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The endoplasmic reticulum is a central player in liver pathophysiology. Chronic injury to the
ER through increased lipid content, alcohol metabolism, or accumulation of misfolded
proteins causes ER stress, dysregulated hepatocyte function, inflammation, and worsened
disease pathogenesis. A key adaptation of the ER to resolve stress is the removal of excess
ormisfolded proteins. Degradation of intra-luminal or ERmembrane proteins occurs through
distinct mechanisms that include ER-associated Degradation (ERAD) and ER-to-lysosome-
associated degradation (ERLAD), which includes macro-ER-phagy, micro-ER-phagy, and
Atg8/LC-3-dependent vesicular delivery. All three of these processes are critical for
removing misfolded or unfolded protein aggregates, and re-establishing ER homeostasis
following expansion/stress, which is critical for liver function and adaptation to injury. Despite
playing a key role in resolving ER stress, the contribution of these degradative processes to
liver physiology and pathophysiology is understudied. Analysis of publicly available datasets
from diseased livers revealed that numerous genes involved in ER-related degradative
pathways are dysregulated; however, their roles and regulation in disease progression are
not well defined. Here we discuss the dynamic regulation of ER-related protein disposal
pathways in chronic liver disease and cell-type specific roles, as well as potentially targetable
mechanisms for treatment of chronic liver disease.
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INTRODUCTION

The rising global prevalence of liver disease necessitates the development of effective strategies to
limit disease progression. While numerous drugs and interventions have entered clinical trials, these
strategies have been difficult to translate to patient care (Asrani et al., 2019). This is due in large part
to the diverse etiologies and mechanisms that underly disease occurrence and progression (Asrani
et al., 2019). Metabolic liver diseases, including Alcoholic Liver Disease (ALD) and Non-alcoholic
fatty liver disease (NAFLD) are associated with altered proteomes, as are genetic-associated liver
diseases such as Alpha-1 antitrypsin deficiency (AATD). While established as a key driver of AATD
pathogenesis, a cellular process that often goes overlooked in other forms of chronic liver disease is
ER-associated degradative pathways that maintain proteostasis. Also known as ER quality control
pathways, these processes are critical for removing misfolded, unfolded, or modified proteins,
limiting endoplasmic reticulum (ER) stress, and maintaining cell viability (Maiers and Malhi, 2019;
Hetz et al., 2020). Indeed, several lines of evidence suggest that enhanced protein degradation could
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limit hepatocyte damage and hepatocyte dysfunction,
inflammation, and disease progression (Kim and Kim, 2020;
Xia et al., 2020; Flessa et al., 2021). Furthermore, recent
advances in the field of protein degradation pathways may
help drive the targeting of these pathways in patients. Here we
will discuss the role of protein degradation pathways associated
with ER quality control: proteasomal ER-associated degradation
(ERAD) and lysosomal ER-lysosomal associated degradation
(ERLAD), how these pathways contribute to liver disease, and
potential therapeutic strategies for targeting these pathways to
limit disease progression.

The ER is Critical for Hepatic Function
The ER plays several essential roles in the liver, thus maintaining
its integrity is paramount for liver health. Hepatocytes contain
large amounts of both rough ER and smooth ER, which serve
different functions (Baiceanu et al., 2016; Schulze et al., 2019).
The rough ER is marked by ribosomes, and is the main site of
protein synthesis, folding, and secretion, while the smooth ER
contains the majority of the machinery required for xenobiotic
detoxification, including cytochrome p450 enzymes, as well as
lipid synthesis (Schwarz and Blower, 2016). Both types of ER also
play roles in cellular calcium homeostasis and stress-induced
RNA degradation. The ER holds an extraordinary ability to
expand when physiological or pathological stimuli require
(Rutkowski and Hegde, 2010; Rutkowski and Kaufman, 2004).

In the liver, specifically hepatocytes, the ER is essential for
maintaining cellular function and integrity. Hepatocytes
produce vast amounts of secreted proteins and lipoproteins
which requires ER expansion and increased expression of
chaperones proteins to assist with protein folding. The ER is
also a critical site of protein quality control. Misfolded proteins
are prevented from entering the secretory pathway and are
instead targeted for degradation by the proteosome through
ERAD, or the lysosome through ERLAD (Sun and Brodsky,
2019). ER quality control is crucial for cellular homeostasis,
though the distinct contribution of ERAD or ERLAD to ER
physiology or pathophysiology are unclear.

ER Quality Control Pathways
ER-Associated Degradation (ERAD)
ERAD is a complex mechanism by which misfolded proteins in
the ER are recognized, targeted, retrotranslocated to the
cytoplasm, polyubiquitinated, and finally degraded by a
proteasome (Figure 1). ERAD is also involved in regulating
certain proteins based on metabolic signals, regardless of their
configuration. In yeast, there are three types of ERAD: ERAD-L,
ERAD-M, and ERAD-C, respectively targeting proteins with
defects in their luminal region, membrane region, and
cytoplasmic region for proteasomal degradation (Hwang and
Qi, 2018). In mammals the distinction between ERAD-types is
not as well established due to the complexity of ERAD

FIGURE 1 | Overview of ER disposal pathways discussed: ERLAD and ERAD. ERLAD (ER lysosomal-associated degradation) and ERAD (ER associated
degradation) pathways are the main degradation pathways of misfolded or aberrant proteins during chronic metabolic liver diseases. Examples of specific proteins
degraded by each pathway are listed in dark grey under pathway headers, while molecules important during each step are listed to the left or right of the figure in either
teal or dark blue. ERLAD can be broken into three sub-categories based on whether the process involves the autophagosomal (macro-ER-phagy), endolysosomal
(micro-ER-phagy), or lysosomal (vesicular delivery) pathways. ERAD is composed of five different steps: protein recognition, targeting, retrotranslocation, ubiquitylation,
and finally protein proteasomal degradation. All pathways work to degrade distressed proteins in order to return the cell to homeostasis and avoid cell death.
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mechanisms (Kwon et al., 2020) The ERAD machinery involves
numerous chaperones and factors that help in the above processes
in order to maintain cellular homeostasis and avoid triggering
cellular death when the ER is overloaded with misfolded proteins
(Baiceanu et al., 2016; Vembar and Brodsky, 2008; Olzmann et al.,
2013; Fujii et al., 2018; Kuscuoglu et al., 2018; Fregno and
Molinari, 2019; Ninagawa et al., 2021). ERAD canonically
progresses through five stages: recognition, targeting,
retrotranslocation/extraction, ubiquitinoylation, and
degradation. These steps are extensively described elsewhere,
thus we will briefly outline the process of ERAD here (Fregno
and Molinari, 2019; Sun and Brodsky, 2019; Molinari, 2021).

Recognition is the act of identifying an ER located protein that is
misfolded and needs to undergo degradation. Recognition is based
on an abnormal conformation of mannose units by proteins such as
OS-9 (OS9 endoplasmic reticulum lectin), or through prolonged
cycling through chaperone proteins such as calnexin or calreticulin.
Protein recognition is generally done by either heat shock proteins
(HSP) such as HSP70 or HSP90 or chaperons such as calnexin,
calreticulin, or BiP (immunoglobulin-binding protein). Targeting is
the interaction of recognized proteins with the retrotranslocation
machinery. In some cases the ERAD machinery combines
recognition and targeting as the same complexes are used in
both. In mammals, lectins such as OS-9, XTP3-B (endoplasmic
reticulum lectin 1), and mannosidases such as ERManI (ER α-1,2-
mannosidase 1) and EDEM1-3 (ER degradation-enhancing
α-mannosidase-like) have been implicated in protein targeting.
These factors recognize the number and organization of mannose
moieties on the misfolded protein and based on this information
target it for degradation. Retrotranslocation/Extraction is the act of
moving the targeted protein from the ER lumen or ERmembrane to
the cytoplasm. It is essential that the protein targeted for degradation
be moved to the cytoplasm as ubiquitination ligase complexes exists
only there, as does the proteasome. Proteins involved in
retrotranslocation/extraction in mammals are: VIMP (VCP-
interacting membrane protein), Derlin 1-3, VCP (valosin-
containing protein), Sec61 complex, and HRD1. Proteins
undergo Ubiquitinoylation once retrotranslocated into the
cytoplasm, which marks them for proteasomal degradation.
In mammals E1-E4 ubiquitin enzymes are involved, such as
the conserved E3 ubiquitin ligase complex HRD1-SEL1L.
Finally proteins that have been ubiquitinylated undergo
proteasomal degradation by the 26S proteasome a complex
formed by two 19S subunits and one central 20S unit
(Baiceanu et al., 2016; Vembar and Brodsky, 2008;
Olzmann et al., 2013; Kuscuoglu et al., 2018; Ninagawa
et al., 2021). Together these five stages—recognition,
targeting, retrotranslocation/extraction, ubiquitinoylation,
and degradation—of ERAD allow for proteins to be swiftly
targeted for proteasomal degradation whether located in the
ER lumen or ER membrane allowing ER homeostasis to
reestablish preventing liver injury.

ER-to-Lysosomal Associated Degradative (ERLAD)
ER-to-Lysosomal-Associated Degradative (ERLAD) pathways
describe a subset of processes that involve targeting of proteins
in the ER lumen/membrane or the ER membrane itself for

lysosomal degradation (Figure 1). These can involve
engulfment of the ER by autophagosomes followed by
lysosomal degradation (macro-ER-phagy), direct targeting of
ER membrane to the lysosomes (micro-ER-phagy), and LC3/
Atg8-dependent vesicular deliver. These processes have been
implicated in several non-physiological states, such as in the
presence of mutated/misfolded proteins in vitro, as well as with
ER turnover following ER expansion in response to stress or
increased secretion. While macro-ER-phagy is the most widely
studied of the ERLAD pathways, each of the ERLAD pathways
have been implicated in liver disease.

Macro-ER-phagy describes a set of processes that involve
targeting of ER membrane or ER-associated proteins for
autophagic engulfment followed by lysosomal degradation
(Fregno and Molinari, 2018; Fregno and Molinari, 2019; Sun
and Brodsky, 2019). These processes have been implicated in
several physiological and pathological states, such as in the
presence of mutated/misfolded proteins in vitro, as well as
with ER turnover following ER expansion in response to stress
or increased secretion (Sun and Brodsky, 2019; Fregno and
Molinari, 2019; Fregno and Molinari, 2018).

In macro-ER-phagy, autophagic membranes are recruited
directly to the ER by membrane-localized receptors, which
typically bind to LC-3/Atg8 on autophagic membranes
through LC-3 interacting regions (Sun and Brodsky, 2019;
Grumati et al., 2018). Several membrane-localized ER-phagy
receptors have been identified, including FAM134B/RETREG1
(Family With Sequence Similarity 134, Member B/Reticulophagy
Regulator 1), CCPG1 (Cell Cycle Progression 1), TEX264 (Testis
Expressed 264), SEC62, ATL3 (Atlastin 3), and the long isoform
of RTN3 (Reticulon 3L) (Khaminets et al., 2015; Fumagalli et al.,
2016; Grumati et al., 2017; Grumati et al., 2018; Smith et al., 2018;
An et al., 2019; Chen et al., 2019; Chino et al., 2019). These
receptors accumulate, leading to membrane deformation. The
subsequent targeting of the ER for degradation often occurs
through recruitment of ATG8/LC-3 proteins located on
autophagic membranes, followed by engulfment and
trafficking of ER membrane to the lysosome (Sun and
Brodsky, 2019; Grumati et al., 2018; Fumagalli et al., 2016;
Fregno et al., 2018; Omari et al., 2018; Loi et al., 2019; Fregno
et al., 2021). The mechanisms regulating engulfment/scission are
unknown. Several membrane-localized ER-phagy receptors have
luminal domains which may facilitate specific targeting of
proteins for ER-phagy (CCPG1, FAM134B-2, TEX264. Other
ER-phagy receptors do not contain a luminal domain, and instead
use intermediaries to target cargo for degradation. This includes
FAM134B targeting procollagen I for degradation through
Calnexin (Forrester et al., 2019). In addition to cargo
specificity, ER-phagy receptors show specificity based on ER
morphology, with ATL3, CCPG1, and RTN3L acting at ER
tubules, FAM134B facilitating ER-phagy along ER sheets, and
TEX264 recruiting autophagosomes to three-way junctions of the
ER (Grumati et al., 2017; Khaminets et al., 2015; Smith et al.,
2018; An et al., 2019; Chen et al., 2019; Chino et al., 2019; Liang
et al., 2018). This distinct localization may also have implications
for specific cargo that is recruited for ER-phagic-degradation, or
specific processes that require distinct ER morphology. Recently,
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cytoplasmic proteins that participate in ER-phagic degradation
were identified (Sequestosome 1/p62, C53, CALCOCO1
(Calcium Binding And Coiled-Coil Domain 1), and
CALCOCO2) as well as several potential ER-phagic proteins
identified in a recent screen; however, the distinct mechanisms
for how these non ER-membrane bound proteins drive ER-phagy
is unclear (Yang et al., 2016; Liang et al., 2020; Nthiga et al., 2020;
Stephani et al., 2020). Due to the importance of the ER for
hepatocyte function, ER-phagy is critical to maintain a healthy
liver; however, little is known regarding the role and regulation of
this degradative process in hepatocytes or non-parenchymal
liver cells.

Micro-ER-phagy and LC3/Atg8-dependent vesicular
delivery described processes where the ER is directly
targeted to the lysosome without autophagic engulfment
(Fregno and Molinari, 2019). Micro-ER-phagy has been
observed during recovery from ER stress, and in response to
aggregation of misfolded proteins in the ER that are resistant to
ERAD, such as in AATD or procollagen I which will be
discussed later in this review (Fregno and Molinari, 2018;
Fregno et al., 2021). In mammals, the micro-ER-phagy and
LC3-Atg8-dependent vesicular delivery pathways currently
identified involve LC-3 lipidation, which targets the ER to
interact with endolysosomal membranes followed by fusion of
the membranes and degradation of the target proteins
(Molinari, 2021). This process was found to degrade protein
aggregates through a non-rapamycin responsive mechanism,
suggesting that the autophagosome is not involved (Fregno
and Molinari, 2018; Fregno et al., 2021). FAM134B was found
to play a role not only in macro-ER-phagy, but also LC3/Atg8-
dependent vesicular delivery. It remains unclear whether this
process occurs under physiological conditions, or whether
increased aggregation of misfolded proteins in the ER is
required, but its potential role in liver pathology warrants
further investigation.

Regulation of ER Quality Control Pathways
by the Unfolded Protein Response
A major goal of ERAD and ERLAD is to remove misfolded
proteins from the ER, thus it is unsurprising that these processes
are regulated in part by the unfolded protein response (UPR). As
the UPR is critical for liver physiology and is dysregulated in
chronic liver disease, regulation of ER quality control pathways by
the UPR is important to discuss. The UPR is initiated by ER
stress, occurring through excess unfolded or misfolded proteins
accumulating within the ER (Hetz et al., 2020; Schwarz and
Blower, 2016). The UPR is propagated through three
canonical ER membrane proteins: IRE1α (inositol requiring
enzyme 1α), PERK (protein kinase RNA-like ER kinase), and
ATF6α (activating transcription factor 6 alpha) (Schwarz and
Blower, 2016; Hetz et al., 2020). Signaling through these pathways
promote expression of chaperone proteins as well as proteins
involved in degradative processes, while limiting non-essential
protein translation. Furthermore, the UPR plays a critical role in
liver disease progression and fibrosis, thus the role of the UPR in
regulating protein degradation through ERAD and ERLAD is

important to discuss (Maiers and Malhi, 2019). IRE1α and
ATF6α are the primary regulators of ERAD in response to ER
stress. Upon sensing ER stress, IRE1α splices XBP1 mRNA to
induce translation of the active XBP1 transcription factor (Tirosh
et al., 2006; Jurkin et al., 2014). XBP1 translocates into the nucleus
and promotes transcription of several ERAD-associated genes,
including ERdj3 (Endoplasmic Reticulum DnaJ Homolog 3),
ERdj4, EDEM1, UBE2E1 (Ubiquitin Conjugating Enzyme E2
E1), and HERPUD1 (Homocysteine Inducible ER Protein With
Ubiquitin Like Domain 1) (Oda et al., 2006; Yamamoto et al.,
2007; Park et al., 2021). ATF6α is also activated in response to ER
stress, promoting ATF6α trafficking to the Golgi. At the Golgi,
ATF6α is cleaved and the active portion of ATF6α is released,
subsequently entering the nucleus and promoting expression of
XBP1 and several ERAD-associated genes (Yamamoto et al.,
2007; Yoshida et al., 1998; Haze et al., 1999; Wang et al., 2000;
Shen et al., 2002). Induction of the ERAD machinery is critical
for identification, translocation, and degradation of misfolded
proteins located within the ER lumen/membrane to relieve ER
stress (Hwang and Qi, 2018). UPR regulation of ERAD likely
directly contributes to hepatic steatosis and liver disease. Mice
lacking hepatocyte expression of IRE1α exhibited worsened
steatosis in response to ER stress (Zhang et al., 2011).
Furthermore, proteosome inhibition was sufficient to
promote lipid accumulation in the liver, which was
exacerbated with IRE1α knockout (Zhang et al., 2011).
Subsequent studies have investigated the role of IRE1α in
steatosis; however, no reports have studied the link between
IRE1α-regulation of ERAD to steatosis development (Maiers
and Malhi, 2019).

Less is known regarding UPR regulation of ERLAD. ER stress
is tightly linked to autophagy and lysosomal degradation, through
UPR-mediated upregulation of LC-3B cleavage and expression of
SQSTM1/p62 and Beclin (Kim and Kim, 2020; Xia et al., 2020).
The ER-phagy receptor CCPG1 is upregulated by ER stress in
mammalian cells potentially through XBP1, while FAM134B
expression is upregulated by c/EBPβ, which is downstream of
the UPR sensor ATF6α (Smith et al., 2018; Kohno et al., 2019). No
other direct link between the UPR and expression of ER-phagy
receptors is reported, though the UPR likely plays an important
role in regulating ERLAD initiation and flux through ERLAD
pathways as well.

Physiological ERAD and ERLAD in the Liver
Under physiological settings, ERAD and ERLAD serve important
roles in hepatocytes (Moore and Hollien, 2012). The hepatocyte is
a professional secretory cell, producing an estimated 13 million
secretory proteins each minute (Schulze et al., 2019). Both the
smooth and rough ER expand to accommodate induced secretion
of proteins, but also need degradative pathways to remove
misfolded proteins, facilitate membrane turnover, and decrease
ER size upon removal of the secretory stimuli (Sun and Brodsky,
2019; Moore and Hollien, 2012). ER stress is prevalent in
physiological conditions, including the post-prandial state
where the increased lipid and carbohydrate presence in
hepatocytes further stress the ER (Deng et al., 2013). While
the transcriptional programs activated by the UPR have been,
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and continue to be, extensively studied in the liver, the
degradative pathways activated to remove misfolded or excess
proteins are understudied in their relevance to liver physiology.

ERAD: Numerous ERAD components are conserved across
mammals, and ubiquitously expressed across tissues. In
particular, the E3 ubiquitin ligase HRD1 and its cofactor
SEL1L are considered the most conserved ERAD system that
facilitates retrotranslocation of misfolded proteins from the ER
and subsequent proteasomal degradation (Vembar and Brodsky,
2008). In hepatocytes, HRD1/SEL1L regulates responses to
fasting and feeding, regulating protein levels of the
transcription factor CREBH (cyclic adenosine monophosphate
(c-AMP)-responsive element binding protein H) which in turn
increased transcription of FGF21 (Fibroblast growth factor 21)
(Bhattacharya et al., 2018). In this manner, increased expression
of HRD/SEL1L enhanced ERAD-mediated degradation of
CREBH during feeding regulates metabolism in hepatocytes
(Bhattacharya et al., 2018). ERAD is also associated with
cholesterol biosynthesis, through targeting key enzymes
involved in cholesterol synthesis, such as squalene epoxidase
and 3-Hydroxy-3-Methylglutaryl-CoA Reductase for
proteasomal degradation (Tan et al., 2019). Based on these
physiological roles, inhibition, or suppression of ERAD could
significantly influence metabolism and cholesterol synthesis,
potentially driving liver disease.

ERLAD: Expression of the major ER-phagy receptors is
relatively ubiquitous, with both an N-terminal truncated
isoform of FAM134B (FAM134B-2) and CCPG1 showing some
enrichment in the liver (Ma et al., 2018; Kohno et al., 2019). Little is
known regarding the physiological or pathophysiological roles of
ER-phagy receptors in liver disease, but two key studies recently
provided insight into how ER-phagy regulates liver physiology.
First, Kohno et al. found that FAM134B-2 increased in response to
starvation in mouse livers, and this occurred through C/EBPβ-
mediated transcription (Kohno et al., 2019). FAM134B is also
associated with activation of the transcription factors transcription
factor EB (TFEB) and Transcription Factor Binding To IGHM
Enhancer 3 (TFE3) which are established regulators of autophagic
genes in response to starvation (Kohno et al., 2019; Cinque et al.,
2020). Supporting a physiological role for ER-phagy receptors in
the liver, ER microsomes were isolated from FAM134KO or wild
type mice after fasting. Proteomic analysis of proteins from the
microsomes revealed 40 proteins enriched in FAM134B KO livers
compared to wild type, including Apolipoprotein C-III (ApoC-III)
which will be discussed later for its role in NAFLD pathogenesis
(Kohno et al., 2019). Thus, FAM134B-2 may be activated under
conditions of both ER stress and starvation/amino acid depletion.

ER QUALITY CONTROL PATHWAYS AND
CHRONIC LIVER DISEASE

ER stress and chronic liver disease are pathologically linked, with
pathogenic stimuli leading to ER stress, and ER stress driving liver
disease pathology. The mechanisms through which injurious
stimuli drive chronic liver disease through ER stress are
described in detail elsewhere, so we will only include a brief

discussion, focusing more on the role of ER quality control
pathways in this review (Baiceanu et al., 2016; Maiers and
Malhi, 2019; Kim and Kim, 2020; Flessa et al., 2021). ER stress
occurs in response to increased triglyceride and cholesterol
accumulation in hepatocytes as well as chronic alcohol
consumption. ER stress and UPR signaling further potentiate
liver damage through promoting hepatocyte apoptosis
downstream of ATF4/CHOP signaling, inducing release of
pathogenic extracellular vesicles through IRE1/XBP1,
regulating steatosis, activating inflammatory pathways, and
promoting fibrogenesis (Ji et al., 2005; Oyadomari et al., 2008;
Cazanave et al., 2010; Pfaffenbach et al., 2010; Cazanave et al.,
2011; Li et al., 2011; Malhi et al., 2013; Xiao et al., 2013; Toriguchi
et al., 2014; Kakazu et al., 2016; Rahman et al., 2016; Shan et al.,
2017; Dasgupta et al., 2020; Duwaerts et al., 2021). ATF6α is
involved in lipid synthesis regulation, with ATF6α loss in
hepatocytes limiting steatosis, but may also promote
fibrogenesis in response to liver injury (Rutkowski et al., 2008;
Yamamoto et al., 2010; Chen et al., 2016a; Xue et al., 2021).
contributing to NAFLD development and progression. Indeed,
ER stress is linked with the progression of NAFLD to NASH, as
well as fibrosis progression, thus understanding the contribution
of these pathways to chronic liver disease, as well as targeting
these pathways to limit progression and/or promote regression of
liver disease is of paramount importance. A critical and
understudied UPR regulated process are the ER quality control
pathways. The studies described earlier implicate ERAD and
ERLAD as critical regulators of liver physiology, and potential
drivers of liver pathology. We will further discuss the established
and potential pathological roles for ERAD and ERLAD in genetic
and metabolic liver disease, including AATD, NAFLD/NASH,
ALD, and fibrosis. Finally, we will discuss these processes as
potential therapeutic targets for limiting progression of chronic
liver disease.

ALPHA-1 ANTITRYPSIN DEFICIENCY

Alpha-1 antitrypsin (AAT) is a serine protease inhibitor
important in degrading neutrophilic elastase in the lung.
Under normal conditions it is synthetized and secreted by
hepatocytes, but several mutations can exist in the gene that
encodes AAT, Serpina1 (Pi), which leads to diseases of both the
lung and liver. The most severe form of AATD occurs with
homozygous expression of ZZ alleles (protein: PI-Z) instead of
the normal MM alleles, which leads to a Glu342Lys
transformation. AATD affects 1/2,000-1/5,000 people world-
wide (Manne and Kowdley, 2020). This missense mutation
induces an accumulation of AAT PI-Z aggregates within the
hepatocyte, specifically within the ER. Hepatic accumulation of
AAT PI-Z leads not only to ER stress and subsequent liver disease
but also to a deficiency in circulating and pulmonary AAT, which
ultimately leads to lung disease (Teckman et al., 1996; Silverman
and Sandhaus, 2009; Manne and Kowdley, 2020; Narayanan and
Mistry, 2020; Patel et al., 2021). Progression of AATD can range
from pediatric jaundice to the development of hepatocellular
carcinoma in adulthood (Narayanan and Mistry, 2020).
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Hepatocytes attempt to control the accumulation of AAT
aggregates via two main mechanisms—ERAD and macro-ER-
phagy, though a direct lysosomal pathway has recently been
implicated. For years ERAD was the favored mechanism
through which an attempt at reestablishing protein
homeostasis during AATD occurred. However, studies
demonstrated that the preferred mechanism of AAT protein
degradation mechanism is dependent on the state in which the
PI-Zmutant proteins are found.When proteins remain soluble in
monomeric or oligomeric form, they undergo ERAD rather than
autophagy (Perlmutter, 2006). Most hepatic therapies for AATD
have focused on increasing autophagy to reduce hepatocyte
aggregates and the liver burden. The role of ERAD and
ERLAD are best studied in AATD compared to other liver
diseases, and may provide critical insight into how these
pathways drive progression of other hepatic disorders. We will
discuss these mechanisms, and lysosomal degradation, as they
relate to AATD and liver disease.

ERAD in AAT Deficiency and Liver Disease
Early accounts of ERAD during AATD demonstrated that PI-Z
could be degraded through proteasomal degradation involving
calnexin (Qu et al., 1996). Briefly, they described a phenomenon
where PI-Z bound calnexin, which in turn promoted calnexin
retrotranslocation and polyubiquitination. The ubiquitinated
calnexin was then recognized by cytoplasmic proteasomes for
degradation. From there the involvement of ERAD in the
degradation of PI-Z during AATD only became more
complex. Using an array of plasmids and HEK 293 cells, Shen
et al. proposed that p97/VCP (valosin containing protein) were
involved in the retrotranslocation of PI-Z, which was
subsequently ubiquitinated by the E3 ubiquitin ligase GP78/
AMFR (autocrine motility factor receptor) and UBE2G2
(ubiquitin-conjugating enzymes E2 7) (Shen et al., 2006).
Further reports added to the ERAD machinery discovery. For
example, several groups demonstrated that the E3 ubiquitin ligase
HRD1/SYNV1 (synoviolin1) facilitated PI-Z degradation
(Christianson et al., 2008; Iida et al., 2011; Wang et al., 2011).
Christianson and colleagues, through a series of in vitro
experiments, also described upstream events in the ERAD
cascade for PI-Z degradation (Christianson et al., 2008). They
established that the ER resident lectins OS-9 and XTP3-B, and ER
resident chaperone glycoprotein GRP94/HSP90B1 (heat shock
protein 90 beta family member 1) were responsible for delivering
PI-Z to the SEL1L adaptor subunit of the SEL1L/HRD1 complex
for ubiquitination and degradation. Derlin-1 has also been
described as a part of the ERAD machinery involved in
degrading PI-Z proteins (Lilley and Ploegh, 2005; Greenblatt
et al., 2011). Finally a large complex of molecules termed,
Complex I, was defined in ERAD of PI-Z (Ye et al., 2004;
Lilley and Ploegh, 2005; Iida et al., 2011). Complex I was
composed of: OS-9, SEL1L, HRD1 (which together form
Complex II), in addition to HERP (Hes related family BHLH
transcription factor with YRPW motif 2), Derlin-1, VIMP
(selenoprotein S), p97/VCP, NPL4 (NPL4 homolog, ubiquitin
recognition factor), UFD1 (ubiquitin recognition factor in ER
associated degradation 1). Molecules involved in the ERAD of

mutant AAT protein PI-Z during AATD are summarized. In
summary ERAD plays a key role in degrading PI-Z soluble
aggregates, helping alleviate hepatocellular ER stress
during AATD.

ERLAD in AAT Deficiency and Liver Disease
Accumulation of PI-Z leads to the formation of insoluble
aggregates, which are resistant to ERAD (Perlmutter, 2006).
Despite this insolubility, studies showed that hepatocytes
shifted to promote degradation through ER-phagy (Teckman
and Perlmutter, 2000). The Perlmuter group microscopically
examined this degradative process in several different cell
lines, PI-Z mutant mice, and liver samples from patients with
AATD. They noted the formation of large insoluble aggregates of
PI-Z that could be found within both the ER and
autophagosomes. Around the same time, another group
demonstrated that transfection of PI-Z into cells deficient for
Atg5 (autophagy related 5) led to increased PI-Z aggregate
accumulation compared to WT cells (Kamimoto et al., 2006).
In WT cells an increase in LC3+ autophagosomes, in the presence
of PI-Z, was noted while Atg5 deficient cell numbers increased
indicating less autophagy occurring.

While not focused directly on macro-ER-phagy, additional
studies have demonstrated that the autophagic regulator TFEB is
actively involved in reducing PI-Z accumulation in hepatocytes
(Pastore et al., 2012; Pastore et al., 2013). Both in vitro and in vivo
studies showed that when Tfeb was transferred into cells or PI-Z
mutant mice it significantly reduced PI-Z accumulation, and
reduced liver disease and fibrosis in vivo. Finally, Feng et al.
recently described the autophagic machinery involved in PI-Z
degradation in more detail (Feng et al., 2017). Using a
combination of HEK 293T and HepG2 cell lines, they
established that SYVN1 was involved not only in ubiquitin
tagging insoluble PI-Z for proteasomal degradation but also
autophagic degradation. SYVN1 promoted the interaction of
PI-Z with sequestosome1 (SQSTM1), which then interacted
with LC3 at autophagosomes, leading to autophagic
degradation of PI-Z. Further studies are needed to fully
elucidate the exact autophagic and ER-phagic pathways
involved in PI-Z degradation during AATD, but the
groundwork has certainly been laid.

Lysosomal Degradation Pathways in AAT
Deficiency and Liver Disease
There exist very few accounts of the lysosomal pathway being
involved in PI-Z degradation during AATD separate from
autophagy, and of the accounts that exist, the degradation
mechanisms differ. One group described an ERLAD (Fregno
et al., 2018) mechanism, while the other maps out a Golgi-
dependent degradation (Gelling et al., 2012) mechanism, both
of which are discussed below.

ERLAD is the direct degradation of ER contained proteins, in
this case polymeric PI-Z, by endolysosomes without the
intervention of autophagosomes. Fregno et al. described the
phenomena using a complex in vitro experimental system
where they demonstrate that even in the absence of the
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autophagosome machinery PI-Z still undergoes lysosomal
degradation. The paper establishes that single-membrane ER
vesicles expressing FAM134B fusion with RAB7/LAMP1
expressing endolysosomes through the formation of a complex
between FAM134B and LC3-II on the endolysosomes. The
process is complete when the ER vesicle fully fuses to the
endolysosomes through SNARE/STX17 and SNARE/VAMP8
localized on the ER vesicle and the endolysosomes,
respectively (Fregno et al., 2018).

Gelling et al., also described PI-Z removal through lysosomal
degradation, but through a mechanism that involves the Golgi. In
a PI-Z yeast mutation system, the group screened mutations that
disrupted PI-Z degradation, and found one target of
interest—Vps10 (Sortilin in humans). Sortilin is a protein
involved in transporting misfolded proteins from the Golgi to
vacuoles for secretion or degradation, it is localized in the late
compartment of the Golgi. When they further investigated the
role of sortilin in a rat hepatoma (RH-7777) cell line, they found
that in a sortilin mutant PI-Z trafficking to the lysosome was
disrupted, a defect that was corrected with sortilin
overexpression. The group thus concluded that the Golgi
trafficked PI-Z to lysosomes for degradation in a sortilin-
dependent fashion (Gelling et al., 2012).

In conclusion, AATD burdens both the liver and lungs
through the aggregation of AAT and lack of AAT circulation,
respectively. Numerous groups have described that both ERAD
and ERLAD are highly involved in reducing the liver burden
during AAT aggregate accumulation within the ER of
hepatocytes. ERAD being favored when aggregates remain
small and soluble while ERLAD is used when aggregates are
large and insoluble. Several animal models have tested drugs to
enhance autophagy/macro-ER-phagy with promising results,
while carbamazepine (CZB) is currently undergoing clinical
trials for the treatment of liver disease during AATD.

NON-ALCOHOLIC FATTY LIVER DISEASE

Non-alcoholic fatty liver disease (NAFLD) is an overarching term
that incorporates both non-alcoholic fatty liver (NAFL) and non-
alcoholic steatohepatitis (NASH). NAFL is the accumulation of
fat, or steatosis, within the liver accompanied by little to no
inflammation, while NASH is steatosis accompanied by
inflammation, hepatocyte ballooning and death, as well as
varying degrees of fibrosis (Kleiner et al., 2005). NASH is
generally accompanied with other metabolic diseases such as
obesity, diabetes mellitus, hyperlipidemia, and hypertension, and
has become known as the hepatic manifestation of metabolic
syndrome and insulin resistance (Kleiner et al., 2005). NAFL is
generally thought of as a benign condition, while NASH is a
substantial disease which can culminate into cirrhosis and
hepatocellular carcinoma. As of today there are still no long-
term treatment options for NASH at the exception of liver
transplantation, though there is a considerable amount of
research being done in the field to find treatment options.
NAFLD is estimated to affect 24% of the world’s population,
although this is likely an underestimation given that the disease is

rarely accompanied by symptoms until it reaches the late stages
(Younossi et al., 2016; Younossi et al., 2018). Of the 24% with
NAFLD, 59% are estimated to have NASH. Furthermore, NAFLD
disproportionately affects certain races, such as people of
Hispanic descent, due to the strong genetic component of this
disease (Younossi et al., 2016; Younossi et al., 2018). NASH is a
complex disease which affects all aspects of the hepatocyte’s
ability to respond to stress such as the overaccumulation of
lipids. For example, in the case of excess lipids, the ER
undergoes expansion. Expansion helps to accommodate for
the increased physical lipid load and package and shuttle the
lipid out of the hepatocyte; however, this expansion and increased
load in turn triggers ER stress. ER stress plays a key role in
NAFLD pathogenesis, in fact all arms of the UPR have been
linked to NAFLD development, progression, and even
fibrogenesis during NASH (Yamamoto et al., 2007; Zhang
et al., 2011; Oyadomari et al., 2008; Rutkowski et al., 2008;
Cazanave et al., 2010; Pfaffenbach et al., 2010; Yamamoto
et al., 2010; Cazanave et al., 2011; Li et al., 2011; Malhi et al.,
2013; Xiao et al., 2013; Toriguchi et al., 2014; Chen et al., 2016a;
Kakazu et al., 2016; Rahman et al., 2016; Shan et al., 2017;
Dasgupta et al., 2020; Duwaerts et al., 2021; Wang et al.,
2018). In this section we will review the roles ERAD,
autophagy, and lysosomal degradation pathways play in
NAFLD pathogenesis, with an emphasis on lipid homeostasis.

ERAD During NAFLD
Studies investigating the role of ERAD in NAFLD pathology have
primarily focused around how ERAD regulates lipid homeostasis.
Some of the earlier reports on ERAD during NAFLD focused on
Apolipoprotein B (ApoB) (Fisher et al., 1997; Gusarova et al.,
2001; Hrizo et al., 2007; Brodsky and Fisher, 2008). ApoB is the
principal apolipoprotein in VLDL (very-low-density lipoprotein)
and LDL (low-density lipoprotein) and is responsible for
shuttling these lipoproteins through the secretory pathway.
ApoB dysfunction is strongly associated with NAFLD
development, with mutations in ApoB implicated as a genetic
driver of NAFLD. It is important to note that enhanced ApoB
degradation leads to increased accumulation of lipids within the
liver as proper lipid secretion is impaired. Fisher and colleagues
demonstrated that Hsp70, an ERAD chaperone, was essential for
ApoB degradation in a HepG2 overexpression system (Fisher
et al., 1997). A second ERAD chaperone, HSP90, was also
implicated in ApoB degradation, with transfection of HSP90
into a rat hepatoma line, RH-7777 significantly increasing
ApoB degradation (Gusarova et al., 2001). Inversely,
chemically disrupting the interaction between ApoB and
HSP90 with Geldanamycin significantly decreased ApoB
degradation. Finally the group demonstrated in HSP90 and
HSP70 mutant yeast cells that ApoB was not degraded, tying
in with Fisher’s earlier work. Hrizo and group demonstrated that
HSP110 played an essential role in stabilizing ApoB and
decreased its degradation. They showed this in the cell line
RH-7777 where they over expressed HSP110, which increased
ApoB secretion (Hrizo et al., 2007). More recent work further tied
ApoB degradation to NAFLD pathogenesis (Yamamoto et al.,
2010). In an Atf6 knock-out mouse model where ER stress was
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induced with tunicamycin (1 mg/kg) for one week, an increase in
steatosis and liver injury occurred. Yamamoto and colleagues
went on to demonstrate that this increase in steatosis was due to
increased triglyceride and cholesterol accumulation, decreased
β-oxidation, and decreased VLDL secretion due to ApoB
destabilization. This group speculated that the observed
pathogenesis was due to the role ATF6 plays in the
transcription of ERAD associated genes, with ATF6α loss
limiting the levels of ERAD machinery, subsequently
destabilizing ApoB and decreasing lipid export from
hepatocytes (Yamamoto et al., 2007). Other studies
demonstrated that ERAD is involved in increased lipogenesis

via INSIG1 degradation and subsequent SREBP-1c activation, or
through reduced TG synthesis by destabilizing DGAT2
(diacylglycerol O-acyltransferase 2) which is responsible for
the last step of TG synthesis, thus leading to fatty acid
accumulation (Liu et al., 2012; Choi et al., 2014). Together
these studies demonstrate that targeting ApoB to increase
stabilization through the potential inhibition of ERAD during
NAFLD may help alleviate the ER burden and overall cellular
stress helping reduce cell death and injury.

A second ERAD-associated mechanism regulating lipogenesis
involves the E3 ubiquitin ligase HRD1, however the role of HRD1
in NAFLD pathogenesis remains unclear due to conflicting

TABLE 1 | RNAseq Analyses of patients with NAFLD/NASH.

Dataset Comparison ERAD: Upregulated genes ERAD: Downregulated genes ER-phagy:
Upregulated

genes

ER-phagy:
Downregulated genes

GSE
17470

NASH vs. Control UBXN1, DNAJC10 DERL2, UBE2G2, SEL11, RNF103,
INSIG1

— —

GSE
24807

NASH vs. Control UBXN1, DNAJC10, UBE2K, TMUB2 DERL2, UBE2G2, MAN1B1,
DERL3, RNF170, SEL1L, RNF103,
INSIG1

— —

GSE
48452

NASH vs. Obese FBXO2 MAN1A2, MAN1A1 — —

NASH vs. Steatosis FBXO2, DNAJB14 — ATL3, RTN3 CDK5RAP3/C53,
CALCOCO1

Steatosis vs. Obese — MAN1A2, RNF170 — SEC62

GSE
89632

NASH vs. Healthy FBXO2, AMFR, STUB1, TMUB2,
RNF170, UBXN6, TRIM25, DERL3,
DNAJB12, DNAJB14, TMEM129,
DERL2, EDEM2, TRIM21, MAN1A2,
RNF185

FAF2, UBE2J1, UBE2G2, MANC1,
INSIG1, TRIM13

CCPG1, ATL2 RTN3, RETREG1

Steatosis vs. Healthy FBXO2, STUB1, RNF5, TRIM13,
UBXN6, TMEM129, TMUB2, RCN3,
DNAJB12, RNF170, RNF139

RHBDD1, UBE2G2, MANC1, INSIG DDRGK1, TEX264 RTN3, RETREG1

NASH vs. Steatosis N/A N/A N/A N/A

GSE
33814

NASH vs. Healthy WFS1, FBXO2, MAN1B1, TMUB2,
NPLOC4, MAN2B1, RCN3, SORT1

TRIM13, DNAJB14, RNF170,
UBE2K, XBP1, MARCHF6,
MAN1C1, INSIG1

ATL3, RTN3,
CCPG1,
CDK5RAP3/C53

RETREG1, SEC62,
CALCOCO2

NASH vs. Steatosis FBOX1, RCN3, MAN1B1, TMUB2,
MAN2B1,UBXN1, STUB1,
DNAJC18, SORT1

ERLIN1, SYVN1, UBXN4, SEL1L,
RNF103, HSPA5, MAN1C1,
RNF170, UBE2K, RNFT1,
DNAJB14, INSIG1

— ATL2, SEC62, CALCOCO2

Steatosis vs. Healthy NPLOC4, MAN1B1, TRIM25,
DERL2, MAN2C1, RNF185,
RHBDD1, MAN2B1, TMUB2,
DNAJB12, STUB1, DNAJB14,
UBE2J2

RNF139, JKAMP, UBE2K,
MAN1A1, UBXN8, MAN1C1, XBP1,
MARCHF6

RTN3, CCPG1,
CDK5RAP3/C53

DDRGK1, RETREG1,
SEC62, CALCOCO2

GSE
49541

NAFLD with Advanced
Fibrosis (Stage 3/4) vs
NAFLD with Mild Fibrosis
(Stage 1/2)

DNAJC10 MAN1C1 — —

GSE
159676

NASH vs. Healthy PRKN, DNAJB14, DERL3 BAG6, UBXN8, MAN1A1, UBXN4m
TMEM129, ERLIN1, UBXN6,
STUB1, DNAJB11, MAN1C1,
EDEM2, OS9, INSIG1, UBE2D1

RTN3, ATL3 TEX264, SEC62,
RETREG1, CALCOCO1,
CALCOCO2,
CDK5RAP3/C53
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reports (Wei et al., 2018; Li et al., 2021). Wei and colleagues
published that liver-specific depletion of Hrd1 was beneficial to
steatosis and insulin resistance (Wei et al., 2018). Liver-specific
Hrd1 knock out mice fed a high fat diet displayed a significant
decrease in steatosis, blood glucose levels, and expression of de
novo lipogenesis genes compared to wild-type mice on the same
diet. They proposed that Hrd1 is an important metabolic
regulator, whose loss promotes AMPK and AKT
hyperactivation, leading to increased lipogenesis. In contrast Li
and colleagues demonstrate that in a genetic model of obesity and
diabetes (db/db mice) Hrd1 is significantly decreased compared
to wild-type mice (Li et al., 2021). They also establish that Hrd1 is
essential for ubiquitin degradation of Acyl, which is important in
de novo lipogenesis. In the natural absence of Hrd1, db/db mice
displayed an increase in circulating Acyl which leads to increased
lipogenesis. They further demonstrate their findings by
overexpressing Hrd1 in db/db mice and showing a fully
reversed phenotype. Very recently Yang and group established
that the E3 ligase RNF5 was important in HRD1 ubiquitination
and degradation (Yang et al., 2021a). Mice with liver specific Rnf5
depletion developed NASH (increased steatosis, inflammation,
and fibrosis) when fed a high fat-high cholesterol diet.
Investigating human NAFLD samples, they measured
significantly less RNF5 mRNA and protein in NASH than
NAFL samples. This new data could point towards HRD1
having a detrimental role in NASH as indicated by Ye et al.
While ERAD appeared detrimental to ApoB stabilization, its
overall role in NAFLD pathogenesis may not be as clean cut.
Given our current understanding of Hrd1 in NAFLD progression,
it might be beneficial to increase ERAD rather than limit it as
studies studying ApoB indicate. Thus targeting ERADmay not be
an easy task in NASH.

Another protein of the ERADmachinery that has been directly
linked to NAFLD pathogenesis and hepatocellular carcinoma
(HCC) development is the E3 ubiquitin ligase GP78 (Zhang et al.,
2015). Zhang and researchers found that 1 year old Gp78 knock-
out mice naturally developed obesity. The obesity was
accompanied by steatosis, liver inflammation, fibrosis, and
HCC. Indeed, they found that Gp78 levels in human HCC
inversely correlated with grade of HCC. They hypothesized
that loss of Gp78 decreased ERAD which induced chronic ER
stress leading to NASH and HCC. Finally when investigating
RNA sequencing datasets from studies that investigated NAFL
and NASH patients comparing them to healthy controls or obese
controls several genes involved in ERAD emerged in most studies
searched. For example the following genes were often found
upregulated: Fbxo1, Ubxn1, Tmub2, Man1b1, Stub1 while
these were found to be downregulated: Derl2, Man1a2,
Ube2g2, and Insig (Table 1) (Baker et al., 2010; Liu et al.,
2011; Starmann et al., 2012; Ahrens et al., 2013; Murphy et al.,
2013; Arendt et al., 2015). For example Stub1/Chip plays an
essential role in NASH pathogenesis. When Chip was knocked
out in mice, they developed significantly more oxidative stress,
steatosis, cell death, and fibrosis than their wild-type counterparts
in the absence of other stimuli (Kim et al., 2016). As forUbe2g2, it
is involved in cholesterol synthesis, specifically it degrades the
rate limiting enzymes involved in this process (Tan et al., 2019;

Miao et al., 2010) Future studies into the pathological roles of
these differentially regulated ERAD proteins may reveal novel
mechanisms of NAFLD progression and potential therapeutic
targets for future studies and therapies.

Autophagy/Macro-ER-Phagy During
NAFLD
The role of autophagy in NAFLD progression has been an
exciting area of research in the past decade, though the
contribution of ER-phagy to NAFLD and NASH development
is unclear. One of the first reports of autophagy in the liver during
NAFLD was by Singh and colleagues in 2009 (Singh et al., 2009).
Since then hundreds of papers have been written on the subject, of
which several reviews of note (Flessa et al., 2021; Wu et al., 2018;
Ramos et al., 2021). In this seminal paper, Singh et al.
demonstrated in both in vitro and in vivo settings that the
inhibition of autophagy led to increased lipid accumulation,
reduced β-oxidation, and reduced VLDL secretion in
hepatocytes coining the term “macrolipophagy”. For example,
culturing primary hepatocytes from Atg5 knock out mice in the
presence of oleate led to significant accumulation of triglycerides
compared to wild-type hepatocytes. The group went on to
demonstrate that autophagy was required for β-oxidation of
lipids by adding siRNA for Atg5 to cultured hepatocytes in the
presence ofMCD (methionine and choline deficient) media. They
also showed microscopically that lipid droplets were associated
with autophagic markers such as LC3 and LAMP1. Finally in
mice fed high fat diets (HFD), autophagy decreased in the
presence of HFD, leading to increased lipid droplet
accumulation, which further inhibited autophagy, highlighting
a vicious cycle (Singh et al., 2009). Soon after, a report from Liu
and colleagues demonstrated the integral role insulin plays in
hepatic autophagy (Liu et al., 2009). Autophagy was diminished
in mice fed a HFD to induce insulin resistance, but when insulin
was inhibited chemically with streptozotocin, autophagy was
restored (Liu et al., 2009). Yang et al. further demonstrated
the importance of insulin in hepatic autophagy, revealing that
in vivo loss of Atg7 increased both ER stress and insulin resistance
(Yang et al., 2010). They also showed that all markers of
autophagy were dysregulated demonstrated in an ob/ob model,
resulting in overall downregulated autophagy.

Numerous other reports employing high fat or methionine-
choline deficient dietary models in mice or rats have come to the
same conclusions as Singh and colleagues, in the presence of a
NAFLD stimulus less autophagy is observed, and consequent
lipid accumulation is noted (Koga et al., 2010; Wang et al., 2010;
Gonzalez-Rodriguez et al., 2014; Simon et al., 2014). Through
these reports the autophagic machinery in NAFLD has been well
documented and includes classic autophagic markers such as
ATG5, ATG7, BECLIN-1, p62/SQSTM1, LC3-II/I, and
S6K1(Singh et al., 2009; Yang et al., 2010; Gonzalez-Rodriguez
et al., 2014). Finally Gonzalez-Rodriguez et al. studied liver
samples from healthy control, NAFL, and NASH patients and
established that patients with NASH had significantly less
autophagy than both other groups as seen by their increased
p62 protein levels, increased phopspho-mTOR, increased
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phospho-S6K1, and decreased mRNA levels of Beclin-1
(Gonzalez-Rodriguez et al., 2014).

While not as robustly studied, macro-ER-phagy may indeed
play a crucial role in NAFLD pathogenesis. As ApoB is highly
regulated by ERAD, another apolipoprotein is regulated by
macro-ER-phagy. ApoC-III is involved in lipid homeostasis
through two distinct functions: (Asrani et al., 2019) it inhibits
hepatic lipase, and (Maiers and Malhi, 2019) inhibits uptake of
triglyceride-rich particles. If ApoC-III is not tightly regulated
it can lead to hypertriglyceridemia and an increased risk of
cardiovascular disease (Boren et al., 2020). Interestingly, a
polymorphism has been found in ApoC-III lipoprotein which
predisposes to NAFLD (Petersen et al., 2010). Recently
published work has pointed to a role for macro-ER-phagy
in the regulation of lipoprotein ApoC-III (Kohno et al., 2019).
Specifically the group describes that ApoC-III is degraded in a
FAM134B-2-dependent manner. This means macro-ER-phagy
plays a key role in regulating lipogenesis in hepatocytes,
lending it a potential central role in NAFLD pathogenesis.
Changes in macro-ER-phagy during NAFLD progression
could further lead to the progression of NAFLD through,
for example, the regulation of ApoC-III levels in
hepatocytes. A role for ERLAD in NAFLD/NASH
pathogenesis is further supported by RNA sequencing data
from groups that compared NASH to healthy controls.
Numerous ER-phagy receptors were differentially regulated,
such as ATL3, SEC62, and RTN3 (Table 1) (Baker et al., 2010;
Liu et al., 2011; Starmann et al., 2012; Ahrens et al., 2013;
Murphy et al., 2013; Arendt et al., 2015). Again, this points
towards macro-ER-phagy playing an essential role during
NASH and that targeting the machinery to treat NASH is a
highly understudied area.

Lysosomal Degradation During NAFLD
The role of lysosomal degradation is less studied in NAFLD
pathogenesis, with even less known regarding the role of ERLAD.
Despite being understudied, research shows that lysosomal
degradation plays a principal role in NAFLD pathogenesis.
Key proteins of interest in lysosomal degradation are RABs
(Ras-related protein Rab), Sortilin (VSP10), and SIMPLE
(small integral membrane protein of lysosome/late endosome)
(Strong et al., 2012; Zeigerer et al., 2012; Du et al., 2020; Song
et al., 2021; Vos and van de Sluis, 2021). RABs are a large family of
GTPase essential in early endosome, late endosomes, and
lysosome formation. They are located on the surface of
endosomes/lysosomes and are essential in connecting with
lipid droplets and their trafficking and degradation (Liu et al.,
2007). Such is the case of Rab5, which plays a role in the actual
number of endosome/lysosomes present in hepatocytes (Zeigerer
et al., 2012). In fact Zeigerer et al. found a loss of the endosomal
pathway in the absence of Rab5. They also demonstrate that in the
absence of Rab5, LDL was not able to undergo endocytosis into
the primary hepatocytes used for the experiment, leading to an
increased amount of circulating LDL.

Strong and colleagues investigated the role of Sortilin in
lysosomal degradation of lipids (Strong et al., 2012). Sortilin is
a lysosomal sorting protein found in both the Golgi and plasma

membranes and is important in trafficking to the lysosome.
Interestingly, this group demonstrated that increased Sortilin
expression by AAV transfection into wild-type mice lead to
decreased ApoB secretion and increased LDL catabolism, both
were due to increased lysosomal degradation. A natural occurring
mutation in Sortilin in humans significantly reduces coronary
heart disease, taken together this pathway may be an interesting
target for NAFLD therapeutics. Another group investigated the
role SIMPLE played in NAFLD (Song et al., 2021). Song et al.
investigated levels of SIMPLE in normal and NASH patient
samples and found, as in their NAFLD mouse models, a
significant decrease in the protein in diseased individuals.
They further demonstrated that in a SIMPLE knock-out
mouse model fed either an MCD, HFD, or HFHC diet they
developed significant steatosis, insulin resistance, inflammation,
and fibrosis. They went on to demonstrate that SIMPLE interacts
with EGFR (epidermal growth factor receptor) and regulates its
degradation. In the absence of SIMPLE EGFR was found
hyperactivated which led to NAFLD.

When taken together it is evident that all three pathways for
degradation of ER membrane/cargo are heavily involved in
NAFLD pathogenesis, especially in the role they play in lipid
homeostasis.

ALCOHOLIC LIVER DISEASE

ALD develops in response to chronic, excessive alcohol
consumption, the prevalence of which is rising rapidly (Nagy
et al., 2016). Both acute and chronic ethanol consumption lead to
ER stress, and in turn, resulting UPR signaling drives ALD
pathogenesis (Barak et al., 1996; Werstuck et al., 2001; Ji and
Kaplowitz, 2003; Ji et al., 2011; Fernandez et al., 2013;
Tsedensodnom et al., 2013; Howarth et al., 2014; Li et al.,
2016; Masouminia et al., 2016; French et al., 2017; Song et al.,
2020). Furthermore, ethanol-induced hepatocyte death occurs
through UPR-upregulation of CHOP (Ji et al., 2005). Liver
damage in ALD primarily occurs through ethanol metabolism
which releases reactive oxygen species (ROS). The majority of
ethanol metabolism occurs through alcohol dehydrogenase
(ADH) and aldehyde dehydrogenase (ALDH) 1 and 2, but in
conditions of excess ethanol, cytochrome p450 (CYP) enzymes,
particularly CYP2E1, metabolize ethanol and produce ROS.
Increased ROS in hepatocytes leads to mitochondrial damage,
interference with protein folding, ER stress, and hepatocyte death,
which in turn drives ALD progression (Wu and Cederbaum,
1996; Nagy et al., 2016; Doody et al., 2017; Lu and Cederbaum,
2018). Other ethanol-induced drivers of ER stress are protein
accumulation and adduct formation, both of which impair
hepatocyte function and lead to hepatocyte apoptosis, which
may be aggravated by impaired ER quality control (Chen
et al., 2016b; Masouminia et al., 2016; French et al., 2017).

Without dismissing other ethanol metabolizing pathways,
much of our focus will be on CYP2E1 due to its relationship
with ERAD and autophagy (Kwon et al., 2020; Correia et al.,
2014). CYP2E1 plays a modest role in ethanol oxidation under
normal conditions; however, this role increases as alcohol
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exposure increases. Ethanol increases CYP2E1 production, and in
turn, increased CYP2E1 levels or activity drives hepatocyte injury.
Conversely, deletion or inhibition of CYP2E1 limits hepatocyte
death and alcohol-induced injury (Lu and Cederbaum, 2018;
Song et al., 2019). The deleterious effect of increased CYP2E1 on
hepatocyte viability suggests that drugs aimed at mechanisms
regulating CYP2E1 protein stability could improve the disease
phenotype.

ERAD and ALD
CYP2E1 is localized at the ER membrane where it metabolizes
ethanol and other xenobiotics. As an ER membrane protein,
CYP2E1 undergoes turnover through ERAD under physiological
conditions, but this turnover is increased with CYP2E1 damage
or inactivation (Kwon et al., 2020; Correia et al., 2014). CYP2E1
metabolism of ethanol and subsequent generation of ROS
damages CYP2E1, leading to degradation by ERAD (Kwon
et al., 2020; Correia et al., 2014). CYP2E1 is targeted for
ERAD through an initial phosphorylation event mediated by
PKA and PKC, followed by ubiquitination by E2/E3 complexes
(Kwon et al., 2019). These complexes include p97/Ufd1/Npl4-
AAA ATPase, UbcH5a/Hsp70/CHIP, and UBC7/gp78/AMFR.
Ubiquitination is followed by extraction of CYP2E1 from the ER
membrane and subsequent proteasomal degradation. Loss of any
of these complexes increases CYP2E1 stability, which in turn
worsens drug-induced liver damage in murine models (Kwon
et al., 2019; Ballinger et al., 1999; Connell et al., 2001; Jiang et al.,
2001; Murata et al., 2001; Morishima et al., 2005; Kim et al., 2010).
Analyses of RNAseq from patients with alcoholic hepatitis
showed increased expression of numerous ERAD genes,

including those involved in CYP2E1 turnover (AMFR and
VCP), though this reversed in patients with alcoholic cirrhosis,
who displayed reduced expression of Stub1/CHIP (Table 2)
(Bourd-Boittin et al., 2011; Caillot et al., 2009a; Trepo et al.,
2018; Hyun et al., 2020; Affo et al., 2013). Increased expression of
ERAD genes that target CYP2E1 for degradation may reflect an
adaptive mechanism of hepatocytes to remove excess CYP2E1
induced by alcohol exposure. The shift in ERAD gene
expression in cirrhotic patients mirrors what we observed in
other cirrhotic patients (Table 3), suggesting that regulation of
ERAD changes with disease severity (Caillot et al., 2009a;
Bourd-Boittin et al., 2011; Affo et al., 2013; Trepo et al.,
2018; Hyun et al., 2020). The mechanism behind this shift is
unclear but could correspond with a shift away from cells trying
to adapt and resolve cellular damage, to other, more
pathological signaling pathways. Other key observations from
our RNAseq analyses were dysregulated expression of several
mannosidases (MAN1A1, MAN1A2, MAN2A2, MAN1B1,
MAN2C1) and ubiquitin ligases (UBE2N, UBXN8, UBE2J1,
UBE2J2). Increased expression of the ERAD machinery could
also be downstream of ER stress and activation of the UPR in
response to hepatocyte injury. How the ERAD machinery is
regulated in response to acute and chronic alcohol exposure, as
well as in early and late stages of alcoholic liver disease, would
provide additional insight into the role of this process in disease
progression.

In keeping with a protective role of ERAD in response to
alcohol, in vitro studies have shown that ERAD inhibition
sensitizes HepG2 cells to inflammation-induced cell death. In
these studies, ERAD inhibition, or deletion of SEL1L increased

TABLE 2 | RNAseq analyses from patients with Alcohol-related liver disease.

Dataset Comparison ERAD: Upregulated genes ERAD: Downregulated genes ER-phagy:
Upregulated

genes

ER-phagy:
Downregulated

genes

GSE
28619

Alcoholic hepatitis vs.
Control

TRIM13, DNAJC10, TRIM25, UBE2N,
UBXN8, FBXO2, JKAMP, DNAJB11,
TRIM21, AMFR, UFD1, DERL2, HSPA8,
RHBDD1, DNAJB14, VCP, EDEM3,
SEL1L, HSPA5, NPLOC4, ERLEC1, FAF2,
UBE2J1, UBE2D1

UBXN6, HERPUD1, MARCHF6, ENF5,
UBE2K, MAN1A1, MAN2C1, MAN2A2,
MAN1C1, INSIG1

ATL3 RETREG1, ATL2

GSE
143318

Alcoholic hepatitis vs.
Control

AMFR, EDEM1, MAN1A1, TRIM25,
MAN1A2, RNF5, VCP, DNAJB11, STT3B,
NPLOC4, EDEM3

— DDRGK1 —

GSE
103580

Alcoholic steatosis vs.
mild alcoholic
hepatitis

SEL1L, TRIM13 TMEM67, DNAJC10 CCPG1 —

Alcoholic cirrhosis vs.
alcoholic steatosis

DNAJC10, EDEM3, MAN1B1, TMEM67,
DNAJC18, ERLEC1, RNFT1, UBE2J2,
UBE2J1

STUB1, UBXN6, UBE2K — CCPG1, SEC62

Alcoholic cirrhosis vs.
mild hepatitis

INSIG1, TRIM13, DNAJC10, RNFT1,
UBE2G2, SEL1L, MAN2C1, EDEM3,
EDEM1, RHBDD1, DNAJC18, STT3B,
ERLEC1, UBE2J1, RCN3

STUB1, DNAJB12, UBXN6, SYVN1 — —

GSE
10356

Alcoholic cirrhosis vs.
normal

MAN1A2, HSPA5, EDEM1 TRIM21 — —

GSE
24667

Alcoholic cirrhosis vs.
normal

MAN2C1, MARCHF6, PRKN, FBXO2,
UBE2N, WFS1

TRIM21, TRIM13, SEL1L — —
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ROS levels and disrupted mitochondrial morphology and
function (Liu et al., 2020). Notably, HepG2 cells lack CYP2E1
expression, prompting the question of whether increased
CYP2E1 expression in response to ERAD inhibition would
protect these cells from the observed phenotypes. Indeed, E47
cells, HepG2 cells engineered to express CYP2E1, exhibited
increased expression of nuclear factor-E2-related factor
(Nrf2), a UPR-regulated transcription factor which increases
expression of antioxidants, compared to parental HepG2 cells
(Gong and Cederbaum, 2006). This may protect hepatocytes
from oxidative stress caused by CYP2E1-mediated ethanol
metabolism in combination with ERAD-mediated CYP2E1
degradation.

Finally, ERAD regulation of CYP2E1 may play a critical role
in ALD progression outside of hepatocytes. The liver
vasculature is essential for maintaining liver physiology,
with changes in vascular tone or architecture leading to
liver disease. Alcoholic liver disease is associated with
dysregulation of liver sinusoidal endothelial cells (LSECs),
and this may be related to ERAD dysfunction (Sarphie
et al., 1997; Cohen and Nagy, 2011; Teschke, 2018). A
recent study by Yang et al. showed that CYP2E1 expression
increases in LSECs in response to ethanol, which in turn leads
to acetylation of HSP90 (Yang et al., 2021b). Hsp90 is a
cytoplasmic chaperone involved in protein folding but can
also recruit proteins for ERAD (Giodini and Cresswell, 2008;

TABLE 3 | RNAseq Analyses of Cirrhotic livers or Hepatic Stellate Cells.

Analysis of whole liver

Dataset Comparison ERAD: Upregulated
genes

ERAD: Downregulated genes ER-phagy: Upregulated
genes

ER-phagy:
Downregulated

genes

GSE
14323

Cirrhotic vs. Healthy RCN3, UBE2N,
UBE2D1

VCP, MAN2A2, UBE2J1, EDEM2, XBP1, WFS1,
UBXN4, NPLOC4, EDEM3, DNAJC10, DERL2,
MAN1A2, HSPA5, EDEM1, MAN1A1, AMFR,
SEL1L

RETREG1, CALCOCO1 CCPG1, RTN3

GSE
45050

Cirrhotic vs. Healthy MAN2B1, DERL3,
RCN3

RNFT1, RNF139, RNF170, MAN1A2, UBXN8,
EDEM1

— ATL2, CCPG1,
RETREG1, SEC62

GSE
11536

Advanced Fibrosis
vs. Mild Fibrosis

INSIG1, MAN1A2,
MAN2B1, UBE2G2

MAN1B1, BAG6, EDEM1, SEL1L, UBXN8, RNF5,
XBP1, MAN2A2, UBE2K, RNF103, MAN1A1,
STUB1, TRIM21, UBE2D1

— CCPG1, SEC62, RTN3,
CALCOCO2

Analysis of primary or immortalized HSCs

Dataset Comparison ERAD: Upregulated
genes

ERAD: Downregulated genes ER-phagy: Upregulated
genes

ER-phagy:
Downregulated

genes

GSE
68000

Primary hHSCs
activated by stiffness

DNAJC10, RCN3,
TRIM13, JKAMP, SEL1L,
STT3B, ERLIN1, FAF2,
EDEM1, ERLEC1,
RHBDD1, HERPUD1,
MAN1B1, UBE2K,
NPLOC4, WFS1,
RNF170, DNAJB14,
DERL2, INSIG1,
RNF185, UBE2N,
UBE2D1

FBXO2, UBXN1, MAN2C1, RNF5, UBE2J1,
MAN1C1, HSPA8

ATL3, RTN3 —

GSE
122710

LX-2 Cells: TGFβ vs
Vehicle

DERL3, ERLEC1,
DNAJC10, TRIM25,
EDEM3, RNF103,
RNF185, BAG6,
TMEM129, SEL1L,
DNAJC18, UBE2J1,
JKAMP, UBXN1, AMFR

MAN1B1, VCP, UBE2N, HSPA8, WFS1,
TRIM21, INSIG1, FBXO2

CCPG1, TEX264, RETREG1,
ATL2, DDRGK1,
CDK5RAP3/C53

—

GSE
151771

LX-2 Cells: TGFβ vs
Vehicle

INSIG1, RNFT1,
DNAJC18, UBE2K,
RNF103, HERPUD1,
UBE2D1, JKAMP,
UBE2J1, DERL2,
DNAJB11, UBE2G2,
EDEM1, UBE2J2,
STT3B, HSPA5,
NPLOC4

FAF2, BAG6, UBXN1, TRIM25, UBXN6,
SYVN1, TMEM129, MAN1A1, TMUB2,
RNF139, RNF185, MAN1C1

CALCOCO2 ATL3, DDRGK1,
TEX264, CDK5RAP3
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Donnelly et al., 2013). This study focused on the role of HSP90
acetylation, which disrupts its interaction with eNOS. HSP90
protects eNOS from ERAD, thus promoting NO production.
Upon pathogenic HSP90 acetylation, NO production
decreases and liver injury worsens (Yang et al., 2021b).
Deacetylation of HSP90 also protected mice from alcohol-
induced injury in this study. Canonically, HSP90 acetylation
disrupts its affinity for binding to client proteins, thus
impairing effective folding, and potentially targeting them
for ERAD. Based on the study in LSECs, CYP2E1 may
directly dysregulate protein folding and targeting of
substrates for ERAD by promoting HSP90 acetylation, in
turn driving ALD pathogenesis.

In sum, these studies indicate that therapeutics aimed at
promoting CYP2E1 turnover could limit ROS production and
limit ethanol-induced damage.

ERLAD in ALD
Autophagy and lysosomal degradation are tightly intertwined
in ALD pathogenesis, but the contribution of ERLAD to ALD
pathogenesis is unknown. Autophagy and lysosomal
degradation protect hepatocytes from ethanol-mediated
injury. Treatment of mice with rapamycin to promote
autophagy limited injury in response to acute ethanol
exposure, while overexpression of the transcription factor
TFEB, which promotes lysosomal biogenesis, in mouse
livers limited damage in a chronic ethanol feeding model
(Ding et al., 2010; Chao et al., 2018). In turn, inhibition of
autophagy or lysosomal degradation exacerbated ethanol-
mediated liver injury. While little is known regarding the
contribution of ERLAD to ALD progression, there is
evidence that these processes are involved.

One potential role for ERLAD is through degradation of
CYP2E1. Alcohol consumption, and subsequent ROS
production by CYP2E1, increases autophagic flux (Kim and
Kim, 2020; Chen et al., 2021). This increase is associated with
removal of organelles such as mitochondria damaged by ROS,
as well as in response to ER stress caused by ROS and
hepatocyte dysfunction. Studies have also shown that
CYP2E1 can undergo autophagic degradation in
hepatocytes. This could have a critical impact on ethanol-
mediated liver injury, as CYP2E1 and ethanol exposure is
linked to reduced autophagy, potentially stabilizing CYP2E1
and further propagating liver damage. Our analysis of
RNAseq databases revealed upregulation of ATL3 and
DDRGK1 in patients with alcoholic hepatitis, as well as
CCPG1 in patients with alcoholic steatosis compared to
mild hepatitis (Table 2) (Caillot et al., 2009a; Bourd-
Boittin et al., 2011; Affo et al., 2013; Trepo et al., 2018;
Hyun et al., 2020). Modification of damaged CYP proteins
by ubiquitination or UFMylation could target them for
ERLAD by p62 or DDRGK1 respectively. p62, known for
its role in autophagy, was recently reported to target ER
membrane proteins for ERLAD through ubiquitination and
may serve such a role in hepatocytes when ERAD is
overwhelmed or inefficient at degrading CYP2E1, but this
hypothesis requires further testing.

Based on the data presented above, enhanced protein
degradation through ERAD or ERLAD could limit ethanol-
induced hepatocyte damage and progression of ALD.

ER QUALITY CONTROL PATHWAYS IN
FIBROGENESIS

A hallmark of the progression of chronic liver disease is
fibrogenesis. Sustained injury to the liver promotes
inflammation and activation of hepatic stellate cells (HSCs),
the primary fibrogenic cell in the liver. Upon activation, HSCs
produce fibrogenic proteins including procollagen isoforms I, III,
VI, fibronectin, and numerous other proteins destined for
secretion. Increased fibrogenic secretion requires ER
expansion, increased expression of chaperone proteins, and
increased ER quality control to facilitate degradation of
misfolded proteins. Indeed, activated HSCs exhibit increased
UPR signaling. Both IRE1α and ATF6α, upstream regulators
of ERAD and autophagy, are crucial for hepatic fibrogenesis in
vivo, though these studies have focused on transcriptional
regulation of HSC activation and fibrogenesis downstream of
the UPR, and not on ER quality control pathways (Xue et al.,
2021; (Hernandez-Gea et al., 2013; Heindryckx et al., 2016; Liu
et al., 2019). PERK, also known for a role in autophagy, promotes
fibrogenesis (Koo et al., 2016; Zheng et al., 2019; B’Chir et al.,
2013; Kang et al., 2017). With both IRE1α and ATF6α pathways
elevated in fibrogenic HSCs, it is likely that ERAD and ERLAD
also contribute to HSC activation and fibrogenesis.

The connection between ER quality control pathways and
fibrogenesis are only beginning to be understood. Analysis of
whole liver RNAseq from patients with advanced fibrosis or
cirrhosis revealed a general downregulation of ERAD-associated
genes and ERLAD-associated genes (Table 3) (Caillot et al., 2009b;
Mas et al., 2009; Darpolor et al., 2014). As HSCs only make up a
small fraction of the liver, we also analyzed RNAseq performed on
primary human or immortalized human HSCs (LX-2 cells). These
analyses overwhelmingly indicated upregulation of ERAD- and
ERLAD-associated genes during HSC activation (Caillot et al.,
2009b; Mas et al., 2009; Darpolor et al., 2014). The upregulation of
ER-phagy receptors fits with recent studies in osteoblasts from
zebrafish where FAM134B facilitates lysosomal degradation of
misfolded or overexpressed procollagen Ia1 and 1a2 (Forrester
et al., 2019). This role for FAM134B was later confirmed in mouse
embryonic fibroblasts (MEFs) for a misfolded procollagen II
mutant. Targeting misfolded procollagen I for degradation
involved both calnexin and UGGT1 ((Fregno et al., 2021).
Increased ERLAD-mediated degradation in activated HSCs
could promote fibrogenesis through relieving the ER burden of
misfolded procollagen I, thus limiting ER stress and promoting
HSC survival. Whether this role is conserved in HSCs, and its
potential for targeting in vivo, are unknown. Preliminary data from
the Maiers lab indicates that ER-phagic flux increased in activated
HSCs, and this increase is dependent on ATF6α signaling
(unpublished observation). We are currently studying the roles
of specific ER-phagy receptors in HSC activation and fibrogenesis,
and potential targetability of these proteins to limit liver fibrosis.
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THERAPEUTIC TARGETING OF PROTEIN
DEGRADATION PATHWAYS

Dysregulated protein degradation is a hallmark of several diseases
and has been a focus of therapeutic strategies for decades.
Inhibition of proteasomal degradation successfully limits
multiple myeloma progression through increasing cellular
stress and driving apoptosis of cancer cells. The approach of
proteasomal inhibition may be attractive if cell death is the
optimal endpoint such as with removal of fibrogenic HSCs.
Unfortunately, hepatocyte death is a critical driver of chronic
liver disease which limits the use of a general proteasomal
inhibitor. The potential for activating or inhibiting a subset of
proteasomal or lysosomal degradation, such as ERAD or ERLAD
could provide nuanced targeting that allows to reduced stress and
injury without activating cell death pathways.

Targeting Protein Degradation in AATD
Alpha-1 antitrypsin deficiency (AATD) induces liver disease by
the increased accumulation of misfolded AAT soluble and
insoluble aggregates in the ER of hepatocytes. Given this,
targeting ER-dependent protein degradation in AATD to
alleviate the liver disease component of this illness specifically,
seems a good therapeutic strategy.

The role of autophagy and macro-ER-phagy in PI-Z
degradation led to numerous groups testing autophagic drugs
in order to reduce hepatocyte aggregates and reduce the liver
burden of AATD. Drugs that positively regulate autophagy, such
as carbamazepine (CBZ), rapamycin, ezetimibe, nor-
ursodeoxycholic acid (norUDCA), or glibenclamide, have been
tested in AATD models and have demonstrated promising and
significant results in decreasing the accumulation of PI-Z
(Hidvegi et al., 2010; Kaushal et al., 2010; Yamamura et al.,
2014; Tang et al., 2016; Tang et al., 2018; Wang et al., 2019).
Hidvegi and colleagues demonstrated that CZB could directly
increase autophagy of both insoluble and soluble PI-Z aggregates
(Hidvegi et al., 2010). Furthermore mice treated with CZB for
2 weeks at a daily dose of 250 mg/kg had significantly increased
autophagy of PI-Z, which directly decreased liver disease and
fibrosis. Another group, giving weekly rapamycin for 12 weeks at
a dose of 10 mg/kg observed a significant increase in autophagic
activity as evident by decreased PI-Z aggregates within the liver
(Kaushal et al., 2010). They also found reduced liver fibrosis with
rapamycin treatment compared to non-treated mice. A third
group tried short-term ezetimibe treatment in human primary
hepatocytes, which induced significant autophagy as evidenced
by increased LC3-II and decreased p62 and p-S6K (Yamamura
et al., 2014). They further demonstrated that PI-Z diminished in
an ezetimibe dose-dependent fashion. In recent years bile acids
have gained traction as great therapeutics with little side effects,
one group tried treating both AATD mice and PI-Z transfected
HTOZ cells with norUDCA (Tang et al., 2016; Tang et al., 2018).
The in vitro treatment resulted in increased autophagy of PI-Z
protein aggregates in a dose-dependent manner. PI-Z mice
treated with norUDCA at a daily dose of 425 mg/kg for
6 weeks developed significantly less liver disease as evidenced
by diminished ALT levels, steatosis, and inflammatory foci.

Finally Wang et al. screened PI-Z mutant C. elegans for
potential therapeutics, discovering that glibenclamide increased
autophagy of PI-Z aggregates (Wang et al., 2019). They initially
tested the finding in a PI-Z expressing HTOZ cell line. Cells
demonstrated an increase in autophagy of both soluble and
insoluble PI-Z in a dose-dependent manner (1–100 μM). The
group then tested analogs of glibenclamide and discovered they
too had significant autophagic potential in a PI-Z mouse model
and culminated in decreased fibrosis.

Excitingly, the aforementioned work informed the
development of a clinical trial. David Perlmutter’s group has
undertaken a clinical trial with carbamazepine (CZB) in AATD
patients. The results remain unknown as the study just
completed, one could easily imagine the positive impact
increasing autophagy in AATD could have to reduce liver
injury and fibrosis in this patient population. While this is the
only clinical trial currently investigating autophagy in AATD, of
the 124 registered clinical trials for patients with AATD at the
time this review was written, it seems further investigating
ERLAD and even ERAD during AATD would be an ideal
strategy to combat at least the liver disease portion of the
disease, even though it would not help alleviate the lung portion.

Targeting Protein Degradation in NAFLD
There are over a thousand registered clinical trials studying NAFLD.
This is unsurprising given the front stage in the therapeutic world
this disease has taken in the past decade; however, it is surprising that
not one trial appears to directly investigate ER-dependent protein or
lipid degradation. Even autophagy, which plays a critical pathogenic
role in NAFLD/NASH is not being investigated in patients. When
reviewing results in mouse studies using autophagy inducing drugs
(Liu et al., 2009; Lin et al., 2013), the studies were extremely
promising. In a mouse model of HFD feeding for 12 weeks mice
were given CBZ at 25mg/kg dose or rapamycin at 2 mg/kg dose
every other day for the last week of feeding. The treatment
significantly reduced lipid droplet accumulation, hepatic and
serum triglycerides, and plasma insulin. Though no difference
was seen between treated and untreated controls in ALT levels
(Lin et al., 2013). However, given the safety profile of CZB in the
numerous neurological diseases in which it has been studied one
must wonder why this drug has not been tested in the NAFLD
patient population, making this truly an unmet need. NAFLD is a
complex metabolic disease with multiple facets that can be targeted
and given the role ER stress plays in this disease ER-dependent
degradation pathways, which would alleviate ER stress, are ideal
targets.

Targeting Protein Degradation in ALD
Increasing lysosomal or proteasomal degradation in ALD is a
promising strategy that is understudied. Over a decade past,
murine studies showed that increased autophagy, achieved
through rapamycin treatment, limited the toxicity of acute
ethanol exposure (Ding et al., 2010). This was attributed to
enhanced degradation of lipid droplets, serving to restore lipid
homeostasis in hepatocytes and limit steatosis. Subsequent
studies have also suggested that autophagy protects the liver
from chronic ethanol exposure (Lin et al., 2013; Lu and
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Cederbaum, 2015). Currently, there are no clinical trials targeting
protein degradation in patients with ALD, due in part to the unclear
regulation of autophagy in response to alcohol. Recent studies aimed
to understand whether activation of TFEB could limit alcohol-
induced liver injury. While activation of TFEB through
administration of Trehalose increased autophagic flux in vitro, it
failed to limit alcohol-induced liver injury in vivo (Chao et al., 2021).
Targeting mTOR to increase autophagy has also been proposed as a
potential mechanism to activate autophagy in patients ALD
(extensively reviewed elsewhere), but its broad impact on
autophagy and lysosomal degradation could impact a wide
breadth of processes (Kim and Kim, 2020; Flessa et al., 2021;
Williams and Ding, 2020; Zhou et al., 2021). Specific activation
of protein degradation pathways, such as ERLAD, could provide a
more targeted approach for patients with ALD.

Targeting Protein Degradation in Liver
Fibrosis
The secretion of procollagen I and other fibrogenic proteins is a
widely pursued studied antifibrotic strategy. Several groups have
sought to target degradative mechanisms in hepatic and
extrahepatic disease through inhibiting the proteosome or
autophagy. Bortezomib, a proteosome inhibitor used to treat
Multiple Myeloma, reduces liver fibrosis in cholestatic mouse
models (MDR2−/− Bile duct ligation), as well as renal and lung
fibrosis in other mouse models (Anan et al., 2006a; Jalan-Sakrikar
et al., 2019; Zhou et al., 2019; Penke et al., 2021). The mechanisms
associated with the fibrosis reduction differ, with focus on EZH2,
TGFβ signaling, or limiting fibroblast activation, but the anti-
fibrotic results were similar. In vitro studies further found that
proteosome inhibition leads to HSC apoptosis (Anan et al.,
2006b)). These findings highlight the importance of proteasomal
degradation in HSCs and fibrogenesis, but no studies have directly
studied the impact of ERAD on fibrogenesis. ER stress and IRE1α
signaling are elevated in activated HSCs, while disruption of IRE1α
or ATF6α signaling in HSCs limits their activation and fibrosis in
mice (Xue et al., 2021; Hernandez-Gea et al., 2013; Heindryckx
et al., 2016; Liu et al., 2019). As IRE1α is a critical regulator of
ERAD, and either proteasome inhibition or IRE1α inhibition limits
HSC activation and fibrogenesis, the potential contributions of
ERAD to these processes merit further study.

Regulation of autophagy has also been studied to target
fibrogenesis. The autophagy inhibitor 3-MA reduced CCl4-
mediated fibrosis through promoting HSC apoptosis through the
NF-kB pathway, while inhibition of autophagy using different

autophagic inhibitors similarly limited HSC activation and
fibrosis ((Wang et al., 2017). Other studies indicate that
autophagy is protective in HSCs, with autophagy activation
limiting HSC activation by TGFβ, and reducing fibrosis (Hidvegi
et al., 2010; Zhu et al., 1999; Bridle et al., 2009; Xie et al., 2018). We
will not expand on the dichotomous role of autophagy in HSC
activation and fibrogenesis, as it is well discussed in recent reviews
(Lucantoni et al., 2021; Sun et al., 2021). The major point that we
hope to make is that ERLAD pathways could serve as a unique,
targetable form of autophagy that directly impacts procollagen I by
tipping the balance between procollagen I degradation and secretion
in HSCs. Investigating the role of ERLAD in HSC activation is
crucial for understanding 1) the nuances of autophagic regulation in
fibrogenesis, 2) how HSCs accommodate the burden of increased
procollagen I degradation, and 3) potential strategies for targeting
this process.

CONCLUSION

ER Quality Control pathways are important, targetable processes
which are understudied in the liver. Review of the literature and
analysis of publicly available datasets clearly show that these
processes are dysregulated in patients with chronic liver disease;
however, their contribution to pathogenesis remains unclear.
Advancements in technology such as mass spectrometry (e.g.,
thermal proteome profiling), drug design, high resolution
microscopy, and others will allow for careful and systematic
investigation of these pathways in liver physiology, different
hepatic cell lineages, and under pathological conditions. These
studies should provide crucial insight into an understudied area
of liver physiology, and identify targetable mechanisms for
limiting liver injury and disease progression.
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