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ABSTRACT

Macroautophagy/autophagy, a fundamental cell process for nutrient recycling and defense against
pathogens (termed xenophagy), is crucial to human health. ATG16L2 (autophagy related 16 like 2) is
an autophagic protein and a paralog of ATG16L1. Both proteins are implicated in similar diseases
such as cancer and other chronic diseases; however, most autophagy studies to date have primarily
focused on the function of ATG16L1, with ATG16L2 remaining uncharacterized and understudied.
Overexpression of ATG16L2 has been reported in various cancers including colorectal, gastric, and
prostate carcinomas, whereas altered methylation of ATG16L2 has been associated with lung cancer
formation and poorer response to therapy in leukemia. In addition, ATG16L2 polymorphisms have
been implicated in a range of other diseases including inflammatory bowel diseases and neurode-
generative disorders. Despite this likely role in human health, the function of this enigmatic protein
in autophagy remains unknown. Here, we review current studies on ATG16L2 and collate evidence
that suggests that this protein is a potential modulator of autophagy as well as the implications this
has on pathogenesis.

Abbreviations: ATG5: autophagy related 5; ATG12: autophagy related 12; ATG16L1: autophagy
related 16 like 1; ATG16L2: autophagy related 16 like 2; CD: Crohn disease; IBD: inflammatory
bowel diseases; IRGM: immunity related GTPase M; MAP1LC3/LC3: microtubule associated protein 1
light chain 3; PE: phosphatidylethanolamine; RB1CC1: RB1 inducible coiled-coil 1; SLE: systemic lupus
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Introduction

Autophagy is the critical cellular self-degradative pathway for
nutrient recycling, removal of damaged organelles and defec-
tive proteins. There are three types of autophagy character-
ized: macroautophagy, microautophagy and chaperone-
mediated autophagy. Macroautophagy (herein referred to as
autophagy) is the most well-studied and has been comprehen-
sively reviewed in [1-3]. Xenophagy, a form of selective auto-
phagy, is an important component of the innate immune
system capable of selectively tagging and degrading intracel-
lular pathogens such as bacteria, viruses and fungi (see
reviews on xenophagy [4, 5] and other forms of selective
autophagy [6, 7]. Autophagy involves the initial formation
and expansion of a phagophore, which is then joined to create
a double-membrane vesicle (autophagosome) enclosing the
sequestered cytoplasmic content. The autophagosome is then
fused with lysosomes to degrade the enclosed material [1,
8, 9].

Autophagy is highly conserved in all eukaryotic organisms
and is mediated by >30 proteins called autophagy-related
(ATG) proteins [10]. It plays a critical role in maintaining
homeostasis, stress response, innate immunity, regulation of
inflammation and tumor suppression. Dysregulated autopha-
gy has been implicated in a wide range of cancers [11] and
chronic inflammatory diseases [12] including inflammatory

bowel diseases (IBD) and systemic lupus erythematosus
(SLE) (reviewed in [13]). Therefore, uncovering the complex
role of autophagy is essential to understanding carcinogenesis
and has broad implications for other human diseases.
ATGI16L2 (autophagy related 16 like 2) is an autophagic
protein and a paralog of ATGI16L1, another key autophagic
protein for autophagosome formation. ATG16L2 has been
increasingly associated with growth [14] and ageing [15],
various autoimmune diseases, neurodegenerative diseases
and cancers [16], as well as their response to chemotherapy
[17, 18]. Despite being associated with human diseases, the
exact function of ATGI6L2 remains unknown, precluding
a complete understanding of autophagy. Therefore, in this
review, we examine current research on ATG16L2 and pro-
vide insights into its role in autophagy as well as discuss its
importance in disease etiology and therapeutic interventions.

Structural differences between ATG16L1 and
ATG16L2

ATGI16L2 contains 18 exons and has a 38.83% amino acid
similarity with ATG16L1, which contains 19 exons. There are
also two isoforms of ATG16L2 (a and B) compared to three in
ATGI6LI (a, B and y). ATG16L2a is missing exon 8, while
ATGI16L2p contains all 18 exons and is the main ATGI6L2
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isoform expressed, in contrast to ATG16L1 where isoform
expression is tissue-specific [19].

Unlike ATGI16L1, which is present in all eukaryotes,
ATGI16L2 was initially thought to have evolved relatively
recently and was only primarily present and conserved in all
mammals [19]. However additional genome sequencing has
identified ATGI16L2 homologs in other animals including
zebrafish (Danio rerio), western claw frog (Xenopus tropicalis)
and spotted gar (Lepisosteus oculatus) (Figure 1A).
Additionally, an ATG-16.2 homolog is also found in
Caenorhabditis elegans although it is distantly related and
forms a separate branch to vertebrate-specific ATG16L2
[19]. In C. elegans, both ATG-16.1 and ATG-16.2 are required
for autophagy and have partially redundant roles in recruiting
lipidated LGG-1 (GABARAPL2/Atg8 homolog in C. elegans)
as deletion of either corresponding gene impairs autophagy,
while a double deletion further exacerbates this impairment
[20]. While ATG-16.2 is required for autophagy in C. elegans,
it was found to be more similar to mammalian ATG16L1 than
ATGI16L2 [19], suggesting a different role for ATGI6L2 in
mammals and other vertebrates.

Both ATG16L2 and ATGI16L1 share many structural
motifs (Figure 1B). This includes the N-terminus region,
M region and C terminus region. The N-terminus region in
ATGI16L1 and ATG16L2 binds to ATG12 (autophagy related
12)-ATG5 [19]. The C terminus region contains seven WD40
repeats. In ATG16L1, these WD40 repeats are not required
for canonical autophagy; however, they are important for the
recruitment of MAP1LC3/LC3 (microtubule associated pro-
tein 1 light chain 3), a homolog of Atg8, for single membrane
lipidation in non-canonical autophagy [21]. Whether WD40
repeats in ATGI6L2 are also important in non-canonical
autophagy is unknown. Finally, the M region contains
a coiled-coil (CC) domain, which in ATGI6LI1, interacts
with several important proteins including other ATGI6L1
and ATGI16L2 proteins, RAB33B (a small GTPase), WIPI2B
(WD repeat domain, phosphoinositide interacting 2) and
RBI1CC1/FIP200 (RBI1 inducible coiled-coil 1) [22-25]. The
primary structural difference between ATGI6L2 and
ATGI6L1 lies within the M region [19], and this has impor-
tant implications for functional differences between ATG16L2
and ATG16L1.

ATG16L2 is a potential autophagic inhibitor

ATGI6L1 is required for autophagosome formation and
together with ATG5 and ATGI12, forms an E3-like ubiquitin
ligase complex (reviewed in [26]). During expansion of the
phagophore membrane, ATG16L1 forms a homodimer and
recruits the ATG12-ATG5 complex to the phagophore, creat-
ing a complex (ATG12-ATG5-ATG16L1) [27]. This complex
determines the site for lipidation of LC3 to phosphatidyletha-
nolamine (PE), an essential step for fusion of the phagophore
membrane and formation of the autophagosome [27]
(Figure 2).

In humans, ATG16L2 can form a homodimer with itself or
a heterodimer with ATGI16L1 [19]. Furthermore, the
ATGI16L2 N terminus region can also bind to ATGI2-
ATGS5 with similar affinity as ATG12-ATG5-ATG16L1 [19].

Despite these similarities, in most studies mammalian-specific
ATG16L2 was not identified to be required for autophagy or
LC3 lipidation to PE [19]. Deletion of ATGI6L1 impairs
autophagy, leads to accumulation of LC3-I and results in
increased pro-inflammatory cytokines (IL1B/IL-1B and IL18)
[27]. In mouse pancreatic acinar cells, ATG16L2 knockdown
also appears to increase LC3-II accumulation [28]. However,
in a separate study, knockdown of ATGI6L2 in mouse
embryonic fibroblasts did not affect autophagy or lead to
increased LC3-I and IL1B [19]. It is possible that ATG16L2
may have different functions in different cell types, leading to
the reported differences. It is also possible that the differences
may be due to off-target effects from siRNA knockdown.
A follow up study found that atgl16I2 knockout in mice does
not result in embryonic lethality in contrast to knockout of
Atgl6ll [29]. Furthermore, atgl6l2 knockout mice follow men-
delian ratios and show no defects in autophagy in various cell
types [29]. Double deletions or knockdowns of Atglél2 and
Atgléll also do not lead to greater impairment or accumula-
tion of LC3-I and ILIB production [19, 29]. Together, these
studies demonstrate that ATG16L2 does not compensate or
rescue the loss of ATGI6L1 nor does its depletion exacerbate
autophagy impairment. Thus, ATGI6L2 does not appear to be
required for LC3 lipidation to PE during autophagosome
formation.

In addition to ATG12-ATG5, ATG16LI also interacts with
three other proteins (RAB33B, RB1CC1l, WIPI2B) in its
M-region. This interaction recruits the ATGI12-ATGS5-
ATGI16L1 complex to the phagophore membrane for LC3
lipidation [22-25]. While ATG16L2 can bind RAB33B, albeit
at a slightly lower affinity [19], one key difference between
ATG16L1 and ATGI16L2 is that ATG16L2 cannot interact
with RB1CC1 [23] or WIPI2B [22] due to differences in its
M region. This important difference means that ATGI12-
ATG5-ATG16L2 complexes are not recruited to the phago-
phore membrane for LC3 lipidation [22, 24]. Indeed,
ATG16L2 was found to not localize to the phagophore mem-
brane and remained in the cytosol [19]. Interestingly, a recent
study in prostate adenocarcinoma cells suggested that
ATGI16L2 may act as a competitive inhibitor of ATGI16LI.
Overexpression of ATGI16L2 reduced ATGI12-ATGS5-
ATGI16L1 complexes and LC3 lipidation [30] (Figure 2). It
is suggested that binding of ATG16L2 to ATG12-ATGS5 dis-
places and prevents ATGI16L1 from binding, leading to
ATGI16L1 polyubiquitination and its proteasomal degradation
[30]. Therefore, it is possible that ATG16L2 may function as
a potential dominant negative competitive inhibitor of
ATGI6LI.

However, despite showing that overexpression of
ATGI16L2 reduces ATG12-ATG5-ATG16L1 complexes and
LC3 lipidation, questions still remain regarding whether at
endogenous levels, ATG16L2 is also an inhibitor of ATG16L1,
LC3 lipidation and autophagy, as this has not yet been
demonstrated. It is also unclear why ATG16L2 knockdowns
and knockouts have not resulted in increased autophagy. One
possible explanation may be that endogenous expression of
ATGI16L2 under basal conditions is insufficient to inhibit
ATGI6L1 and alter autophagy, thus ATG16L2 knockdown/
knockout appears to have no effect.
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Figure 1. The phylogenetic relationship, domain structure comparison and tissue gene expression of ATG16L1 and ATG16L2. (A) The phylogenetic relationship of
ATG16L1 and ATG16L2 sequences in selected species from UniProt. The maximum likelihood tree was constructed using Mega X and illustrates two distinct ATG16L
branches corresponding to ATG16L1 (blue) and ATG16L2 (green). Bootstrap values are shown. UniProt identifiers are shown in brackets. (B) Comparison of the
domain structures in human ATG16L1 and ATG16L2. The UniProt canonical isoform for each protein (ATG16L1B and ATG16L2p) is depicted with the major domains
and SNPs highlighted. The three ATG16L regions (N, M and C) are shown. Known domains and interaction sites are highlighted in colored blocks (coiled coil, yellow;
ATG5 binding site, green; RB1CC1, blue; and WIPI2, magenta). ATG16L1 and RAB33B interact with ATG16L1 and L2 in the M-region as shown. ATG16L2 rs11235604
(R220W) and ATGT6L1 rs2241880 (T300A) are displayed in red. (C) Heatmap illustrating the expression of ATG16L1 and ATG16L2 in different tissues. The color
indicates the relative expression, in transcripts per million (TPM), of ATG16L1 and ATG16L2. The gene expression data shown in this manuscript were obtained from
the Genotype-Tissue Expression (GTEx) Multi gene query[31] on 31/08/2021.
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Figure 2. Schematic overview summarizing the role of ATG16L1 and ATG16L2 in autophagy. (A) ATG16L1 (purple circle) complexes with ATG12-ATG5 (red and blue
circles, respectively), leads to LC3 lipidation and autophagosome formation. (B) Effect of ATG16L2 overexpression. ATG16L2 (orange circle) is a putative dominant
negative inhibitor of ATG16L1, therefore, ATG16L2 competes with ATG16L1 to bind with ATG12-ATG5 complexes. ATG16L2 lacks WIPI2 and RB1CC1 interaction sites,
hence ATG12-ATG5-ATG16L2 complexes are not recruited to the phagophore membrane resulting in reduced LC3 lipidation and autophagy.

Both ATG16L2 and ATGI16L1 are constitutively expressed
in all cell types including at the developmental stages [15, 29]
(Figure 1C). This suggests that ATG16L2 may be a relevant
player in regulating autophagy as a potential dominant nega-
tive inhibitor of ATG16L1. Although ubiquitously expressed,
each cell type has varying levels of ATG16L2 and ATG16L1
expression, which may imply tissue-specific functions for
ATGI16L2 and ATGI16L1 as suggested by Khor et al. [29].
For example, Atgl6l2 expression is higher in spleen, blood,
lung and skin, Atgl6l1 is higher in the brain (cerebellar),
skeletal muscle and testis, while the kidney and gastrointest-
inal tract have similar expression levels of both genes [31]
(Figure 1C). It is possible that expression levels of both Atgl6
genes need to be delicately balanced and reflect the need for
autophagy in these different tissue types. It is unclear what
determinants regulate the levels of ATG16L2 in different cell
types, however, evidence has shown that ATG16L2 can be
regulated post-transcriptionally by microRNAs (miRNA) such
as Mir885-3p [32]. It has been reported that Mir885-3p binds
to the 3'UTR of Atgl612 and blocks translation. This reduces
ATGI16L2 and induces autophagy, which may further support
ATGI16L2 as a negative inhibitor of autophagy [32].
Determining how ATGI16L2 is modulated in different cell
types will have important implications for understanding
autophagy.

Beyond LC3 lipidation, ATG16L1 is a key hub protein and
is involved in other pathways including cell death (apoptosis
and necroptosis), inflammation, and xenophagy. ATG16L1
has been found to interact with as many as 15 other proteins
including six proteins (TMEM59 [transmembrane protein
59], TMEM74 [transmembrane protein 74], EVAI1A/
TMEM166 [eva-1 homolog A, regulator of programmed cell
death], C3 [complement C3], ubiquitin, ATP6VOC [ATPase H
+ transporting VO subunit c]) that recruit ATG16L1 to the site
of bacterial infections during xenophagy, and NOD1 and
NOD2 to suppress inflammatory cytokines [33]. Whether
ATG16L2 can also interact with these other proteins and
what effect it has on inflammation remains to be clarified.

One protein that interacts with ATG16L2 but not ATG16L1 is
CHUK/IKKa, an NFKB/NF-kf inhibitor. However, what
effect this interaction has on autophagy and inflammation is
yet to be determined [28].

Because expression of ATG16L2 is highest in spleen and
blood cells, the role of ATG16L2 in erythropoiesis, innate
immune function and B and T cell function has also been
examined. Loss of ATG16L2 was not identified to affect any of
these functions [29]. However, given our new understanding
that ATG16L2 functions as a potential dominant negative
inhibitor, the effect of ATG16L2 overexpression on these
functions should be re-examined.

Role of ATG16L2 in xenophagy

Xenophagy forms a key component of innate immunity
through selective autophagic degradation of intracellular
pathogens. It is important for the clearance of a diverse
range of human pathogens and pathobionts including influ-
enza virus [34], Salmonella typhimurium [35], Helicobacter
pylori [36], Campylobacter concisus [37] and Candida albicans
[38]. However, several pathogens have also evolved mechan-
isms to block xenophagy clearance [39] and even hijack xeno-
phagy for replication and/or survival such as Chlamydia
trachomatis [40] and Coxiella burnetii [41] To date, there
have been very few studies which have investigated the role
of ATGI16L2 in xenophagy (or selective autophagy). ATG16L1
is essential for colocalizing LC3 to intracellular bacteria such
as Salmonella and Listeria for xenophagy-mediated bacterial
clearance. Deletion of Atgl6ll abolished antibacterial auto-
phagic killing, leading to systemic infection and increased
inflammation in mice [42]. In contrast, deletion of Atgl6I2
had no effect on xenophagy or levels of intracellular Listeria
and Salmonella [29]. Additionally, ATGI16L1 rs2241880
increases the risk of H. pylori infection®’, however, no associa-
tion was found between ATGl6L2 rs11235604 and
Mycobacterium tuberculosis infection [44] (Table 1).
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SNP Nucleotide Gene Disease Population Cases Controls OR 95% Cl P-value  Risk/ Reference
change consequence Protective
rs11235667 A>G - Crohn disease Malaysian 36 75 3.83 1.03- 0.04 Risk [66]
14.2
rs11235667 A>G - Crohn disease Korean 2311 2442 1.46 128-  7.15x107°° Risk [64]
1.66
rs11235667 A>G - Systemic lupus Korean 1174 4246 0.59 0.5- 1.03x107% Protective [67]
erythematosus 0.71
rs11235604 C>T Missense Systemic lupus Han Chinese/ 11,656 23,968 0.78 0.71-  8.87x107'2 Protective [83]
erythematosus Asian 0.85
rs11235604 C>T Missense Crohn disease Han Chinese 363 486 131 1.04- 0.02 Risk [18]
1.67
rs11235604 C>T Missense Inflammatory Bowel Japanese 2052 7484 14 118 5.02x107% Risk [65]
Diseases 2.01
rs11235604 C>T Missense Rheumatoid arthritis Han Chinese 594 604 2.16* 1.24- 6.11x107° Risk [74]
3.79
rs11235604 C>T Missense Susceptibility to Indonesian 1022 952 - - NS NS [44]
Tuberculosis
rs11235604 C>T Missense Coronary artery disease Japanese 29,319 183,134 0.91 0.88- 1.73x107% Protective [73]
0.94

*Only significant when stratified with ATG16L1 rs2241880 or rs6758317. NS=not significant

Interestingly, it has been found that ATG16L1 deletion leads to
resistance to Citrobacter rodentium infection and colitis in
mice [45]. While Atgl6l2 deletion had no effect on
Citrobacter infection, a double deletion of Atgl6ll and
Atgl6l2 reversed the Citrobacter resistance conferred by single
Atgl6ll deletion [29]. This suggests that there may be impor-
tant ATG16L2-ATGI6L1 interactions affecting xenophagy and
bacterial clearance or that there may be additional functions of
ATGI6L2 beyond inhibiting ATGI6L1 which require further
investigation. Deletion of different autophagy proteins have
contrasting effects on resistance to Citrobacter infection. For
example, lineage-specific deletion of Atg5 in mouse eosinophils
leads to increased resistance to C. rodentium [46] while dele-
tion of Atg7 (involved in conjugating ATG5 to ATGI2) in
intestinal mouse epithelial cells led to increased susceptibility
[47]. Therefore, it is conceivable that deletion of ATGI16L1
and ATG16L2 may impact protein-protein interactions with
one of their partners leading to the observed differences in
susceptibility to Citrobacter infection. One potential interac-
tion partner may be IRGM (immunity related GTPase M).
Although IRGM has not yet been shown to interact with
ATGI16L2, IRGM has been shown to bind directly to
ATGI6L1 via the WD40 repeats and plays a key role in
recruiting NOD2-ATG16L1 complexes to the site of bacterial
infection [48]. Deletion of IRGM in mice was shown to affect
apoptosis in several myeloid cell types, only when infected
with C. rodentium. This led to increased susceptibility to
Citrobacter infection [49]. Since ATG16L2 expression is high-
est in haemopoietic cells, it is possible that deletion of Atg16I2
may also affect myeloid function and susceptibility to
Citrobacter infection in a context and lineage specific manner.

The role of ATG16L2 in cancer

Autophagy plays a critical but complex role in carcinogenesis.
It can act as a tumor suppressor or tumor enhancer depend-
ing on the stage of the disease and the tumor type [11].
During the initial stages of carcinogenesis, autophagy acts as
a tumor suppressor in non-malignant cells by degrading

damaged organelles and oncogenic proteins while in the latter
stages, autophagy assists malignant cells to reprogram meta-
bolic pathways to survive hypoxic and metabolic stress.
Furthermore, the antimicrobial role of xenophagy is also
important in limiting oncogenic bacteria, such as H. pylori,
which promote inflammation and tumorigenesis [43].
ATGI16L2 has been linked with several types of cancers.
rs10751215, an ATGI6L2 intron variant, was shown to be
a protective SNP against clear cell renal carcinoma [50]
(Table 2). Furthermore, overexpression of ATG16L2 has
been reported in gastric [51], renal [52] and prostate carci-
noma [30] (Figure 3). In colorectal carcinoma and clear cell
renal carcinoma, ATGI6L2 overexpression was a prognostic
indicator for high risk of relapse [52, 53] (Figure 3).
Overexpression of ATGI16L2 in colorectal carcinoma has
also been associated with higher survival and decreased
lymph node metastasis [16]. However, in lung cancer and
melanoma, decreased levels of ATG16L2 compared to adja-
cent normal tissues were reported (Figure 3) [54, 55]. No
differences in ATG16L1 expression were reported throughout
these studies [16, 30, 51-55]. In addition, the methylation
status of ATGI6L2 has also been associated with different
cancers. ATGI16L2 hypomethylation was associated with lung
cancer [56] while hypermethylation was associated with renal
and chronic myeloid leukemia [17]. The role of ATG16L2 and
how expression/methylation levels affect oncogenesis is
unknown. In a recent study published by Tang et al. [16]
the authors showed that stable overexpression of ATG16L2 in
a colorectal cancer cell line decreased cell proliferation but
had no effect on cell migration. When these ATG16L2 over-
expressed cells were subcutaneously xenografted into mice,
they displayed slower tumor growth compared to wild type
cells. The authors hypothesized that this phenotypic differ-
ence may be associated with the favorable prognosis observed
in colorectal tumors with high ATG16L2 expression. Thus,
ATGI16L2 appears to play a role in cancer biology, however,
the mechanism behind how ATGI16L2 leads to decreased
tumor growth needs to be explored further. Given the com-
plex role of autophagy in cancer biology, it is likely that
ATGI6L2 is also context, cancer-type, and stage specific.
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Table 2. ATG16L2 SNPs associated with cancer and efficacy of cancer treatments

SNP Nucleotide Gene Association with cancer Population Cases OR/ 95% ClI P-value Risk/ Reference
change consequence HR Protective

rs10751215 T>C Intron Risk of developing clear cell renal Italian 40 048 NR 0.024 Protective (decreased risk  [50]
variant cell carcinoma of developing the disease)

rs11235604 C>T Missense Overall survival of lung Chinese 108 1.78* 1.07- 0.028 Risk (decreased overall [58]

adenocarcinoma treated with 2.96 survival)
gefitinib

rs10898880 A>C 2-kb Overall survival after radiation in  North 393  0.64* 0.48- 0.003 Protective (increased [55]
upstream non-small cell lung cancer American 0.86 overall survival)
variant

rs10898880 A>C 2-kb Radiation pneumonitis after North 393 1.8* 1.04- 0.037 Risk (increased risk of [55]
upstream radiation in non-small cell lung ~ American 3.12 radiation pneumonitis)
variant cancer

rs10898880 A>C 2-kb Efficacy of radiotherapy in Chinese 468 1.84 1.32- <0.001 Protective (increased [59]
upstream nasopharyngeal carcinoma 2.56 efficacy of radiotherapy)
variant

rs10898880 A>C 2-kb Toxicity of radiotherapy in Chinese 468 1.51 1.1-206 0.01 Risk (increased toxicity of [59]
upstream nasopharyngeal carcinoma radiotherapy)
variant

1s1126205 G>T 2-kb Efficacy of radiotherapy in Chinese 468 1 0.97- 0.82 NS [59]
upstream nasopharyngeal carcinoma 1.03
variant

11126205 G>T 2-kb Toxicity of Radiotherapy in Chinese 468 092 0.76- 0413 NS [59]
upstream nasopharyngeal carcinoma 1.12
variant

*Indicates hazard ratios
NR=not reported. NS=not significant
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Figure 3. Heat map illustrating significant upregulation or downregulation of ATG16L2 reported in different cancer and neurodegenerative diseases from published
studies and/or Gene expression profiling interactive analysis (GEPIA) [84]. Color is indicative of significant upregulation (red) or downregulation (blue) not the
magnitude of the fold-change. For the specified cancers and neurodegenerative diseases, no significant differences in ATG16L1 expression were reported in the

published studies and/or GEPIA.

Given the current evidence that ATGI6L2 may be
a blocker of autophagy and antagonist of ATGI6LI, it is
conceivable that upregulation of ATG16L2 during the early
stages of carcinogenesis inhibits ATG16L1 and decreases
autophagy. This provides a more favorable environment for
cancer formation as oncogenic proteins and/or microbes are
not degraded. However, during the latter stages of carcino-
genesis, it may be more favorable for ATG16L2 to be down-
regulated/inactivated to allow tumors to survive hypoxic and
metabolic stress.

Autophagy also affects the efficacy of cancer treatment in
a context dependent manner. Some studies have reported that
induction of autophagy during therapy was cytotoxic leading
to cancer cell death while in other studies increased autophagy
during therapy was cytoprotective and led to chemoresistance

[57]. ATG16L2 has been associated with response to cancer
therapy. ATG16L2 hypermethylation was associated with
poorer response to imatinib, a tyrosine kinase inhibitor, in
chronic myeloid leukemia ([17]. The ATGI6L2 SNP,
rs11235604, was associated with poorer progression free sur-
vival and overall survival in lung adenocarcinoma treated with
the EGFR inhibitor, gefitinib [58] (Table 2). Another SNP,
rs10898880, located in the promotor of ATGI6L2 and asso-
ciated with increased ATGI6L2 mRNA levels, was linked to
increased overall survival following radiotherapy in non-small
cell lung carcinoma and nasopharyngeal carcinoma [55, 59]
(Table 2). However, rs10898880 was also associated with
increased toxicity such as radiation-induced pneumonitis,
oral mucositis, and myelosuppression [55, 59] (Table 2).
rs10898880 may lead to increased inflammation which is



beneficial against cancer cells but toxic to normal tissues. This
suggests a dual role for ATGI6L2 in cancer treatment
outcomes.

The potential role of ATG16L2 in affecting treatment out-
comes is further highlighted in breast cancer where cisplatin
treatment upregulated ATGI6L2 mRNA and autophagy [60].
Cisplatin-induced autophagy was found to be cytotoxic as
inhibition of autophagy with 3-Methyladenine (3-MA)
reduced cisplatin anti-tumor activity. In a separate study,
cisplatin treatment of squamous cell carcinoma also reduced
cell viability, however in contrast, this was associated with
reduced ATGI16L2 protein levels [32]. Differences between
ATGI16L2 expression in breast and squamous cell carcinoma
may point to differences in cancer cell types. It is also possible
that in breast cancer, ATG16L2 may be upregulated due to
negative feedback to control autophagy, as several other genes
which induce autophagy (BECN1/Beclinl, ULK1 (Unc-51
Like Autophagy Activating Kinase 1), MAPILC3B, ATGS,
etc.) are also increased [60].

It is clear that ATG16L2 and autophagy play an essential
role in cancer biology, and understanding the role of this
protein could lead to new treatment options for patients.

Implication of ATG16L2 in other diseases

SNPs in autophagy genes such as ATGI6LI and IRGM are
associated with a range of chronic inflammatory diseases, and
some have been shown to play important roles in pathogen-
esis [61]. For example, ATGI6LI rs2241880, a non-
synonymous mutation which changes threonine to alanine
(T300A), increases the susceptibility of ATGI16L1 to caspase-
3 cleavage. This reduces autophagy, inhibits bacterial clear-
ance, and increases proinflammatory cytokine production,
contributing to Crohn disease (CD) pathogenesis [62, 63].
To date, two ATG16L2 SNPs (rs11235667 and rs11235604)
have been linked to autoimmune diseases in the Asian popu-
lation (excluding South Asian) including IBD/CD [18, 64-66]
and systemic lupus erythematosus (SLE) [67, 68] (Table 1).
The first SNP, rs11235667, is located ~300 kb downstream of
ATGI16L2. eQTL has linked rs11235667 with ATGI16L2
expression [64]. The second SNP, rs11235604, is a non-
synonymous SNP in ATGI6L2 which alters arginine to tryp-
tophan (R220W) (Figure 1B). rs11235604 is therefore the
potential biologically plausible variant as both SNPs are in
strong linkage disequilibrium (D’=1, r*= 0.9339, p <0.0001).
Interestingly, both ATGI16L2 SNPs are monomorphic in non-
Asian populations. While ATGI6LI1 rs2241880 is a significant
risk factor for CD in various populations including
Caucasians, this effect was not observed in Asian populations
[69]. This suggests that there are important population spe-
cific differences in the contribution of ATGI16L1 and
ATGI16L2 to autophagy and the pathogenesis of autoimmune
diseases like CD and SLE. Whereas ATGI6L1 rs2241880
(Figure 1B) leads to increased CASP3 (caspase 3) cleavage
and reduces autophagy, the functional consequence of
ATGI6L2 rs11235604 remains undetermined. rs11235604
has been associated with a slight reduction in ATGI16L2
expression [59]. However, given that ATG16L2 is a potential
inhibitor of autophagy, it appears unlikely that increased IBD
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risk is due to decreased ATG16L2 expression as ATG16L2
deletion has no effect on LC3 lipidation and autophagy [19,
29]. rs11235604 is located in the M region (exon 6) which is
disordered in ATG16L2. It is possible that rs11235604 alters
the binding affinity of ATG16L2 to other autophagic proteins,
however, this remains to be investigated.

In addition, while ATGI6L2 rs11235667 and rs11235604
were associated with increased risk of CD, these SNPs were
significant protective factors against SLE (Table 1). This
inverse relation between ATGI6L2 SNPs in CD and SLE is
consistent with other IBD-SLE shared loci including PTPN22,
IRF8, FCGR2A and IKZF1 [70, 71]. The opposing effect of
these SNPs may point to differences in the role of ATG16L2,
autophagy and/or other branches of the immune system in
the pathogenesis of these diseases. It suggests that while
decreased autophagy is associated with CD, activated or
excessive autophagy is associated with the pathogenesis of
SLE [72].

Besides CD and SLE, ATGI6L2 rs11235604 has also been
identified as a protective factor against coronary heart disease
[73] (Table 1). In rheumatoid arthritis, ATGI6L2 rs11235604
was also a risk factor, however, only when combined with
SNPs in ATGI16L1 (rs2241880 or rs6758317) [74] (Table 1).
This suggests that there is a cumulative effect and an interac-
tion between the two paralogs in determining disease
susceptibility.

ATGI16L2 has also been implicated in several neurodegen-
erative diseases. Significant increases in ATG16L2 expression
were reported in patients or representative mouse models of
amyotrophic lateral sclerosis [75], Alzheimer disease [76] and
Machado-Joseph disease [77] while decreased expression were
observed in multiple sclerosis [78, 79] (Figure 3). In studies
which also examined the expression of ATGI16L1 [76, 79],
changes in ATG16L2 expression were not accompanied by
altered ATG16L1 expression. This suggests that any potential
inhibitory effects from increased ATG16L2 expression are not
being compensated for by increased ATGI16L1 levels.
Importantly, these expression changes were observed in both
Asian [78] and European populations [75, 77, 79]. This indi-
cates that ATG16L2 involvement in disease is not just specific
to the Asian population but is of broad relevance to multiple
ethnicities. The reason for differences in ATG16L2 expression
in neurodegenerative diseases has not been determined, how-
ever, ATG16L2 expression in amyotrophic lateral sclerosis
was recently linked to rs2282613 [75], an ATGI6L2 intron
variant located between exons 3 and 4. This SNP is poly-
morphic in multiple populations and has not yet been inves-
tigated in other populations or diseases.

Conclusion and future directions

ATGI16L2 is an important but currently underappreciated
gene. Recent studies have provided new insights into
ATG16L2 and revealed its role as a potential competitive
dominant inhibitor of ATGI6L1 and autophagy. To date,
most studies on ATG16L2 have mainly focused on loss of
function through genetic deletion or silencing, subsequently
determining its effect on relevant pathways such as autopha-
gy, inflammation, and pathogen defense. Given the latest
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insight, the role of ATG16L2 on these pathways should be
revisited and more studies are needed to explore the impact of
ATGI16L2 overexpression. Additional studies are also required
to determine whether endogenous levels of ATG16L2 can
inhibit ATG16L1 and autophagy or whether there are specific
circumstances where expression of ATG16L2 is increased to
inhibit autophagy when it is not required.

One similarity between ATG16L1 and ATGI6L2 is that
both proteins contain the seven WD40 repeats in the
C-terminus region. In ATGI16L1, the WD40 domains are
important for single membrane lipidation in non-canonical
autophagy [21]. Therefore, it would be interesting to investi-
gate whether ATGI6L2 is also involved in non-canonical
autophagy. Furthermore, to establish infection, many bacterial
species have developed strategies to block or exploit xeno-
phagy [4]. Since ATG16L2 may be a potential autophagy
inhibitor, it will be important to determine what role, if any,
ATG16L2 has in xenophagy, and whether intracellular patho-
gens can manipulate ATG16L2 to block xenophagy-mediated
clearance and aid survival. Besides autophagy, ATG16L1 also
has important molecular functions in apoptosis [80], necrop-
tosis [81], and endoplasmic reticulum stress [82 83] thus it
will be important to determine whether ATG16L2 also affects
the functions of other cellular pathways.

ATGI6L2 is increasingly seen to play an important role in
the pathogenesis of various cancers, autoimmune diseases,
and neurodegenerative disorders. Many of the current studies
available have identified an association between ATGI16L2
expression and disease but have not yet directly identified
mechanistically whether or how ATGI16L2 is involved in dis-
ease. Thus, a renewed focus on elucidating the function of
ATGI16L2 and how it contributes to the underlying pathology
of these diseases will allow us to elucidate the potential
of ATG16L2 as a future drug target or disease marker. As
a potential modulator of autophagy, the future development
of ATG16L2 mimetics may represent a new class of autophagy
blockers.
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