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ABSTRACT
Post-translational modifications of autophagy-related (ATG) genes are necessary to modulate their
functions. However, ATG protein methylation and its physiological role have not yet been elucidated. The
methylation of non-histone proteins by SETD7, a SET domain-containing lysine methyltransferase, is a
novel regulatory mechanism to control cell protein function in response to various cellular stresses. Here
we present evidence that the precise activity of ATG16L1 protein in hypoxia/reoxygenation (H/R)-treated
cardiomyocytes is regulated by a balanced methylation and phosphorylation switch. We first show that H/
R promotes autophagy and decreases SETD7 expression, whereas autophagy inhibition by 3-MA increases
SETD7 level in cardiomyocytes, implying a tight correlation between autophagy and SETD7. Then we
demonstrate that SETD7 methylates ATG16L1 at lysine 151 while KDM1A/LSD1 (lysine demethylase 1A)
removes this methyl mark. Furthermore, we validate that this methylation at lysine 151 impairs the
binding of ATG16L1 to the ATG12–ATG5 conjugate, leading to inhibition of autophagy and increased
apoptosis in H/R-treated cardiomyocytes. However, the cardiomyocytes with shRNA-knocked down SETD7
or inhibition of SETD7 activity by a small molecule chemical, display increased autophagy and decreased
apoptosis following H/R treatment. Additionally, methylation at lysine 151 inhibits phosphorylation of
ATG16L1 at S139 by CSNK2 which was previously shown to be critical for autophagy maintenance, and
vice versa. Together, our findings define a novel modification of ATG16L1 and highlight the importance of
an ATG16L1 phosphorylation-methylation switch in determining the fate of H/R-treated cardiomyocytes.

Abbreviations: ACTB: actin beta; ANXA5: annexin A5; ATG: autophagy related; BafA: bafilomycin A1;
BECN1beclin 1: beclin 1autophagy related; CSNK2: casein kinase 2; coIP: coimmunoprecipitation; FL: full
length; GFP: green fluorescent protein; GST: glutathione S-transferase; HBSS: Hanks balanced salts solution;
H/R: hypoxia/reoxygenation; I/R: ischemia/reperfusion; KDM1A/LSD1: lysine demethylase 1A; LAD: left
anterior descending; MAP1LC3B/LC3B: microtubule-associated protein 1 light chain 3 beta; MEFs: mouse
embryo fibroblasts; mRFP: monomeric red fluorescent protein; NRVCs: neonatal rat ventricular
cardiomyocytes; PAS: phagophore assembly site; PE: phosphatidylethanolamine; PI: propidium iodide;
PPP1: protein phosphatase 1; PTMs: post-translational modifications; PVDF: polyvinylidenedifluoride;
SAM: S-adenosylmethionine; SQSTM1: sequestosome 1; SETD7: SET domain containing lysine
methyltransferase 7; TUBA: tublin alpha; ULK1: unc-51 like autophagy activating kinase 1.
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Introduction

Autophagy is an evolutionarily conserved degradation pathway
and highly regulated membrane trafficking process, which is rap-
idly triggered by oxidative stress, pathogen infection, and nutrient
starvation.1 There are mainly 3 classes of autophagy: chaperone-

mediated autophagy, microautophagy and macroautophagy.2

During macroautophagy, from now on referred to as autophagy,
a spherical structure called an autophagosome is formed via the
expansion of double-membrane phagophores, by which intracel-
lular components such as organelles or macromolecules are deliv-
ered to the lysosome/vacuole for degradation.3 It has already been

CONTACT Huiwen Song huiwensong@126.com; Tian Yu zyyutian@126.com; Qigong Liu qgliu@tjh.tjmu.edu.cn; Zhiyong Zhang zhangz2@rwjms.
rutgers.edu
† These authors contributed equally to this work.

Supplemental data for this article can be accessed at: https://doi.org/10.1080/15548627.2017.1389357

© 2018 Informa UK Limited, trading as Taylor & Francis Group

AUTOPHAGY
2018, VOL. 14, NO. 5, 825–844
https://doi.org/10.1080/15548627.2017.1389357

http://crossmarksupport.crossref.org/?doi=10.1080/15548627.2017.1389357&domain=pdf
http://orcid.org/0000-0001-8226-3389
http://orcid.org/0000-0001-8226-3389
http://orcid.org/0000-0001-8576-1607
http://orcid.org/0000-0001-8576-1607
mailto:huiwensong@126.com
mailto:zyyutian@126.com
mailto:qgliu@tjh.tjmu.edu.cn
mailto:zhangz2@rwjms.rutgers.edu
mailto:zhangz2@rwjms.rutgers.edu
https://doi.org/10.1080/15548627.2017.1389357
https://doi.org/10.1080/15548627.2017.1389357
http://www.tandfonline.com


demonstrated that autophagy plays a critical role in diverse physi-
ological processes, and is especially required for cell survival in
several major pathologies such as neurodegenerative and cardio-
vascular syndromes.4

So far, at least 19 core autophagy-related (ATG) proteins are
required to govern the formation of autophagosomes.5 These
ATG proteins were first identified in yeast and are highly con-
served in eukaryotes. They are recruited in a sequential manner
and control the different steps of autophagy by comprising a
set of functional units: the ULK1 (unc-51 like autophagy acti-
vating kinase 1/Atg1 protein kinase complex, the phosphatidy-
linositol 3-kinase complex, the phosphatidylinositol 3-
phosphate–binding proteins, ATG9, and the LC3 and ATG12–
ATG5-ATG16L1 ubiquitin-like conjugation systems.6 Before
LC3 lipidation, LC3 and ATG12–ATG5-ATG16L1 are the final
ATG proteins recruited to the phagophore.7 In the ATG12–
ATG5-ATG16L1 complex, ATG16L1 associates with the
ATG12–ATG5 conjugate to form a dimeric complex, which
functions as an E3-like factor in the LC3 system to recruit and
activate the E2-like protein ATG3, thereby promoting conjuga-
tion of the LC3 to phosphatidylethanolamine (PE), and subse-
quently converting LC3B-I to LC3B-II.8 Thus, the site of
ATG12–ATG5-ATG16L1 conjugate recruitment plays a pivotal
role in autophagosome formation because it determines the
location of LC3-II formation. However, the molecular mecha-
nism by which ATG16L1 binds the ATG12–ATG5 complex in
mammalian autophagy remains largely unknown.

ATG proteins are mainly regulated via post-translational
modifications (PTMs).9 PTMs include ubiquitination, sumoy-
lation, phosphorylation, and acetylation, which are essential
for modulating the biological functions of ATG proteins.10

ATG protein phosphorylation is the most well studied PTM
and our previous study also demonstrated that the phosphory-
lation and dephosphorylation of ATG16L1 by CSNK2 and
PPP1, respectively, regulates autophagosome formation.11

Recently, lysine methylation of non-histone proteins has been
shown to act as a new regulatory mechanism to control pro-
tein functions and be involved in stress response.12 However,
very little was known about lysine methylation of ATG
proteins.

For the first time, here we address the regulation of the core
ATG protein ATG16L1 by lysine methylation through identify-
ing ATG16L1-interacting proteins and its effects on autophagy
and apoptosis in hypoxia/reoxygenation (H/R)-treated cardio-
myocytes. Our comparative analysis reveals that ATG16L1
directly interacts with SETD7 and KDM1A. We furthermore
demonstrate that ATG16L1 is a bona fide substrate of SETD7
and methylated at K151, which impairs the formation of the
ATG12–ATG5-ATG16L1 complex, thereby resulting in inhibi-
tion of autophagy and increase of apoptosis in H/R-treated car-
diomyocytes. We also provided evidence for the negative
crosstalk between methylation and phosphorylation of
ATG16L1 by in vitro and in vivo assays. CSNK2 was less effi-
cient at phosphorylating ATG16L1 that had been pre-methyl-
ated at K151 by SETD7. Conversely, pre-phosphorylated
ATG16L1 at S139 by CSNK2 was a poor substrate of SETD7,
suggesting that agents and drugs modulating KDM1A, SETD7
or CSNK2 activity may have protective effects on apoptosis of
the cardiomyocytes, mainly depending on the ATG16L1 status.

Results

H/R induces autophagic activity but decreases ATG16L1
methylation in rat NRVC and H9c2 cell lines

Given that hypoxia regulates lysine methylation of HIF1A/HIF-
1a which mediates hypoxic responses and regulates gene
expression involved in autophagy,13 we wondered whether hyp-
oxia could change lysine methylation of ATG16L1 in cardio-
myocytes and whether lysine methylation of ATG16L1 might
be an important regulatory mechanism underlying ATG16L1-
mediated autophagy. To test these ideas, we first carried out
LC3B conversion and GFP-LC3 puncta formation experiments
to investigate the autophagic activity in H9c2 cells and primary
neonatal rat ventricular cardiomyocytes (NRVCs) that were
subjected to 4 h hypoxia and then followed by reoxygenation
(H/R) for 3 h. The conversion of LC3B-I to LC3B-II indicates
the formation of autophagosomes, and the ratio of LC3B-II to
TUBA or LC3B-I acts as the primary indicator of autophagy
induction.14 In agreement with a previous report,11 the H/R
treatment indicates more autophagy than the control group as
shown in the immunoblotting of LC3B-II (Fig. 1A). To eluci-
date whether LC3B-II accumulation results from autophagy
induction or is due to a block in downstream steps, we exam-
ined autophagic flux. Because SQSTM1 (sequestosome 1), a
polyubiquitin-binding protein, can be selectively sequestered
within autophagosomes through direct binding to LC3B and
subsequently degraded in lysosomes during autophagy, the
total cellular levels of SQSTM1 can be used as a marker to
reflect autophagic flux.15 We observed that the expression of
SQSTM1 in NRVCs and H9c2 cells was markedly decreased
under H/R (Fig. 1A). However, the late-stage autophagy inhibi-
tor bafilomycin A1 (BafA) significantly blocked H/R-induced
SQSTM1 degradation in NRVCs and H9c2 cells, whereas it
markedly increased LC3B-II levels under H/R (Fig. 1A).

GFP-LC3 puncta appear in the cytoplasm and represent the
recruitment of LC3B proteins to phagophores and their pres-
ence on autophagosomes.16 Thus, we transfected NRVCs with
a GFP-LC3 plasmid using BioT Transfection Reagent and
transfection efficiency was approximately 30% (Fig. 1B, right
panel). To independently assess autophagosome number,
NRVCs were transfected with a GFP-LC3 construct and subse-
quently exposed to H/R. As shown in Fig. 1B, H/R substantially
upregulated the numbers of GFP-LC3 puncta (left panel), sug-
gesting that H/R induced autophagosome accumulation in
NRVCs. Thus, both assays indicate that H/R promotes the
autophagic activity of cultured cardiomyocytes.

The regulation of ATG16L1 by various PTMs has been
uncovered.11 However, lysine methylation of ATG16L1 and its
effects on ATG16L1-dependent autophagy have not been
examined. Next, we evaluated whether H/R stimulation of
NRVCs changes ATG16L1 methylation at a lysine residue(s).
Through immunoprecipitation of ATG16L1 in cardiomyocytes
and using an anti-methyl lysine (anti-pan-me-K) antibody or
site-specific methylation antibody (anti-ATG16L1-K151me1),
ATG16L1 in NRVCs was observed to be methylated at a lysine
residue, and the levels of ATG16L1 methylation declined dur-
ing H/R, whereas total levels of ATG16L1 did not change
(Fig. 1C). Additionally, nutrient deprivation, a common stimu-
lus of autophagy, also repressed ATG16L1 methylation
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(Fig. 1D). Given that doxorubicin treatment was reported to
induce autophagy in cardiomyocytes (Fig. 1E),17 we examined
whether doxorubicin treatment affected the levels of lysine
methyl-ATG16L1. We observed that the methyl-ATG16L1
level in NRVC cells decreased upon doxorubicin treatment
(data not shown). Thus, alterations in the levels of ATG16L1
lysine methylation due to environmental change suggest that
lysine methylation maybe act as a novel regulatory mechanism
of ATG16L1 and possibly affect autophagy in H/R-treated
cardiomyocytes.

ATG16L1 interacts with SETD7 in vitro and in vivo

To identify the methyltransferase responsible for ATG16L1
methylation, we performed a mass spectrometry analysis of
Flag-tagged ATG16L1 from the lysate of HEK293T cells.

Intriguingly, SETD7 was identified as an ATG16L1-interacting
protein based on LC-MS/MS analysis (Table S1), suggesting the
possible involvement of SETD7 in methylation of ATG16L1. To
test this hypothesis, we first examined the interaction between
ATG16L1 and SETD7. We transfected MYC-tagged SETD7
with HA-tagged ATG16L1 or HA empty vector (Fig. 2Ai), as
well as HA-ATG16L1 with MYC-SETD7 or MYC empty vector
(Fig. 2Aii), into HEK293T cells. Then co-immunoprecipitation
was carried out. It was observed that HA-ATG16L1 or MYC-
SETD7 could efficiently pull down MYC-SETD7 (Fig. 2Ai) or
HA-ATG16L1 (Fig. 2Aii), respectively, indicating that ATG16L1
interacts with SETD7. To determine whether these proteins
interact endogenously, we performed co-immunoprecipitation
assays in NRVC cells by using a monoclonal antibody against
ATG16L1. The results show that endogenous ATG16L1 interacts
with endogenous SETD7 (Fig. 2B).

Figure 1. H/R induces autophagic activity but decreases ATG16L1 methylation in rat NRVC and H9c2 cell lines. (A) H9c2 and NRVC cells were treated with or without 4-h
hypoxia (3% O2, 5% CO2, and 92% N2) and then followed by 3-h reoxygenation (5% CO2 and 95% O2) with or without BafA (20 nM). The protein levels of LC3B-I, LC3B-II,
SQSTM1, and TUBA were analyzed using western blot. (B) NRVCs expressing GFP-LC3 were exposed to H/R, and then GFP-LC3 localization was examined by fluorescence
microscopy. Representative images are shown (left panel). Quantitative analysis of LC3 dots is shown (middle panel). Before establishing stable NRVCs-GFP-LC3 cells,
NRVC percentages of transfection using GFP-LC3 plasmid were calculated (right panel). (C) NRVC cells were immunoprecipitated with anti-ATG16L1 and western blots
were performed with the indicated antibodies. (D) NRVCs were incubated with Hanks balanced salts solution (HBSS) for 4 h. Then cell extracts were collected and
ATG16L1 methylation assay was determined using western blots with the indicated antibodies. (E) Doxorubicin induces autophagic flux in NRVCs.
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Figure 2. ATG16L1 interacts with SETD7 in vitro and in vivo. (A) Coimmunoprecipitation of MYC-tagged SETD7 with HA-tagged ATG16L1, and vice versa. HEK293T cells
were transfected with a plasmid expressing MYC-tagged SETD7, the HA empty vector, or a plasmid expressing HA-tagged ATG16L1. The anti-HA antibody-conjugated
agarose beads were used for immunoprecipitation (A); a plasmid expressing HA-tagged ATG16L1 was transfected with the MYC empty vector, or a plasmid expressing
MYC-tagged SETD7 into HEK293T cells and anti-MYC antibody-conjugated agarose beads were used for immunoprecipitation (A). (B) Endogenous interaction between
ATG16L1 and SETD7. Western blot analysis of SETD7 after coimmunoprecipitation with endogenous ATG16L1 or mouse IgG control. (C) ATG16L1 directly interacted with
SETD7. Bacterially produced GST-ATG16L1 was used to pull down bacterially produced His-SETD7 in vitro. (D) Schematic diagram of SETD7 (FL) and its deletion constructs.
The interaction between SETD7 and ATG16L1 domains is indicated by the plus signs (+). The FL or fragments of GST-SETD7 were incubated with His-ATG16L1.The
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To examine the interaction more directly, we performed a
GST affinity isolation experiment. When GST-ATG16L1 and
His-SETD7 were mixed together, GST-ATG16L1 especially
pulled down His-SETD7 (Fig. 2C), indicating that SETD7
directly binds ATG16L1.

To further map the domains of SETD7 for ATG16L1 bind-
ing, we constructed and purified the full-length (FL) and several
fragments of GST-SETD7, and then performed a GST affinity-
isolation assay. It was observed that both the N-terminal
(amino acids 1–107) and middle (amino acids 108–214) frag-
ments of SETD7 bound to ATG16L1. Nevertheless, the associa-
tion of GST-SETD7 (amino acids 215–366) with GST-
ATG16L1 failed to be detected (Fig. 2D). To determine whether
SETD7 can directly bind to, and to which domain of,
ATG16L1, the regions of ATG16L1 for SETD7 binding were
mapped by incubating the FL or fragments of GST-ATG16L1
with His-SETD7. His-SETD7 was found to mainly interact
with the FL and the 1–276 aa fragment of GST-ATG16L1, but
not with the C-terminal fragment of ATG16L1 and GST alone
(Fig. 2E). Proximity ligation assay further confirmed the inter-
action between SETD7 and ATG16L1 occurred in the cyto-
plasm, not the nucleus (Fig. 2F). Therefore, we conclude that
SETD7 directly interacts with ATG16L1.

SETD7 monomethylates ATG16L1 at lysine 151 in vitro and
in vivo

Given that SETD7 has recently been shown to methylate several
nonhistone proteins,18 we hypothesized that ATG16L1 was
methylated by SETD7. To test this idea, we first examined
whether SETD7 interacted with methylated ATG16L1 in
setd7¡/- and Setd7+/+ mouse embryonic fibroblasts (MEFs).
Consistent with findings described above, co-IP of native
ATG16L1 from Setd7+/+ MEFs confirmed that SETD7 was in a
complex with ATG16L1 (Fig. 3A). When ATG16L1 was immu-
noprecipitated and probed with 2 different anti-methyl lysine
antibodies (ab23366 antibody recognizing both mono- and
dimethylated lysine, and ab7315 antibody primarily recogniz-
ing dimethylated lysine), we found that ATG16L1 was mono-
methylated in Setd7+/+ MEFs but not in setd7¡/¡ MEFs
(Fig. 3A). These results suggest that SETD7 may directly mono-
methylate ATG16L1.

To further investigate whether the methylation of ATG16L1
is mediated by SETD7, HEK293T cells were transfected with
pcDNA, wild-type SETD7 (SETD7WT), or methylase-deficient
mutant SETD7 (SETD7H297A), and endogenous ATG16L1 was
immunoprecipitated and subjected to immunoblotting analysis
with an anti-pan-methyl-lysine antibody. The levels of the
methylated ATG16L1 were significantly increased in the
HEK293T-SETD7WT cell line, but the same phenomenon was
not observed in the HEK293T-SETD7H297A cells (Fig. 3B).
Conversely, the methylation of ATG16L1 was almost abolished
in the HEK293T-shSETD7 cells compared with the HEK293T-

shcontrol cells (Fig. 3C). As shown in Fig. S1, SETD7 knock-
down and overexpression also modulated ATG16L1 methyla-
tion in NRVCs. Together, these experiments demonstrate that
SETD7 methylates ATG16L1 in vivo.

To investigate whether ATG16L1 is methylated directly by
SETD7, an in vitro methylation assay was performed by incu-
bating SETD7 with 3H-SAM. As shown in Fig. 3D, GST-
ATG16L1 was methylated by SETD7, but not by a catalytic
mutant, SETD7H297A (Fig. 3E), confirming that SETD7 methyl-
ates ATG16L1 in vitro.

Next, we sought to identify the SETD7-methylated residue
(s) in ATG16L1. The amino acid sequence of ATG16L1 was
compared with the sequences surrounding the SETD7 methyla-
tion sites of several known substrates (Fig. 4A). It was found
that the conserved lysine residues at position 151 and 440 and
their adjacent residues of ATG16L1 strongly conform to the
consensus SETD7 recognition sequence designated by a K/R-S/
T/A-K motif (in which the methylated lysine site is under-
lined). When we aligned the full amino acid sequences of
ATG16L1 proteins of various species, it was observed that the
identified ATG16L1 methylation sequences were evolutionarily
conserved (Fig. 4A). Moreover, K151R mutation almost
completely abolished ATG16L1 methylation by SETD7 in vitro,
whereas K440R mutation had no effect (Fig. 4B). Together, our
data suggest that K151 is most likely the major, if not the sole,
site within ATG16L1 that is methylated by SETD7.

To quickly find whether methylation of ATG16L1 occurred
in cells, we prepared an antibody, anti-ATG16L1-K151me1,
which specifically recognizes monomethylated ATG16L1-K151
but not the unmethylated peptide (Fig. 4C). This antibody
indeed recognized methylated GST-ATG16L1 after treatment
with SETD7, with minimal reactivity against untreated GST-
ATG16L1 (Fig. 4D). Further, the unmodified ATG16L1 peptide
poorly prevented the binding of anti-ATG16L1-K151me1 anti-
body to methylated GST-ATG16L1, whereas the methylated
peptide prevented the binding of the anti-ATG16L1-K151me1
antibody (Fig. 4D).

Using this ATG16L1-K151me1-specific antibody, we
observed that overexpression of V5 epitope-tagged SETD7 in
the HEK293T cells led to substantially increased endogenous
ATG16L1-K151me1, while the enzymatic deficient
SETD7H297A mutant reduced the level of ATG16L1-K151me1
(Fig. 4E). Furthermore, V5-SETD7 modified K151me1 in cells
expressing Flag-ATG16L1WT and the Flag-ATG16L1K440R

mutant, but not with the K151R mutant (Fig. 4F). The specific-
ity of anti-ATG16L1-K151me1 toward ATG16L1 was further
confirmed using an in vitro cell-free methylation reaction with
purified recombinant GST-ATG16L1 and His-SETD7 in the
presence of S-adenosylmethionine (Fig. 4G). To further evalu-
ate whether methylation of ATG16L at K151 occurs in any
pathophysiologically relevant settings, we established a mouse
model with myocardial ischemia/reperfusion (I/R). As
expected, myocardial I/R significantly repressed methylation of

immunoblotting was carried out to detect the interaction with an anti-His antibody. (E) Schematic diagram of ATG16L1 (FL) and its deletion constructs. The interaction
between SETD7 and ATG16L1 domains is indicated by the plus signs (+). GST affinity-isolation assays for GST-tagged ATG16L1 domains and His-tagged SETD7. The associ-
ation of the GST-ATG16L1 domains with His-SETD7 was detected by immunoblotting with an anti-His antibody. (F) Proximity ligation assay (PLA) of the interaction
between ATG16L1 and SETD7 in NRVCs with or without H/R treatment. Representative images are shown.
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ATG16L1 at K151 compared with the sham group (Fig. 4H).
Collectively, these results demonstrate that SETD7 methylates
ATG16L1 at K151 both in vitro and in vivo.

ATG16L1 is demethylated by KDM1A

Our mass spectrometric analysis of the ATG16L1 immuno-
complex from HEK293T cells uncovered that KDM1A, one
component of a BRAF-HDAC complex,19 was present in the
immunocomplex (Table S1). Given that KDM1A can demeth-
ylate several non-histone protein substrates of SETD7, such as
TP53 and DNMT1,20 we hypothesized that KDM1A might
reverse SETD7-induced ATG16L1 methylation. To confirm
this idea, we first used co-immunoprecipitation to investigate

whether KDM1A associates with ATG16L1. We found that
transfected KDM1A and ATG16L1 interacted with each other
in HEK293 cells (Fig. 5A). HDAC2 which is in a stable com-
pound with KDM1A,19 also co-immunoprecipitated with
ATG16L1 (Fig. 5A). Additionally, we confirmed the interaction
between endogenous KDM1A and ATG16L1 in NRVC cells
with or without treatment by H/R (Fig. 5B). We also observed
similar results in H9c2 cells (data not shown). Then we exam-
ined whether KDM1A interacted directly with ATG16L1.
Affinity-isolation assays indicate that GST-ATG16L1, but not
GST alone, associated with Flag-KDM1A, suggesting a direct
interaction between ATG16L1 and KDM1A (Fig. 5C).

To identify which domain of KDM1A directly binds to
ATG16L1, we purified the FL and several fragments of GST-

Figure 3. SETD7 monomethylates ATG16L1 in vitro and in vivo. (A) Anti-ATG16L1 immunoprecipitates from high-density Setd7+/+ and setd7¡/¡ MEFs were immunoblotted
with ATG16L1, SETD7, methyl-lysine (mono-, dimethylated) (ab23366), and dimethyl-lysine (ab7315) antibodies, respectively. (B) ATG16L1 was methylated by SETD7 in
vivo. Stably expressed control, SETD7WT, or SETD7H297A HEK293T cells were generated. Then the samples were precipitated using an anti-ATG16L1 antibody and analyzed
using an anti-pan-me-K antibody to detect methylation of ATG16L1. (C) Stably expressed shcontrol or shSETD7 HEK293T cells were generated. The cell lysates were then
precipitated with an anti-ATG16L1 antibody and probed with an anti-pan-me-K antibody to detect methylation of ATG16L1. (D) Using H3-SAM, recombinant SETD7, and
ATG16L1, an in vitro methylation assay was carried out. Coomassie Brilliant Blue R-250 staining and autoradiography were used to show methylation and protein levels,
respectively. (E) The indicated proteins were used to perform in vitro methylation analysis. To detect the methylation of ATG16L1, an anti-pan-methyl-lysine antibody
(pan-me-K) was used. Coomassie Brilliant Blue staining was used to indicate the protein levels.
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Figure 4. SETD7 monomethylates ATG16L1 on lysine 151 in vitro and in vivo. (A) Alignment of the consensus amino acid residues adjacent to lysine targeted by SETD7,
and identification of a putative SETD7 methylation site in ATG16L1. The consensus SETD7 recognition sequence, the lysines targeted for methylation by SETD7 in known
substrates, and the methylated lysine are shown in red in each case. (B) In vitro methylation of various purified ATG16L1 mutants by SETD7. (C) An anti-ATG16L1-
K151me1-specific antibody is characterized. ATG16L1 peptide substrates: 137–153, TISDLETECLDLRTKLC; K151me, TISDLETECLDLRTKmeLC; S139P, TIpSDLETECLDLRTKLC,
(me, methylation; p, phosphorylation). (D) GST-ATG16L1 (1 mg) was methylated in vitro with or without 0.5 mg recombinant SETD7. The mixture sample was analyzed
with the anti-ATG16L1-K151me1 antibody, in the presence of 10 mg/ml competing wild-type or mono-methylated K151 peptide. (E) The effect of ectopically expressed
SETD7 and SETD7H297A on K151me1 of endogenous ATG16L1 in HEK293T cells was analyzed. (F) Methylation analysis of Flag-ATG16L1 and mutants by SETD7 was per-
formed in transfected HEK293T cells. (G) In vitro methylation was carried out with GST-ATG16L1, H3-SAM recombinant His-SETD7, and His-SETD7H297A. Coomassie Brilliant
Blue staining and immunoblotting were used to display methylation and protein levels, respectively. (H) Western blotting was subsequently performed to analyze the
methylation status of ATG16L1 after mouse hearts were subjected to I/R.
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Figure 5. ATG16L1 is demethylated by KDM1A. The interaction between ectopic. (A) and endogenous (B) KDM1A and ATG16L1 in HEK293 (A) and NRVC cells (B) was
detected using reciprocal co-immunoprecipitation assays. (C) GST affinity-isolation experiments were performed. (D) Schematic diagram of KDM1A (full length) and its
deletion constructs. The interaction between ATG16L1 and KDM1A domains is indicated by plus signs (+). GST affinity-isolation assays for GST-tagged KDM1A domains
and His-tagged ATG16L1 was detected by immunoblotting with the indicated antibodies. SWIRM, a small alpha-helical domain of approximately 85 amino acid residues
found in eukaryotic chromosomal proteins; AOL, C-terminal amine oxidase-like (AOL) domain. (E) Proximity ligation assay (PLA) of the interaction between ATG16L1 and
KDM1A in NRVCs with or without H/R treatment. (F) In vitro demethylation assay of monomethylated ATG16L1 by KDM1A was carried out. (G) ATG16L1 methylation in
NRVC cells infected with shcontrol or shKdm1a was performed by immunoprecipitation. (H) Pargyline at the indicated concentrations was used to treat NRVC cells.
ATG16L1 and its methylation were performed using immunoprecipitation.
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KDM1A and then performed a GST affinity-isolation assay. It
was observed that the N-terminal fragment (amino acids 1–
271) of KDM1A bound to ATG16L1 (Fig. 5D). Proximity liga-
tion assay further confirmed the interaction between KDM1A
and ATG16L1 occurs in the cytoplasm, but not the nucleus
(Fig. 5E). All of the above data indicate that KDM1A directly
interacts with ATG16L1.

To demonstrate whether KDM1A demethylates ATG16L1-
K151 and counteracts the function of SETD7, we used a chemi-
cally modified K151me-containing ATG16L1 to carry out an in
vitro demethylase assay. It was observed that KDM1A deme-
thylated K151, whereas KDM1AK661A could not (Fig. 5F),
which was further confirmed by the increase in K151 methyla-
tion in KDM1A-knockdown NRVC cells (Fig. 5G). Moreover,
upon treatment with a KDM1A inhibitor, pargyline, ATG16L1
methylation increased in a concentration-dependent manner
(Fig. 5H). This demethylase activity against ATG16L1 suggests
that KDM1A may regulate ATG16L1 activity by directly modu-
lating lysine methylation of ATG16L1.

Methylation of ATG16L1 on K151 selectively blocked its
interaction with the ATG12–ATG5 conjugate

Next, we set out to examine how methylation of ATG16L1
affects autophagy. Given that ATG16L1 is required for LC3–PE
(LC3-II) biogenesis in vivo through recruiting the ATG12–
ATG5 conjugate to the phagophore assembly site (PAS), we
hypothesized that methylation of ATG16L1 might regulate the
interaction between ATG16L1 and the ATG12–ATG5 conju-
gate. It was found that, compared to the control, SETD7WT, but
not the methyltransferase activity-dead mutant SETD7H297A,
significantly impaired the association of ATG16L1 with the
ATG12–ATG5 conjugate (Fig. 6A).

Because the E. coli bacterial system lacks SETD7, we used
this system to further validate the effect of SETD7-mediated
methylation of ATG16L1 on the formation of the ATG12–
ATG5-ATG16L1 complex. Our data confirmed that methyla-
tion of ATG16L1 by SETD7 abolished its binding to the
ATG12–ATG5 conjugate, which was reversed by demethyla-
tion of ATG16L1 by (R)-RFI-2, a potent and specific inhibitor
of SETD721 (Fig. 6B). These data suggest that ATG16L1
demethylation by KDM1A is essential for its binding to the
ATG12–ATG5 conjugate.

Then we further confirmed the role of ATG16L1 methyla-
tion on K151 in its binding to the ATG12–ATG5 conjugate. To
this end, we generated a methylation mimetic mutant of
ATG16L1 in which the K151 residue was substituted with glu-
tamate (Q) as a mimic of methyl-lysine (K151Q mutant), and
another mutant with arginine (R) as a mimic of the
nonmethylated state of the ATG12–ATG5-ATG16L1 complex.
The results indicated that only the methylation-deficient muta-
tion, ATG16L1K151R significantly promoted its binding to the
ATG12–ATG5 conjugate (Fig. 6C).

We also evaluated the interaction of SETD7 and KDM1A
with ATG16L1 in NRVCs at baseline and in response to H/R.
As shown in Fig. 6D, the interaction of SETD7 and KDM1A
with ATG16L1 was observed at baseline and in response to H/
R. However, H/R significantly promoted the interaction

between KDM1A and ATG16L1 while decreasing the binding
of SETD7 to ATG16L1, further supporting the above findings.

Collectively, these results demonstrate that methylation of
ATG16L1 on K151 negatively regulates autophagy through
decreasing ATG16L1 binding to the ATG12–ATG5 conjugate.
Notably, this decrease is unique to the ATG12–ATG5 conju-
gate and not RB1CC1 (data not shown).

SETD7 overexpression reduces H/R-induced autophagy
and increases apoptosis in cardiomyocytes

Next, we determined the functional importance of methylation
of ATG16L1 induced by SETD7 for the inhibition of autoph-
agy. As expected, overexpression of SETD7WT, but not the inac-
tive mutant SETD7H297A, markedly inhibited H/R-induced
autophagy (Fig. 7A and B), and enhanced the ratio of dead
H9c2 cells (Fig. 7Cii and 8Ai). However, the K151R mutant,
but not WT ATG16L1 or the ATG16L1 methylation mimic
K151Q, reversed the enhanced ratio of dead H9c2 cells and
reduced autophagy (Fig. 7B, C and 8A), which further validated
that the effect of SETD7 on autophagy was mainly due to the
methylation of ATG16L1 at K151. Using SETD7-deficient and
-silenced MEF cells and HEK293T cells, we also provided
strong evidence that the endogenous SETD7 significantly
inhibited autophagy (Fig. S2A and B). We then wanted to clar-
ify whether the methyltransferase activity of SETD7 is essential
to affect autophagy. As shown in Fig. 8B, the treatment of (R)-
PFI-2 not only greatly enhanced the levels of LC3B-II in H9c2
cells but also blocked SETD7-mediated methylation of
ATG16L1 (Fig. 8C), whereas SETD7 knockdown in H9c2 cells
ultimately rescued the increased LC3B-II induced by (R)-PFI-2
(data not shown). Additionally, as shown in Fig. S3, ATG16L1
methylation by SETD7 also regulated cardiomyocyte autophagy
in response to starvation. These results suggest that methyl-
transferase activity of SETD7 is required to inhibit the protein
function of ATG16L1. Together, we conclude that SETD7 spe-
cifically affects autophagy via the methylation of ATG16L1 at
K151, which is consistent with our hypothesis that the revers-
ible methylation of ATG16L1 at K151 by SETD7 and KDM1A
decides the association of ATG16L1 with the ATG12–ATG5
conjugate.

H/R and autophagy regulate the expression of SETD7 and
KDM1A

To further elucidate the relationship among SETD7, KDM1A,
autophagy, and H/R, we investigated whether H/R and autoph-
agy in turn affected the levels of SETD7 and KDM1A expres-
sion. Under H/R, the levels of SETD7 protein and mRNA
expression were significantly suppressed in the 2 kinds of
examined cardiomyocytes, whereas the expression of KDM1A
had the opposite change, as revealed by western blots and
semi-quantitative RT-PCR assays (Fig. 9A and B). The similar
phenotype was also observed in HEK293T cells (data not
shown).

We then examined whether autophagy was involved in
SETD7 and KDM1A production. To this end, we first used the
autophagy inhibitor 3-MA in NRVC and H9c2 cells. After
treatment with 5 mM 3-MA, the levels of SETD7 were
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enhanced whereas the KDM1A expression was blocked com-
pared to the control (Fig. 9C). As expected, LC3-II levels were
decreased by treatment with 3-MA, whereas co-incubation
with 3-MA and BafA decreased the accumulation of LC3-II
(Fig. 9D), suggesting 3-MA inhibited autophagic flux in NRVC
and H9c2 cells. Supporting these results, when NRVC and
H9c2 cells were transfected with Atg7 siRNA, the levels of
SETD7 were substantially increased, whereas the levels of
KDM1A were reduced compared to the controls (Fig. 9E). The
above data clearly showed that autophagy regulates the expres-
sion of SETD7 and KDM1A. To determine whether these
changes contribute to H/R-induced autophagy, we transfected
H9c2 cells with a Setd7-encoding plasmid or siKdm1a and
treated them with H/R. It was observed that WT SETD7, but
not the H297A mutant, overexpression reverted the H/R-

induced autophagy, whereas KDM1A knockdown also inhib-
ited the H/R-induced autophagy (Fig. 9F). These findings fur-
ther strengthen the role of methylation in regulation of
autophagy. Collectively, our findings uncover that H/R treat-
ment and autophagosome formation contribute to KDM1A
and SETD7 production.

Crosstalk between ATG16L1 methylation and
phosphorylation

In response to H/R, ATG16L1 protein is activated through dis-
tinct mechanisms, including direct phosphorylation by CSNK2
in particular at serine 139, which is close to the K151 site.11 In
agreement with previous reports, we could detect enhanced lev-
els of phosphorylated ATG16L1 in H/R-treated H9c2 cells

Figure 6. Methylation of ATG16L1 at K151 selectively decreased its interaction with the ATG12–ATG5 conjugate. (A) H9c2 cells were transfected with plasmids containing
empty vector, HA-SETD7WT, or its inactive mutant HA-SETD7H297A, and then exposed to H/R. Immunoprecipitation assay indicated that SETD7-dependent methylation of
ATG16L1-V5 purified from H9c2 cells inhibited its binding to the ATG12–ATG5 conjugate. (B) In vitro binding assay showed that upon SETD7-mediated methylation,
ATG16L1 purified from E. coli presented reduced binding, which was reversed by demethylation following (R)-RFI-2 treatment. Protein input and H3 uptake into ATG16L1
are also shown. (C) Indicated E. coli-generated ATG16L1 and GST-ATG12–ATG5 fusion protein were used to perform the affinity isolation assay. Compared to untreated
wild-type ATG16L1, SETD7 methylation or untreated ATG16L1K151Q and K151R mutant showed opposite ATG12–ATG5 conjugate binding. Immunoblotting was carried
out using the indicated antibodies. (D) NRVCs were or were not subjected to H/R treatment. Endogenous interaction between ATG16L1 and SETD7 or KDM1A was ana-
lyzed using co-immunoprecipitation with anti-ATG16L1. Immunoblotting was carried out using the indicated antibodies.
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Figure 7. SETD7 overexpression significantly decreased H/R-induced autophagy in cardiomyocytes. (A) H9c2 cells were transfected with plasmids including empty vector,
HA-SETD7WT, or its inactive mutant HA-SETD7H297A, and then exposed to H/R. The lysates were analyzed using LC3B antibody. (B and C) The indicated plasmids were
transfected into H9c2 cells with mRFP-GFP-LC3, and then exposed to H/R. Representative images of LC3 puncta are displayed (Bii and Cii), and the number of puncta
was quantified (Biii and Ciii). Western blots were performed with the indicated antibodies (Bi and Ci).
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(Fig. 10A and B). Importantly, ATG16L1 phosphorylation was
significantly increased in SETD7-depleted cells, but almost
abolished in SETD7 overexpressing cells (Fig. 10Ai, Aii and B).
Consistent with these data, KDM1A knockdown significantly
decreased ATG16L1 phosphorylation (Fig. 10Aiii). These data
suggest that SETD7-mediated methylation at lysine 151 may
interfere with H/R-induced activating phosphorylation modifi-
cation of ATG16L1. Confirming this notion, we found that
doxorubicin-mediated phosphorylation of the wild-type
ATG16L1 or methylated K151Q mutant, but not the K151R
mutant form of ATG16L1, was diminished by SETD7 overex-
pression, whereas overexpression of methylase-deficient
SETD7 had no effect (Fig. 10B and C). In turn, S139

phosphorylation of ATG16L1 inhibited the K151 methylation
of ATG16L1 (Fig. 10D). These findings point to a ‘‘two-way’’
crosstalk working model (Fig. 10E), in which methylation and
phosphorylation at 2 residues of ATG16L1 influence the gener-
ation of each other in a mutually exclusive manner.

Discussion

In this study, we investigate the involvement of SETD7 and
KDM1A in the autophagy process by modifying the ATG16L1
protein. We have demonstrated that SETD7-mediated lysine
methylation of ATG16L1 is a determinant for the inhibition of
autophagy, which contributes to H/R-associated cardiomyocyte

Figure 8. SETD7 overexpression significantly increased H/R-induced apoptosis in cardiomyocytes. (Ai and ii) The indicated plasmids were transfected into H9c2 cells and
then exposed to H/R. Apoptosis was measured by ANXA5-PI staining. (Aiii) Apoptotic enzymes CASP3 and CASP7 activity was measured for the indicated H9c2 cells. The
data from 3 independent experiments are presented as the mean § SD. (B and C) Western blotting and immunoprecipitation assays were respectively used to indicate
that a potent and selective inhibitor of SETD7, (R)-PFI-2 (1 mM, 18 h), inhibited LC3B-II expression and ATG16L1 methylation at K151.
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Figure 9. SETD7 expression was considerably suppressed whereas KDM1A expression was increased under H/R conditions. (A and B) As indicated by western blots and
semi-quantitative real-time PCR assays, under H/R conditions, SETD7 expression was significantly decreased, and the levels of KDM1A were increased in NRVC and H9c2
cells compared with that under normoxic conditions. (C) The protein levels of SETD7 and KDM1A were examined in NRVC and H9c2 cells with or without 5 mM 3-MA
treatment. (D) NRVC and H9c2 cells were incubated with 10 nM BafA for 2 h after being treated with 5 mM 3-MA for 12 h. The cell lysates were analyzed with anti-LC3B
antibody. ACTB was used as a loading control. (E) NRVC and H9c2 cells were transiently transfected with scrambled or siRNA of Atg7 for 48 h. Total cell extracts were ana-
lyzed by western blotting using the indicated antibodies. (F) H9c2 cells were transfected with a plasmid encoding SETD7 (Fi) or siKdm1a (Fii) and treated them with H/R,
or H9c2 cells were without any treatment. The cell lysates were analyzed with the indicated antibodies.
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Figure 10. Crosstalk between methylation at K151 and phosphorylation at S139 of ATG16L1. (A and B) Immunoprecipitation was performed using anti-ATG16L1 antibody
with extracts from untreated or H/R-treated NRVC cells transfected with a plasmid encoding WT SETD7, or shSetd7, or shKdm1a, WT ATG16L1, or ATG16L1K151R expression
vectors. Western blot analysis was performed with anti-ATG16L1-K151 or anti-phospho-Ser/Thr antibodies. (C) ATG16L1 protein was mixed with SETD7 with or without
1 mM cold SAM and then the mixture was subjected to in vitro phosphorylation with CSNK2 and g32P-ATP. (D) ATG16L1 protein was preincubated with CSNK2 with or
without 0.5 mM cold ATP and then the mixture was subjected to in vitro methylation reactions with SETD7 and H3-SAM. (E) Working model: (i) H/R decreases SETD7
expression and lysine methylation of ATG16L1, while it increases the KDM1A level and CSNK2 activity in cardiomyocytes; (ii) SETD7 methylates ATG16L1 at K151 in vivo
and in vitro, whereas pre-phosphorylated ATG16L1 at S139 by CSNK2 blocks ATG16L1 methylation; and ATG16L1 methyl mark at K151 is removed by KDM1A; (iii) this
methylation at K151 impairs the binding of ATG16L1 to the ATG12–ATG5 conjugate, leading to inhibition of autophagy and increased apoptosis in H/R-treated
cardiomyocytes.
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apoptosis. Also, we have shown that a switch of methylation to
phosphorylation of ATG16L1 triggers an adaptive pathway to
mitigate cardiomyocyte damage. The above conclusions mainly
resulted from the following findings: (i) H/R decreases SETD7
expression and lysine methylation of ATG16L1, while increas-
ing the KDM1A level in cardiomyocytes; (ii) SETD7 methylates
ATG16L1 at K151 in vivo and in vitro, whereas an enzymati-
cally dead mutant cannot methylate ATG16L1, and a specific
inhibitor of SETD7 blocks ATG16L1 methylation; (iii)
ATG16L1 methyl mark at K151 is removed by KDM1A; (iv)
upon being subjected to H/R, the cardiomyocytes with shRNA-
knocked down SETD7 or inhibition of SETD7 by a chemical
inhibitor display an increased autophagy and decreased apo-
ptosis; and (v) pre-methylated ATG16L1 at K151 by SETD7
was less efficiently phosphorylated by CSNK2. Conversely, pre-
phosphorylated ATG16L1 at S139 by CSNK2 was also a poor
substrate of SETD7, suggesting a negative crosstalk between
lysine methylation and phosphorylation of ATG16L1. To our
knowledge, this is the first report establishing a direct connec-
tion between lysine methylation of ATG16L1 involved in
autophagy initiation in H/R-treated cardiomyocytes. Overall,
these data support the view that the PTMs of ATG16L1
potently influence cardiomyocyte apoptosis during H/R.

One very crucial finding in the present study is that
ATG16L1 is a novel substrate of SETD7. In response to stress
including hypoxia, as the central regulators of the autophagy
signaling pathway, ATG protein can be modified many times
by the same PTM at different residues, or by various PTMs on
a single protein site in a sequential and separate manner.22,23

Through fine-tuning the activity of ATG proteins, distinct
PTMs might display various downstream effects in autophagy.
For example, during autophagy, different protein kinases regu-
late the assembly and activity of the ULK1/Atg1 complex by
phosphorylating Atg1/ULK1 at distinct amino acid sites in
yeast and mammalian cells.24 During LPS-induced autophagy,
E3 ligases such as USP14 or TRAF6 regulates the interaction
between BECN1 and other ATG proteins through controlling
lysine 63-linked ubiquitination of BECN1;25,26 it is well-known
that EP300-dependent acetylation of ATG7 can inhibit autoph-
agy.27 Although these PTMs in the different stage of autophagy
play important roles in regulating the functions of ATG pro-
teins, whether ATG proteins at lysine residues can directly be
methylated or demethylated and the underlying biological con-
sequences remain poorly described, and involved factors
remain unknown.

In the present study, we provided substantial evidence that
ATG16L1 is methylated by SETD7, leading to the downregula-
tion of autophagy during H/R. We also demonstrated that H/R
and autophagy suppressed the levels of SETD7 expression.
Thus, our data uncovered a novel crosstalk. These data also
suggest that by regulating ATG16L1 lysine methylation, fine-
tuning SETD7 and KDM1A may protect cells in response to
hypoxia from exaggerating reactions by affecting cell apoptosis
and autophagy, indicating a new role of ATG protein lysine
methylation in response to hypoxia stress. Therefore, it is possi-
ble that the destruction of this PTM under some pathogenic
conditions may result in the loss of control of ATG16L1 activ-
ity. For this reason, animal models should be established to fur-
ther elucidate the role of SETD7-mediated ATG16L1

methylation and the physiological relevance of SETD7 in the
autophagy signaling pathway. Supporting our data, one critical
autophagy-related transcription factor, FOXO3, has recently
been reported as being a substrate of SETD7.28 Methylation of
FOXO3 by SETD7 decreases FOXO3 protein stability.28 Addi-
tionally, 2 recent reports29,30 suggest a possible role of KDM1A
in regulation of autophagy and clearance of misfolded protein,
which is consistent with the working model of the current
study. So far, 41 autophagy-related (Atg) genes have been iden-
tified.31 However, the roles of SETD7-mediated methylation on
ATG proteins and corresponding mechanisms have not been
elucidated. Given the ability of SETD7 to positively or nega-
tively regulate various substrates,32 a complete description of
the process, mechanism, and function of these PTMs in the reg-
ulation of autophagy will be needed, which maybe provide new
therapeutic targets for the treatment of autophagy-associated
diseases.

Notably, in this study, based on the ‘RSK’ sequence localized
in ATG16L1, namely, K/R-S/T-K, on which several putative
substrates (E2F1, TAF10 and TP53) of SETD7 have been iden-
tified,32 we reasoned that ATG16L1 might be a substrate of
SETD7. Although subsequent experiments confirmed this
hypothesis, we still cannot rule out the possibility that SETD7
may also methylate other proteins without harboring this con-
sensus motif; for example, SETD7 monomethylated CTNNB1/
b-catenin and RB1 at lysine residues 180 and 810, respec-
tively.33,34 Moreover, we also cannot exclude the possibility that
in addition to the K151 in ATG16L1, SETD7 can also methyl-
ate other sites. In fact, besides the domain of ATG16L1 that
harbors K151, SETD7 also binds to amino acids 1–276. Thus,
other sites in ATG16L1 also become possible target sites of
SETD7. However, because the antibody used in this study is
specific to K151 methylation in ATG16L1, we could not detect
sites other than K151 in the assays. Nonetheless, it is evident
that regardless of the unrecognized other methylated sites,
ATG16L1 activity is significantly inhibited by SETD7-mediated
methylation, because (R)-PFI-2, a particular SETD7 methyl-
transferase activity inhibitor, releases the suppressive role of
SETD7 on ATG16L1 activity. We need more studies to identify
unknown methylated sites by SETD7 to fully elucidate the role
of SETD7 on ATG16L1 methylation. Besides, our finding that
SETD7 recognizes a methyl-degron in ATG16L1 also raises an
intriguing question as to whether SETD7 can methylate other
ATG proteins.

It is also noteworthy that our unpublished data also found
that SMYD3 co-immunoprecipitated with ATG16L1; SOX2
can be methylated by SETD7 and SMYD3 at the same K119
site.35 Thus, additional methyltransferases may also methylate
ATG16L1 at K151. In other words, it is possible that multiple
methyltransferases may methylate ATG16L1 and redundantly
control its activity.

Another exciting finding in this report is that the crosstalk of
phosphorylation and lysine methylation dictates the action of
ATG16L1. Our results clearly indicate that the delicate activity
of ATG16L1 essential for maintenance of autophagy is con-
trolled not only at the level of transcription but also at the post-
translational level by the balanced activities of CSNK2 and
SETD7 or KDM1A, pointing to a dynamic interplay between
methylation and other posttranslational modifications during
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H/R. ATG16L1 was shown previously to be phosphorylated at
S139 by CSNK2, and this change is essential for H/R-induced
autophagy and inactivation of the proapoptotic pathway.11 The
current study extends these findings and provides compelling
evidence that phosphorylation of ATG16L1 at S139 is mutually
exclusive with methylation at K151; vice vera, methylation also
precludes phosphorylation of ATG16L1 at a nearby amino
acid. The above data suggest the following working model:
SETD7 and KDM1A are important to maintain a substantial
pool of methylated ATG16L1 in the cells, which, upon H/R,
can be subjected to CSNK2-mediated phosphorylation. Phos-
phorylated ATG16L1 by CSNK2 cannot be methylated by
SETD7, which promotes autophagy and inhibits apoptosis in
the cardiomyocytes. The above data also suggest the complexity
of crosstalk and cellular signaling pathways. Additionally, like
most proteins, ATG16L1 contains many modifiable lysines,
cysteines, serines, and threonines, which favor modifications
on these residues in response to stress response. Thus, one key
remaining question is how the proteome of different post-
translational modifications on ATG16L1 affects general and
selective autophagic flux. For example, it is still unknown
whether ATG16L1 can be modified by acetylation, and whether
acetylation can affect its methylation, phosphorylation, and its
function. Therefore, more work is needed for a complete
description of the PTMs of ATG16L1 in the regulation of
autophagy, which could provide key therapeutic targets in miti-
gating serious pathologies associated with diseases.

Taken together, we propose a novel working model elucidat-
ing how a methyl-phospho switch controls ATG16L1 protein
activity and function in H/R-treated cardiomyocytes. Increased
KDM1A expression in H/R-treated cardiomyocytes permits
appropriate autophagy and thus correlates with apoptosis
downregulation. Thus, we provide a novel role for the SETD7-
KDM1A-CSNK2 axis among their many diverse functions.
This discovery opens a potential new paradigm of reversible
ATG16L1 methylation in affecting autophagy.

Materials and Methods

Cell line and culture conditions

H9c2 cardiomyocytes derived from rat myocardium and
HEK293T were obtained (ATCC, CRL-1446, CRL-3216) and
cultured in DMEM with 10% fetal bovine serum without peni-
cillin/streptomycin. Setd7-null and Setd7 wild-type mouse
embryonic fibroblasts (MEFs) were incubated in DMEM sup-
plemented with 1 £ nonessential amino acids (Sigma-Aldrich,
D6046), sodium pyruvate (110 mg/l), 10% fetal bovine serum,
and 1% penicillin–streptomycin. All cells were cultured in a
humidified atmosphere of 5% CO2 at 37�C, and the medium
was changed every 2 d. H9c2 cells were treated with 4 h of hyp-
oxia and then followed by 3 h of reoxygenation. An incubator
with O2 control, 5% CO2, and balanced with N2 (NBS Galaxy
48R) was used to culture the cells under hypoxic condition (1%
O2).

Primary neonatal rat ventricular cardiomyocytes (NRVCs)
were isolated and cultured as described previously.36 Briefly,
whole hearts from 2- to 5-d-old rats were isolated and rinsed in
a balanced salt solution (137 mM NaCl, 0.338 mM NaH2PO4,

1.26 mM CaCl2, 0.6 U/mL of pancreatin [Sigma-Aldrich,
P7545], 5.5 mM MgSO4, 5.3 mM KCl, 4.17 mM NaHCO3,
0.8 mM MgSO4, 0.44 mM KH2PO4, pH 7.3-7.4), with collage-
nase (95 U/mL; Sigma-Aldrich, C0130) 5 times. Then the pellet
was resuspended in buffer A (horse serum [Sigma-Aldrich,
H1270]:M199 [Sigma-Aldrich, M-4530] mixed 4:1, streptomy-
cin [100 mg/mL], fetal calf serum [5%; Sigma-Aldrich, F7524],
and penicillin [100 U/mL]). After allowing nonmyocyte cells to
be removed on noncoated culture dishes for 1.5 h, neonatal car-
diomyocytes contained in the remaining cell suspension was
collected and plated in culture dishes coated with collagen I
(Sigma-Aldrich, S3315) in buffer A. The cells were cultured in
5% CO2 at 37�C. After 72 h, the culture medium was replaced,
and cardiomyocytes were allowed to reach confluence before
use. Additionally, NRVCs were transfected with BioT Transfec-
tion Reagent (Morganville Scientific, SKU: BT0100) according
to the manufacturer’s instruction. HBSS (Gibco, 14025)

Recombinant protein purification and GST affinity-
isolation assays

The ATG12–ATG5 conjugate and GST-ATG16L1 were pro-
duced in E. coli Rosetta pLysS (Novagen, 70956-3) by co-
expression of ATG12, and hexahistidine-tagged ATG5.11,37

Briefly, E. coli Rosetta pLySS was grown and induced with
1 mM IPTG (Sigma-Aldrich, I6758) to an OD600 = 0.8 for 4 h
at 37�C. Then bacteria were resuspended in resuspension buffer
(10 mM imidazole [Sigma-Aldrich, CI2399], 2.5 mM Pefablock
[Roth, 11429868001], 300 mM NaCl, 50 mM HEPES [Sigma-
Aldrich, H3375], pH 7.5, 1 mM MgCl2, 2 mM 2-mercaptoetha-
nol, 5 mg/ml DNase [Sigma-Aldrich, D5025]), and disrupted
through sonication. Then a HisTrap column (GE Healthcare,
17-5247-01) and a step-wise (0-250 mM) imidazole gradient
were used to elute proteins. Finally, Amicon Ultra centrifugal
filter (MW cut-off 30 kDa; Sigma-Aldrich, Z717185) and a 16/
60 S200 size exclusion column (GE Healthcare, 17-1069-01)
was used to concentrate and purify the proteins. GST-tagged
ATG16L1 was expressed in E. coli Rosetta pLysS from pOPTG-
ATG16L1 (provided by MH Lin from Zhejiang University) and
grown at 37�C to an OD600 = 0.8 using 1 mM IPTG for 4 h.
TEV protease (Sigma-Aldrich, T4455) was used to cleave off
protein from the beads and the protein was eluted using a
buffer containing 1 mM DTT, 150 mM NaCl, 50 mM HEPES,
pH 7.5.

Using glutathione-sepharose beads (GenScript, L00206)
based on a standard procedure, GST-ATG12–ATG5 complex,
and GST-ATG16L1 proteins were purified from E. coli BL21.
Briefly, the beads binding purified GST-ATG16L1 or GST con-
trol were present in HSE buffer (150 mMNaCl, 20 mM HEPES,
pH 7.4, 1% Triton X-100 [Fisher, BP151-100], 5 mM EDTA).
Then these beads were mixed with purified SETD7, KDM1A,
ATG12–ATG5, or cell lysates for 1 h at 4�C, and washed with
0.1% Triton X-100 in phosphate-buffered Ca2+- and Mg2+-free
saline (Sigma-Aldrich, D5773), followed by SDS-PAGE and
immunoblotting. HEK293T cells were lysed in buffer (1% Tri-
ton X-100, 50 mM NaF, 1 £ Complete protease inhibitor
[Roche, 11836153001]) on ice. Then the supernatant fraction
was added to glutathione beads pre-coated with wild-type and
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mutant GST-ATG16L1 after centrifugation (16,000 £ g) for
20 min.

Plasmid construction and siRNA

The human wild-type SETD7 gene, the enzymatically dead
H297A mutant, and the corresponding fragments were PCR
amplified and subcloned into the pCMV-MYC plasmid (pro-
vided by XW Wang from Rutgers University) and the lentivirus
(LV) vector pHAGE-CMV-MCS-ZsGreen (provided by XW
Wang from Rutgers University). Human enzymatically inactive
KDM1AK661A and WT KDM1A were amplified by PCR and
inserted into pSUPERpLV-TH (provided by Dr. BB Wang from
Rutgers University) or the vector pTP6 (provided by H Zhang
from China Three Gorges University). Tandem-tagged LC3
(mRFP-GFP-LC3) and GFP-LC3 expression vector were kindly
provided by Dr. BB Wang (Rutgers University). Other plasmids
used were as follows: ATG5 (Addgene, 22948; deposited by
Noboru Mizushima), FLAG-ATG16L1 constructs (Addgene,
24302; deposited by Noboru Mizushima), and ATG12 (Addgene,
27049; deposited by Jayanta Debnath). A kit (Stratagene,
200523) for site-directed PCR mutagenesis was used to generate
all point mutations and verified by sequencing. The siRNA
sequences against different DNA targets are: KDM1A/LSD1-1
(Santa Cruz Biotechnology, sc-60970): 5’-CGGA-
CAAGCTGTTCCTAAA-3’; KDM1A/LSD1-2 5’-GAACTC-
CATCAGCAATACA-3’; SETD7 (Santa Cruz Biotechnology, sc-
45883-SH): Scramble, 5 0-GTTGGCACCAGCAGCGCAC-3 0,
SET7/9-1, 5 0-GGGAGTTTACACTTACGAA-3 0, SET7/9-2, 5 0-
GCCTTGTAGGAGAAGTAAA-3 0.

Chemical reagents and antibodies

Cell culture reagents were purchased from Invitrogen. Reagents
used were as follows: (R)-PFI-2 (Tocris, CAS 1627607-87-7),
Pargyline Hydrochloride (Sigma-Aldrich, P8013), doxorubicin
(Sigma-Aldrich, D1515) and bafilomycin A1 (Sigma-Aldrich,
SML1661). Transfection was done with Oligofectamine (Invi-
trogen Life Technologies, 12252-011) as recommended by the
manufacturer. The following antibodies were used: anti-
KDM1A/LSD1 (Diagenode, pAb-067-050), anti-KDM1A/
LSD1 (Abcam, Ab17721), anti-MYC (Santa Cruz Biotechnol-
ogy, SC-90), anti-ACTB (Sigma-Aldrich, A1978), anti-GAPDH
(Bosterbio, 0411), anti-V5 antibody (Invitrogen, R960-25),
anti-SETD7 (Abcam, ab124708), anti-FLAG (Sigma-Aldrich,
F3165), anti-HA (Sigma-Aldrich, 9658-100), anti-pan-me-K
antibody (Abcam, ab7315), anti-SQSTM1 (Sigma-Aldrich,
P0068), rabbit polyclonal anti-LC3B antibody (Sigma-Aldrich,
L7543), anti-SETD7 antibody (Merck Millipore, 04–0805), glu-
tathione S-transferase (GST) antibodies (Sigma-Aldrich,
A7340-5 mL), anti-His (Bethyl Laboratories, A190-112A), anti-
ATG16L1 (Abcam, ab47946), rabbit anti-ATG12–ATG5 conju-
gate antibody (Biocompare, CPBT-66438RA), rabbit polyclonal
antibodies to phosphoserine (Abcam, ab9332), phosphothreo-
nine (Abcam, ab9337), phosphoserine/threonine (Abcam,
ab17464), anti-TUBA (Abcam, ab6046). ATG16L1-K151me1,
p-S139 and 137–153 antibodies were generated by immunizing
rabbits with K151-monomethylated, S139-phosphorylated and
unmodified 137–153 peptides conjugated with keyhole limpet

hemacyanin, respectively. Briefly, rabbits were immunized with
keyhole limpet hemocyanin-conjugated peptides. The tested
sera were harvested after 4 more antigen boosts. To rule out
nonspecific recognition of the nonmethylated antigen, the col-
lected sera were precleared through incubating with nonmethy-
lated peptide and being screened using affinity
chromatography. Finally, via CNBr-activated Sepharose 4 Fast
Flow (GE Healthcare, 17-0981-01), the specific polyclonal anti-
bodies were purified by methylated peptide affinity
chromatography.

Flow cytometry

H9c2 cells were transfected with BioT Transfection Reagent
according to the manufacturer’s instructions, then collected.
The assay was performed according to the manufacturer’s
instructions. Cells were treated as indicated, harvested, washed
with phosphate-buffered saline (Sigma-Aldrich, P4417). Analy-
sis of cell death was performed using ANXA5 (BD, 556419).
Briefly, cells were suspended in ANXA5 binding buffer (10 mM
HEPES, pH 7.4, 2.5 mM CaCl2, 140 mM NaCl) and stained
with ANXA5. Samples were analyzed on the FACSCantoTM II
Flow Cytometer (BD Biosciences). FlowJo V7 software (Tree
Star Inc., USA) was used to calculate the percentage of cells
positive for ANXA5 and propidium iodide (PI). Both ANXA5
and PI-negative staining represents viable cells, early apoptotic
cells were positive for ANXA5 staining, both ANXA5 and PI-
positive staining means late apoptosis, but necrotic cells were
positive for PI staining.

According to the manufacturer’s instructions, the Caspase-
Glo 3/7 reagent (Promega, G8091) was used to measure CASP3
and CASP7 activities in apoptotic cells. The luminescence emit-
ted from the cleaved substrates was measured using a VICTOR
X3 Multilabel Plate Reader (PerkinElmer, Waltham, MA, USA).

In vitro methylation analysis

In a reaction buffer containing 5 mM MgCl2, 4 mM DTT,
50 mM Tris-HCl, pH 8.5, active SETD7 protein and 1 mM H3-
SAM (PerkinElmer, NET155V250UC), the mixture was kept
for 60 min at 30�C. ATG16L1 K151 peptide or GST-ATG16L1
proteins (1 mg) as substrates were added. The final volume of
the reaction mixture was adjusted to 10 ml. Finally, the reaction
mixture was stopped and subjected to western blot. The analy-
sis was conducted to detect methylation with an anti-
ATG16L1-K151me1 antibody.

Demethylase assay

As described previously,38 the demethylation assay was per-
formed. At 37�C, ATG16L1 methylated at K151 or its peptide
was bound to IgG-sepharose (GE Healthcare, 17-0969-01), and
then the samples were incubated in buffer 1 (50mM Tris,
pH 8.5, 5% glycerol [EMD Millipore, 4750], 5mM MgCl, 0.5%
BSA [RPI, A30075], 50mM KCl) plus 10mM ATP [NEB,
P0756S] and KDM1A with or without 1 £ 10–3M pargyline
and 1mg of nucleosomes purified from the indicated cells. Six h
later, the reaction mixture was analyzed by immunoblotting
with the indicated antibodies.
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Co-immunoprecipitation and immunoblotting

The indicated cells were lysed using a low-stringency lysis
buffer (50mM Tris-HCl, pH 7.5, 120 mM NaCl, 0.5 mM
EDTA, 0.5% Nonidet P-40 [Sigma-Aldrich, 74385], 10%
glycerol) and approximately 0.5mg of whole-cell extract
was used for each immunoprecipitation. Antibodies against
KDM1A, ATG16L1, SETD7, ATG12–ATG5, and control
rabbit IgGs (Cell Signaling, 2729) were used to carry out
the immunoprecipitations overnight. Immunocomplexes
were collected with a mixture of protein A and protein G-
Sepharose (Santa Cruz, sc-2003) and washed 3 times in
washing buffer (50mM Tris-HCl, pH 8, 150mM NaCl, 0.1%
Triton X-100, 5% glycerol and 0.5% dithiothreitol). Immu-
nocomplexes were eluted in loading buffer and loaded onto
a 7.5% SDS-PAGE gel and blotted onto nitrocellulose mem-
brane. TBST (0.1% Tween 20 [Sigma-Aldrich, P7949] in
TBS [50 mM Tris-HCl, pH 7.5, 150 mM NaCl]) buffer
including 1% non-fat milk was used to block the mem-
branes and then was incubated overnight at 4�C using spe-
cifically indicated antibodies against KDM1A, Flag, His,
HA, ATG16L1, SETD7, and ATG12–ATG5. After washing
3 times with TBST, membranes were incubated with the
indicated concentration of HRP-conjugated secondary anti-
bodies (GE Healthcare, NA934) for 1 h in the blocking
solution at room temperature. Then the membranes were
washed with TBST 5 times. Using a chemiluminescence
detector (LAS-3000, Fujifilm) and ECL plus (GE Health-
care), immunoreactive bands were then detected, and the
intensity of the western blot bands was quantified using
NIH ImageJ software.

Myocardial ischemia/reperfusion (I/R) mouse model

C57BL6/J mouse hearts were subjected to ischemia/reperfusion
(I/R) in vivo as described previously.11 This animal study was
approved by the Institutional Animal Care Committee. Briefly,
mice were anesthetized with pentobarbital sodium (50 mg/kg;
Sigma-Aldrich, P3761) through intraperitoneal injection. Then
the left anterior descending (LAD) coronary artery was ligated
after performing a left thoracotomy using a 6-0 silk suture with
a slip knot. To cause I/R injury, mice were subjected to 30 min
of LAD ischemia followed by 60 min of reperfusion. The sham
group was treated with a suture passed under the LAD or not.
Finally, mice were euthanized with pentobarbital sodium (200
mg/kg) by an intraperitoneal injection, and the whole heart tis-
sue was collected for further assays. The Langendorff-perfused
isolated mouse heart model of I/R was performed as described
previously.39 In brief, hearts were isolated from C57Bl/6J male
mice and cannulated via the aorta and perfused in a retrograde
fashion with Krebs-Henseleit buffer (118 mM NaCl, 4.7 mM
KCl, 1.2 mM MgSO4, 1.25 mM CaCl2, 1.2 mM KH2PO4,
25 mM NaHCO3, 11 mM glucose). The hearts were perfused
for 20 min to achieve stabilization and then paced at 420 beats/-
min for baseline functional measurements. Global ischemia
was achieved by closing an in-line stopcock to stop perfusion
for 20 min followed by 45 min of reperfusion by re-opening the
stopcock. The whole heart tissue was collected for further
assays.

Proximity ligation assay

Proximity ligation assay40 was carried out using Duolink® In
Situ Red Starter Kit Mouse/Rabbit (Sigma-Aldrich,
DUO92101) according to the manufacturer’s instructions.
Confocal microscopy image capture and analysis was per-
formed on a Nikon A1 and the Nikon elements software suite.

Analysis of co-binding proteins to ATG16L1 by mass
spectrometry

HEK293T cells (2.5 £ 106 cells per 55-cm2 dish) were plated
and cotransfected with 3 mg of plasmids encoding Flag-tagged-
ATG16L1 or ATG12, ATG5, and ATG16L1. The cells were
harvested after 48 h and lysed in 700 ml lysis buffer (50 mM
Tris, pH 7.4, protease inhibitor cocktail, 150 mM NaCl, 1% Tri-
ton X-100). Lysates were then incubated with Strep-Tactin
Sepharose (30 ml slurry, 2 h, 4�C; IBA GmbH, 2-1201-002),
washed in wash buffer (0.1% Triton X-100, 20 mM Tris, pH
7.4, 150 mM NaCl) 4 times, and eluted with 2.5 mM desthio-
biotin (IBA GmbH, 2-1000-001). The co-purified proteins were
digested with trypsin (Promega, V5280) after SDS-PAGE and
band excision. Ano-flow liquid chromatography with online
tandem mass spectrometry (LC-MS/MS) was used to identify
the peptide mixtures separated. Tandem mass spectra assays
were performed and then the Mascot Server (Matrix Science)
were used to search against a nonredundant human database
from the NCBI database.

Statistics

The SPSS 16.0 statistical software package (Abbott Laboratories,
USA) was used for all statistical analyses. The data were analyzed
using the unpaired Student t test, one-way ANOVAs, or a 2-
tailed to determine statistical significance. All values are shown
with standard deviation in the figures. A value of �P < 0.05 was
considered to be statistically significant plus ��P < 0.01 and ���P
< 0.001.
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