structure that is recognized by the CC
domain of Atg19. Atg19 recruits Atg8 via its C-terminal LIR
(often called Atg8-family interaction motif [AIM] in yeast) and

the selective autophagy adapter Atg11. 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 Ape1, Atg19 also transports the vacu-
olar aspartyl aminopeptidase Ape4, the vacuolar α-mannosidase
Ams1, and even the Ty1 retrotransposon particle to the vacuole.
Almost 10 yr after the discovery of Atg19, its paralog Atg34 was
discovered (Suzuki et al., 2010). Atg19 and Atg34 have the same
domain organization (Fig. 3 A) and show 31% overall sequence
identity (49% similarity), but Atg34 can only target Ams1. Hence,
Atg34 cannot compensate for Atg19 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 Atg19 has the LIR domain and
predicted that highly divergent PB1 and NBR1 folds were present
in S. cerevisiae Atg19, 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 foldwas predicted, suggesting the
presence of PB1-like and FW-like domains in S. cerevisiae Atg19
(Kraft et al., 2010; Fig. 3 A). The solution structures of the
α-mannosidase binding domains (ABD) of Atg19 and Atg34 are
solved (Watanabe et al., 2010). The Atg19 and Atg34 ABD
structures are very similar, with a root mean square difference
(RMSD) of 2.1 Å for 102 residues, forming an immunoglobulin-
like β-sandwich fold with two β-sheets, each with four anti-
parallel β-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 NBR1 and ILRUN
(Zhang et al., 2022a). Structural comparison of FW domain
structures of NBR1 and ILRUN with the ABD of Atg19 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 Atg19 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
NBR1 (Jakobi et al., 2020) to AlphaFold structure prediction with
90% confidence of the S. cerevisiae Atg34 N-terminal region

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 IKKα, 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 I proteins in PDAC cells, promoting immune evasion. In plants, NBR1 regulates
several plant stress responses: clearance of aggregates (aggrephagy), restricting TuMV 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 Atg19 mediates the degradation of Ty1, Ape4, Ape1, and Ams1 through the Cvt pathway. The second NBR1 homolog
Atg34, only targets Ams1. In S. pombe, the NBR1 homolog targets Ape2, Lap2, and Ape4 to the vacuole. This Nbr1-mediated vacuolar targeting (NVT) pathway is
mediated by ESCRTs, not macroautophagy. Only references not cited in the main text are cited here.
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Figure 2. Domain structure and evolution of NBR1. (A) Domain architectures of human NBR1, p62, and ILRUN, and HTH-XRE (Helix-turn-helix XRE-family
like protein) from Rhodococcus fascians. The amino acid positions of the domain borders and the length of the proteins are indicated by numbers below and to
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(Jumper et al., 2021; Varadi et al., 2022) clearly suggest the
presence of a PB1 domain in Atg34 (Fig. 3 C). In Atg19 the pre-
diction is very uncertain, but the presence of a PB1-like domain
is likely. Structure determinations of the N-terminal regions of
Atg19 and Atg34 will give us clear answers. However, taken
together, we suggest that Atg19 and Atg34 are clearly NBR1 ho-
mologs with PB1/PB1-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 PB1 domain (metazoan NBR1). 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–PB1 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 PB1-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 NBR1 orthologs. Metazoan NBR1 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 NBR1 into p62
and NBR1 in metazoans, mammalian NBR1 remains attached to
p62 via the acidic PB1 surface that is not mutated (Lamark et al.,
2003). The only known interaction partners of mammalian
NBR1 that bind via PB1-PB1 interactions are p62 (Lamark et al.,
2003) and the kinase MEKK3 (Hernandez et al., 2014), and NBR1
is always recruited to p62 bodies.

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, NBR1 is much less
abundant in most cell types than p62, 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
NBR1 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 PB1 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 PB1-
mediated polymerization and UBA-mediated ubiquitin binding
(Svenning et al., 2011). High-resolution cryo-EM studies of the
purified PB1 domain of AtNBR1 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 NBR1, but present in p62 (R21/22) and AtNBR1 (R19/20),
is important for stabilizing a filamentous structure and for the
formation of p62/AtNBR1 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 AtNbr1 is that their deg-
radation by autophagy depends on a polymeric PB1 domain
(Svenning et al., 2011). In comparison, mammalian NBR1 has a
monomeric PB1 domain, and its degradation by autophagy does
not depend on its PB1 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). AtNBR1 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.,

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.
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Figure 3. The yeast Cvt receptor Atg19 and the paralog Atg34 are NBR1 homologs. (A) Domain architecture of NBR1 homologs from humans, the plant
Arabidopsis thaliana, the filamentous fungus C. thermophilum, fission yeast S. pombe, S. cerevisiae Atg19 and Atg34. (B) Comparison of FW domain structures
between human ILRUN (PDB accession no. 6VHI), C. thermophilum (Ct NBR1; PDB accession no. 7VQO), and the ABD structures from yeast Atg19 (PDB ac-
cession no. 2KZB) and Atg34 (PDB accession no. 2KZK). Structural alignment of the ILRUN FW domain (blue) to the Atg34 ABD/FW domain (magenta) obtained
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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. AtNBR1-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, AtNBR1-
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 ubiq-
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 NBR1-
mediated selective autophagy. Furthermore, NBR1 restricts oo-
mycete Phytophthora infestans infection (Dagdas et al., 2018).
These studies demonstrate the complexity of host–pathogen

interactions and an important role of NBR1 in counteracting
infection in plants.

Aggrephagy—Roles of NBR1 in p62 bodies
Depletion of NBR1 inhibits the formation of p62 bodies (Kirkin
et al., 2009). Human NBR1 binds to p62 by strong PB1–PB1
electrostatic interactions and competes with p62 polymeriza-
tion, acting as a chain terminator. Hence, in vitro, the addition of
NBR1 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 NBR1 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 NBR1 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–PB1 interactions be-
tween NBR1 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
TAX1BP1 (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 p62, even somewhat stronger than TAX1BP1.
However, TAX1BP1 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 Atg1 activator, Atg11 (Turco et al., 2019). The yeast NBR1
homolog, Atg19, recruits Atg11 by binding to this C-terminal
region in Atg11 (Yorimitsu and Klionsky, 2005). Hence, the
parallel here is clear between mammalian NBR1 and FIP200 and
yeast Atg19 and Atg11. 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 TAX1BP1 that re-
quires TAX1BP1 to induce local autophagosome formation

by a VAST search of the PDB database. A sequence alignment with positions of the structural elements (β strands) is shown below the structures. Despite only
7% sequence identity the alignment gives a root-mean-square deviation of 1.90 Å 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.
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(Ohnstad et al., 2020). TAX1BP1 binds to NBR1 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
PB1 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 ATG8s 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

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

Figure 4. NBR1 collaborates with p62 in the formation of p62 bodies and with TAX1BP1 in the recruitment of core autophagy components to p62
bodies. (A) p62 forms long filaments in vitro as a result of PB1-mediated polymerization. Due to the monomeric nature of NBR1, it is hypothesized that NBR1
can act as a chain terminator of p62 filaments. With increasing amounts of NBR1 in vitro, the length of the p62 filaments is reduced. Shorter p62 filaments will
likely form p62 bodies more easily. Therefore, a role for NBR1 in cells may be to promote p62 body formation by regulating p62 filament length. (B) The role for
NBR1 in p62 body dynamics. NBR1 promotes p62 body formation by PB1-mediated regulation of p62 filament length and high-affinity ubiquitin binding.
Furthermore, NBR1 facilitates autophagosome formation by recruiting TAX1BP1 and FIP200. FIP200 is recruited by direct binding between the FIP200 CLAW
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).
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proteasome or by autophagy. NBR1 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 NBR1, ubiquitinated proteins in p62
bodies are not degraded by autophagy in cells lacking NBR1
(Kirkin et al., 2009).

NBR1 is efficiently degraded by ATG7- and ATG8-dependent
autophagy independent of p62 (Kirkin et al., 2009), but also
ATG7-independent autophagy pathways exist for NBR1. The
SLRs p62, NBR1, TAX1BP1, and NDP52 are degraded by endo-
somalmicroautophagy in response to acute starvation (Mejlvang
et al., 2018). Degradation of NBR1 is in this case partially ATG7-
independent. ATG7-independent degradation of NBR1 and
TAX1BP1 requires direct interaction of NBR1 with TAX1BP1
(Ohnstad et al., 2020) and also depends on a SKICH-mediated
binding of TAX1BP1 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
NBR1 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 NBR1 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
NBR1 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 NBR1 vesicle aggregates via its direct binding to NBR1. Its
presence has a positive effect on NBR1-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-2α augments
NBR1-mediated pexophagy, and peroxisome numbers are re-
duced in VHL-deficient human clear cell renal cell carcinomas
with elevated levels of HIF-2α (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
et al., 2014). SQSTM1/p62 was required only for the clustering of

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 p62 are recruited to
intracytosolic Mycobacterium tuberculosis (Manzanillo et al.,
2013) and Shigella flexneri (Mostowy et al., 2011; 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). NBR1,
but not p62, can also be recruited by the HECT E3 ligase
Smurf1 toM. tuberculosis (Franco et al., 2017). Mice depleted of
either parkin2 or Smurf1 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, theM. tuberculosis
surface protein Rv1468c binds polyubiquitin chains and re-
cruits SLRs, including NBR1, in a UBA-dependent manner
(Chai et al., 2019). NBR1 is also recruited to group A Strepto-
coccus (GAS)-containing vesicles in a Tollip-dependent man-
ner. Tollip knockout prevents the recruitment of NBR1,
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 NBR1-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 NBR1,
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 NBR1-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.

NBR1 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 NBR1-
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. NBR1 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
NBR1 colocalized with p62 and ubiquitin inMallory 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 NBR1-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). Themutation results in the expression of a
truncated form of NBR1 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 NBR1 increases the proliferation capacity of renal
cancer cells compared with cells overexpressing WT NBR1. 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, NBR1, and other
autophagy markers, and maybe the result of defects in autoph-
agy. Strikingly, these aggregates are surrounded by clusters of
peroxisomes only when NBR1 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

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 NBR1, 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
NBR1 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 NBR1 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. 1 A). 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,
TAX1BP1, 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 targetingMHC 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 PB1 domain-containing
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proteins are implicated in the differentiation of activated T cells,
including NBR1 and p62 (Martin et al., 2006; Yang et al., 2010).
NBR1 is required for proper differentiation of T helper 2 cells.
Whether this relates to the function of NBR1 as an autophagy
receptor or potentially autophagy-independent functions is not
known. NBR1 also acts as a regulator of JNK signaling and adi-
pose tissue inflammation by engaging in a PB1–PB1 interaction
with MEKK3 (Hernandez et al., 2014). Furthermore, p62 and
NBR1 regulate PPARγ–RXRα heterodimerization to control
thermogenesis in brown adipocytes. NBR1 represses the activity
of PPARγwhen 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).

NBR1 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 bonemass (Whitehouse et al., 2010). Furthermore, loss
of NBR1 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 p62.
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,
TAX1BP1, 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 NBR1 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 p62may reveal further functions of
NBR1, not only as a SAR but also in regulating the dynamics of
p62 bodies. Very likely, new autophagic substrates unique to
NBR1 will be discovered. It will be important to penetrate more
mechanisms of pexophagy and xenophagy involving NBR1.
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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