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Aging is associated with hypermethylation of autophagy genes in macrophages
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ABSTRACT
Autophagy is a biological process characterized by self-digestion and involves induction of
autophagosome formation, leading to degradation of autophagic cargo. Aging is associated with the
reduction of autophagy activity leading to neurodegenerative disorders, chronic inflammation, and
susceptibility to infection; however, the underlying mechanism is unclear. DNA methylation by DNA
methyltransferases reduces the expression of corresponding genes. Since macrophages are major players
in inflammation and defense against infection we determined the differences in methylation of
autophagy genes in macrophages derived from young and aged mice. We found that promoter regions of
Atg5 and LC3B are hypermethylated in macrophages from aged mice and this is accompanied by low
gene expression. Treatment of aged mice and their derived macrophages with methyltransferase inhibitor
(2)-epigallocatechin-3-gallate (EGCG) or specific DNA methyltransferase 2 (DNMT2) siRNA restored the
expression of Atg5 and LC3 in vivo and in vitro. Our study builds a foundation for the development of
novel therapeutics aimed to improve autophagy in the elderly population and suggests a role for DNMT2
in DNA methylation activities.
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Introduction

Autophagy is a fundamental, conserved physiological process
by which cells target long-lived cytosolic proteins and organ-
elles for lysosomal degradation. Typically, formation of auto-
phagosomes is initiated upon starvation or stress. The pre-
autophagosomal membrane acquires autophagy proteins
BECN1/Atg6, Atg12, Atg5 and Atg16L. Then, Atg8/LC3 is
recruited to the membrane and processed to yield LC3-II.
Therefore, the transformation of LC3 to LC3-II denotes
autophagy stimulation and autophagosome formation. The
accumulation of LC3-II on forming autophagosomes can be
detected by confocal microscopy as puncta and by Western
blot as a lower LC3 band. Subsequently, the formed autophago-
some fuses with the lysosome, where the contents are degraded.
The lack of a single Atg is sufficient to abort the completion of
autophagosomes. Autophagy cooperates with apoptosis,
inflammatory cytokines, and the adaptive immune system to
orchestrate the cellular homeostasis and the appropriate
immune response against endogenous or exogenous danger sig-
nals.1 Dysfunctional aged macrophages are a major contributor
to the aging process and, in particular, to the low-grade pro-
inflammatory phenotype that is associated with aging and dete-
rioration of the innate and adaptive immune responses accom-
panying the aging process.2,3 Autophagy controls inflammation
through interactions with innate immune pathways by remov-
ing endogenous inflammasome components and affects the
secretion of immune mediators.1,4 The decline in autophagy

activity with aging has been implicated in a variety of age-
related disease conditions such as Alzheimer’s, Parkinson’s,
Huntington’s diseases, cancer, and susceptibility to specific
infections. However, the mechanism for reduced autophagy
with aging remains obscure.5-9

Epigenetic modifications, such as DNA methylation, are
described as changes occurring on a chromosome without
altering the DNA sequence. DNA methylation mainly occurs
on cytosine at position 5 in a CpG dinucleotide and is mediated
by DNA methyltransferases (DNMTs). Five forms of methyl-
transferases exist: DNMT1, DNMT2, DNMT3a, DNMT3b, and
DNMT3L. Methylation of CpG islands within a promoter
region suppresses the expression of corresponding genes due to
poor recognition by transcription factors.10,11 Consequently,
the DNA methylation pattern modifies corresponding protein
expression profile that is ultimately associated with various
human disorders, such as Alzheimer’s and cancer.12

Here, to determine the mechanism for low autophagy
activity in innate immune cells derived from aged mice, we
investigated the expression of autophagy genes and their
methylation status. Our data indicate that the low expres-
sion of autophagy molecules in aged macrophages is due to
high levels of DNA methyltransferase 2 (DNMT2), which is
associated with high levels of methylated autophagy mole-
cules Atg5 and LC3B. Interestingly, treatment with the
methylation inhibitor (2)-epigallocatechin-3-gallate (EGCG),
a plant flavonoid with anti-inflammatory and anti-oxidant
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effects, leads to re-expression of autophagy genes in vitro
and in vivo. This effect could be due to inhibition of
DNMT2 methylation activity. Therefore, our data provides
a novel mechanism for the low autophagy activity associ-
ated with aging. The identification of a role for DNA
methyl inhibitors in the improvement of autophagy in
senescence provides new therapeutic options for age-associ-
ated disorders with underlying autophagy defects.

Results

Resting macrophages from aged mice exhibit
characteristics of aging cells and low expression of
autophagy proteins

The strong implication of autophagy in age-related diseases
and evidence that it declines with age prompted us to seek
the mechanism of deteriorating autophagy activity with
aging. Macrophages from 62-64 weeks aged mice were
derived from femurs, as previously described,13-15 and com-
pared to their young 8 weeks aged counterparts. We exam-
ined the expression of several autophagy molecules, such as
Atg5, LC3A, and LC3B, in macrophages. Quantitative
reverse transcription PCR (qRT-PCR) showed that Atg5 and
LC3B mRNAs are significantly reduced in macrophages
from aged mice (P D 0.002 and P D 0.02, respectively)

(Fig. 1A); however, the expression of LC3A showed normal
levels (P D 0.13). The expression of corresponding proteins
was also reduced, as demonstrated by Western blot with
specific antibodies to Atg5/Atg12 and LC3 (Fig. 1B). We
next conducted a macrophage functional assay to examine
the ability of macrophages from aged mice to form autopha-
gosomes during resting conditions. Macrophages from young
and aged mice were fixed and LC3 was detected with the
corresponding antibody and secondary fluorescent antibody.
Upon starvation, macrophages from young mice demon-
strated a moderate number of LC3-labeled autophagosomes
(puncta), whereas those from aged mice exhibited signifi-
cantly lower numbers (Fig. 1C). The level of florescent LC3
was quantified using ImageJ 1.48 software. Unbiased quanti-
fication demonstrates that macrophages from young mice
express high level of LC3, whereas those from aged mice fail
to do so (Fig. 1D). Together, our data demonstrate that the
expression of specific autophagy proteins and autophagy
activity are reduced in macrophages derived from aged mice.

The methylation of promoter regions of autophagy genes
is increased in macrophages from aged mice

Although accumulating studies, including our data above,
have established a strong correlation between the reduction

Figure 1. Autophagosome formation is reduced in macrophages derived from aged mice. (A) Relative expression of autophagy genes Atg5, LC3A, and LC3B in macro-
phages from young and aged mice. (B) Western blot analysis of Atg5-Atg12 protein complex and LC3 in the indicated macrophages. Calreticulin served as loading control.
(C) Representative confocal images depicting macrophage from young and aged mice revealing the expression of LC3 (red) and DNA (blue). Student two-tailed test was
used to determine the significance of autophagy related genes expression in aged macrophages (D) Quantitative analysis of detectable amount of LC3 using ImageJ soft-
ware. Data is representative of three independent experiments. Error bars indicate the standard deviation (SD).
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of autophagy activity and aging, the mechanism is still
obscure. To understand the mechanism of low expression
of autophagy molecules with aging, we investigated the
expression of several microRNAs that are known to target
autophagy molecules in young and aged mice and humans;
however, we did not find significant differences (data not
shown). On the other hand, when we examined the methyl-
ation of promoter regions of essential autophagy genes
Atg5, Atg12, LC3A, and LC3B, we found that Atg5 and
LC3B genes were hypermethylated in macrophages derived
from aged mice (Fig. 2A). We determined the expression of
DNMT1, DNMT2, DNMT3a, DNMT3b, and DNMT3L in
young and aging macrophages. Notably, we found that the
expression of DNMT 2 was significantly increased in mac-
rophages from aged mice, but not in their counterparts
from young mice (P D 0.005) (Fig. 2B). By quantification
using a confocal microscopy, macrophages from aged mice
exhibited detectable amounts of DNMT2, whereas macro-
phages from young mice did not (Fig. 2C and D). Addition-
ally, the expression level of DNMT2 protein was detectable
by Western blot analysis in macrophages from aged mice,
but not in macrophages from young mice (Fig. 2E). Taken
together, these findings strongly suggest that reduction of
autophagosome formation in aged mice is due to

hypermethylation of promoters of autophagy genes and is
accompanied by increased expression of DNMT2.

The level of DNMT2 is inversely proportional to LC3
expression in aged macrophages

The previous findings suggest that DNMT2 contributes to
the methylation of autophagosomal markers LC3 and Atg5
in macrophages from aged mice. To investigate if LC3 and
DNMT2 interact, fixed macrophages from aged and young
mice were incubated with specific antibodies against LC3
and DNMT2. The localization of LC3 and DNMT2 was
detected using an immunofluorescence microscope. Notably,
LC3 protein co-localizes with DNMT2 in the cytoplasm of
macrophages from aged mice accompanied with high
expression level of DNMT2 compared to macrophages from
young mice (Fig. 3A). Next, to further investigate if LC3
and DNMT2 interact, lysed macrophages were incubated
with protein A agarose beads coated with LC3 primary anti-
body (Cell Signaling Technology). The immunoprecipitated
protein complex from aged macrophages included LC3
accompanied with high expression level of DNMT2 when
compared with young macrophages (Fig. 3B). These results
suggested that DNMT2 interacts with LC3 either directly or

Figure 2. Hypermethylation of autophagy promoters is associated with elevated expression of DNMT2 in macrophages from aged mice. (A) Fold changes of methylated
autophagy genes Atg5, LC3A, and LC3B in macrophages from young and aged mice quantified by qRT-PCR. (B) Relative gene expression of DNMTs in aged mice macro-
phages compared to macrophages from young mice. (C) Representative immunofluorescent images of macrophages from young and aged mice demonstrating the
expression of DNMT2 (red) and DNA (blue). Student two-tailed test was used to determine the significance of methylated genes and DNMT expression in aged macro-
phages. (D) Quantitative analysis of detectable amount of DNMT2 using ImageJ software Data is representative of three independent experiments. Error bars indicate the
SD. (E) Western blot analysis of DNMT2 expression level in the indicated macrophages using clareticluin level as internal loading control.

EPIGENETICS 383



indirectly in macrophages from aged mice and corroborates
the idea that DNMT2 contributes to the repression of spe-
cific important autophagic molecules. To further confirm
the involvement of DNMT2 in modulating the expression
of autophagy molecules, macrophages from aged mice were
transfected with specific DNMT2 siRNAs. Interestingly,
depletion of DNMT2 resulted in high expression level of
Atg5 and LC3 at both RNA and protein levels (Fig. 3C and
D). Taken together, these data strongly suggest that the
expression of DNMT2 is inversely proportional to the
expression of two autophagosomal markers, LC3 and Atg5.

EGCG restores the expression of autophagy molecules in
macrophages derived from senescent mice

To determine if hypermethylation of autophagy genes contrib-
utes to their low expression in aged macrophages, we reduced
the methylation activity of DNMTs using (2)-epigallocatechin-
3-gallate (EGCG). EGCG is a polyphenol compound extracted
from green tea with anti-carcinogenic properties. Macrophages
from aged mice were treated with 20 ug of either EGCG, genes-
tien (another plant flavonoid), or 5-Azacytidine (5-Aza, a cyti-
dine analog). Treatment of macrophages from aged mice with
5-Aza and EGCG increased the level of conjugated Atg5-Atg12

protein complex compared to DMSO-treated macrophages
(Fig. 4A and B). Interestingly, treatment with EGCG showed
strong reduction of DNMT2 expression compared to other
indicated inhibitors (Fig. 4A). This result demonstrates that
reducing the methylation activity with EGCG restores the
expression of autophagy molecules in macrophages from aged
mice. These findings suggest that the low expression of autoph-
agy genes in aged macrophages is due to hypermethylation of
their promoter regions that can be restored with the DNA
methyltransferase inhibitor EGCG.

In vivo administration of EGCG restores the expression of
autophagy molecules in aged mice

To test if treating live, aged mice with EGCG compound
will restore the expression of autophagy genes in vivo, three
aged mice (64 weeks) were treated intra-tracheally with
300 mg EGCG daily for three consecutive days. As controls,
another set of three aged mice and three young mice (8
weeks) were treated with the same volume of DMSO, the
vehicle for EGCG. Lungs were then homogenized and the
expression profiles of DNMT2, LC3B, and Atg5-Atg12 were
examined. EGCG treatment dramatically reduced DNMT2
expression, while significantly elevating the expression of

Figure 3. DNMT2 associates with LC3, (A) Representative of confocal images depicting macrophages from young and aged mice reveal the localization of autophagoso-
mal marker LC3 (green) and methyltransferase DNMT 2 (Red). (B) Western blot analysis of immunoprecipitation samples prepared from aged and young mice macro-
phages reveal the expression level and protein interaction of LC3 and DNMT2. (C) Relative gene expression of DNMT2, Atg5, LC3A, and LC3B in aged mice macrophages
that were transfected with indicated siRNA against DNMT2 or Luciferase gene as a control. Student two-tailed test was used to determine the significance of autophagy
related genes expression in aged macrophages Error bars indicate the SD. (D) Immunoblotting analysis of conjugated Atg5-Atg12 protein complex, DNMT2 and LC3 in
transfected macrophages from aged mice. Data is representative of two independent experiments.
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both LC3B and Atg5 in aged mice at the RNA level
(Fig. 5A). Additionally, the protein levels of the Atg5-Atg12
complex and LC3 were also increased compared to DMSO
treated mice (Fig. 5B). This finding demonstrates that in
vivo treatment with EGCG restores autophagy expression in
aged mice via reduction of DNMT2 gene expression.

Discussion

Aging is associated with reduced autophagy activity of
unknown etiology.2,3,16-18 Compromised autophagy has been
linked to several age related disorders, such as Alzheimer’s,
Parkinson’s, Huntington’s diseases, cancer, and susceptibil-
ity to specific infections. In the current study we

investigated the mechanism of reduced autophagy activity
associated with aging. We found that the expression of
important autophagy genes, such as Atg5 and LC3, is
reduced in macrophages from aged mice. Three human LC3
isoforms exist: LC3A, LC3B, and LC3C. They undergo post-
translational modifications during autophagy.19,20 LC3B is a
protein involved in ATG8-conjugation system, one of two
evolutionarily conserved conjugation systems crucial for
autophagosome formation. Interestingly, the findings here
indicate that methylated promoters of Atg5 and LC3B, but
not LC3A, are associated with reduction of expression of
essential autophagy proteins in aged mice and, subse-
quently, reveal an essential mechanism for defective autoph-
agy in macrophages from senescent mice.

Figure 4. Restoration of ATG5 and LC3 expression in macrophages from aged mice in response to EGCG. (A) Relative gene expression of DNMT2, Atg5 and LC3B in aged
mice macrophages that were pretreated with the indicated methylation inhibitors compared to macrophages pretreated with DMSO. Student two-tailed test was used to
determine significance. Error bars indicate the SD. (B) Immunoblotting analysis of Atg5-Atg12 protein complex in macrophages from aged mice upon treatment with the
indicated methylation inhibitors. Calreticulin served as loading control.

Figure 5. The expression of Atg5 and LC3 is restored in lungs of live aged mice in response to EGCG. (A) Relative gene expression of DNMT2, Atg5, LC3A, and LC3B in lung
homogenates of aged mice treated by intratracheal installation of EGCG (300 mg/day) in comparison to young and aged mice treated with DMSO (30 ml/day). Student
two-tailed test was used to determine the significance of DNMT2 and autophagy related genes expression in aged macrophages. Error bars indicate the SD. (B) Immuno-
blotting analysis of Atg5-Atg12 protein complex and LC3 in aged mice treated with EGCG. Calreticulin served as loading control. n D 3.
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Epigenetics has become the center of many studies
because it can help explain the relationship between an
individual’s genetic background, the environment, aging,
and disease.21 DNA methylation is mediated by DNMTs.
Here, we found that DNMT2 is significantly expressed in
macrophages derived from aging mice in association with
hypermethylation of the promoter region of Atg5 and
LC3B. Several studies have implicated the biological role
and molecular interaction of DNMTs in cancer and medi-
cal disorders. The expression of DNMT1 is increased in
breast cancer and induces DNA methylation of various
tumor suppressor genes. Beside some DNA methylation
activities, DNMT2 catalyzes cytosine methylation in RNA
substrates and protects tRNA from cleavage under stress
conditions.22 The expression of DNMT2 has been detected
in oocytes, embryos, spermatocyes, and spermatids. Upre-
gulation of DNMT2 was reported to activate viability and
fertility of null mutants in Drosophila, Arabidopsis, and
mice. Additionally, DNMT2-modulated cellular signaling
pathways have been demonstrated in health and human
disease conditions.23,24 Importantly, recent evidence indi-
cates the crucial and essential role of DNMT2 in modula-
tion of genomic DNA methylation in Drosophila and
demonstrates the ability of DNMT2 to bind to DNA with
affinity similar to DNA methyltransferase.25,26 Here, we
demonstrate a novel role for DNMT2 in autophagy regu-
lation and, subsequently, aging-associated, autophagy-
related diseases and strongly suggest the contribution of
DNMT2 to DNA methylation.

EGCG is a plant flavonoid with protective anti-cancer
properties against lung, colon, liver, and breast cancer. Both
plant flavonoids, EGCG and genistein, have been recognized
as direct inhibitors of DNMTs, leading to restoration of
tumor suppressor genes in carcinogenic cells.27,28 However,
it seems that EGCG is more effective at targeting DNMT2
in macrophages from aged mice when compared to genis-
tein (Fig. 3). Others have shown that EGCG promotes auto-
phagic degradation of endotoxin-induced HMGB1, a late
inflammatory factor.29 The autophagy-promoting effect of
EGCG also occurs in bovine aortic endothelial cells, and
accounts for reduction of lipid accumulation.30 Although
EGCG is also protective against liver injury, it is not known
whether it regulates hepatic autophagy to mediate these
effects. EGCG inhibits the activity of any DNMT; therefore,
it is possible that the positive effect is due to inhibition of
DNMT1 or 3. Yet, their expression is very low compared to
the expression of DNMT2, which is significantly elevated in
macrophages from aged mice.

In summary, although this is not the first report to demon-
strate improvement of autophagy with EGCG, it is the first
study to provide evidence that autophagy genes are hyperme-
thylated in macrophages derived from aged mice and respond
to EGCG treatment, demonstrating a potential new therapeutic
target for age-associated conditions provoked by weak autoph-
agy activity. Additionally, the effect of DNMT2 on the methyla-
tion of two distinctive autophagy genes promoters supports
other studies suggesting that DNMT2 mediates distinctive
DNA methylation motif that are different from the ones medi-
ated by DNMT1 and DNMT3A.

Material and methods

Bone-marrow-derived macrophages

All animal experiments were performed according to protocols
approved by the Animal Care Use Committee of the Ohio State
University College of Medicine. Wild-type (WT) C57BL/6 aged
(62-64 weeks old) and young (8 weeks old) mice were obtained
from Jackson laboratories. Mice were housed in the OSU vivar-
ium. Bone marrow-derived macrophages (BMDMs) were iso-
lated as previously described.13,14,31-33

DNA isolation and epigenetic analysis

Genomic DNA from macrophages was isolated using DNA
purification kit (Qiagen) according to the manufacture proto-
col. To investigate the methylation of autophagy genes, specific
methylated primers for Atg5 and LC3 (Qiagen) were used to
detect the methylated fold changes in aged macrophages com-
pared with macrophages from young mice. EpiTect Methyl II
DNA Restriction Kit (Qiagen) was used to digest autophagy
genomic DNA based on the methylation sensitive and depen-
dent restriction sites. Fold changes of methylated molecules
was calculated according the manufacture protocol.

Methyltransferase inhibitor treatment in vitro and in vivo

Macrophages were derived from aged mice and seeded in 6 well
plates at a concentration of 5 million cells per well. After 24 h,
cells were treated with 20 mg of EGCG dissolved in 20 ml of
DMSO and were incubated for 24 h. Other sets of macrophages
were treated with the same concentration of 5-Aza or genistein.
In addition, macrophages were also treated with 20 ml of
DMSO as negative control. For the in vivo experiment, three
aged mice were treated by intra-tracheal installation of 300 mg
of EGCG dissolved in 30 ml of DMSO for three consecutive
days. Three other aged mice and three young mice were treated
with the same volume of DMSO (30 ml) and served as control
mice.

RNA interference

Macrophages delivered from aged mice were transfected with
siRNA sequences targeting DNMT2 (DNMT2 siRNA Set I,
SignalChem, T352-911) or anti-Luciferase (human-unrelated
siRNA AACUUACGCUGAGUACUUCGA), used as a control.
RNAiFect transfection kit (Qiagen, 301605) was used to trans-
fect the macrophages. Two days post-transfection, cells were
lysed and total RNA and total proteins were isolated. Efficiency
of gene silencing was validated using real-time PCR. The
knockdown efficiency of siDNMT2 and siLuciferase, indicated
by relative gene expression of the sequences targeted, were
almost 90%.

RNA isolation and qRT-PCR

Total RNA from macrophages and murine lung tissue were
isolated and cDNA was generated from total RNA using
QuantiTech Reverse Transcriptase Kit (Qiagen) according
to the manufacturer’s protocol. The relative expression of
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LC3, Atg5, and DNMTs 1, 2 and 3 were detected using the
QuantiTect SYBR Green PCR Kit (Qiagen) and oligonucleo-
tides specific for each individual gene (Table 1). Levels of
GAPDH were amplified using specific oligonucleotides, and
used for normalization. The results were analyzed using
DDCt equations.

Immunoprecipitation

Macrophages from aged and young mice were seeded in 6-well
plates then scraped and collected using cell lysis buffer (Prom-
ega). Total proteins were prepared from macrophages and were
incubated with rabbit monoclonal anti-LC3 (Santa Cruz) over
night at 4�C. Protein A agarose beads (30 ml; Cell Signaling
Technology, 9863) was added and followed by 3 h incubation
on ice. Samples then were centrifuged and pellets were resus-
pended in 20 ml 3X SDS sample buffer and were prepared for
Western blot analysis.

Western blot

Protein electrophoresis was carried out using the vertical Bio-
rad Mini-Protean II electrophoresis system. Equal amounts of
protein were subjected to 12% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis. The separated proteins were
next transferred onto PVDF membranes (Biorad). The mem-
branes were then incubated with rabbit monoclonal anti-LC3
(Santa Cruz) or rabbit monoclonal anti-Atg5-Atg12 complex
(Santa Cruz) or rabbit polyclonal anti-DNMT2. Proteins were
detected with donkey anti-rabbit secondary antibody conju-
gated with horseradish peroxidase and enhanced chemilumi-
nescence system (ECL, Amersham). Calreticulin was used as a
loading control. To investigate immunoprecipitated samples,
the separated samples onto PVDF membrane were incubated
overnight at 4�C with the rabbit primary antibodies (Santa
Cruse) against LC3, Atg5, and DNMT2. Indicated proteins
were detected using donkey anti-rabbit secondary antibody
conjugated with horseradish peroxidase and enhanced chemi-
luminescence system (ECL, Amersham).

Fluorescence confocal microscopy

Macrophages from aged and young mice were seeded onto
cover slips in 24-well plates at a density of 5£105 cells per well
and incubated overnight. Then, cells were fixed using 4% para-
formaldehyde for 25 min at RT, permeabilized with cold meth-
anol for 10 sec and then incubated overnight at 4�C with a
primary LC3 antibody or rabbit polyclonal DNMT2 antibody
(Santa Cruz). Cells were then incubated with Alexa flour mono-
clonal secondary antibody (Abcam). Lastly, cells were stained
with the fluorescent DNA dye DAPI at 1 mg/ml for 15 min.
Images were captured using a laser scanning confocal fluores-
cence microscope with a 60X objective (Olympus Fluoview
FV10i).

Statistical analysis

Microsoft Excel was used for statistical calculation, graphs, and
histograms. SDS 2.2.2 software was used to analyze the qRT-
PCT data to drive the DDCt values using the following equa-
tions; (DCt) D Ct-sample – Ct-control. (DDCt) D DCt – DCt-
normalized control. Finally, the relative gene expression is
equal 2¡DDct of the final values.34 ImageJ 1.48 software was
used for quantitative analysis of detectable protein amount
indicated by immunofluorescence microscopy. Based on detec-
tion and calculation of mean and integrated density of cells, the
number of corrected density was calculated by ImageJ software
dependent on selected background. Excel sheet was then used
to performe the indicated diagrams for quantitative analysis of
each image. Student two-tailed t-test was used to determine sig-
nificance of indicated genes expression in aged mice in compar-
ison to young mice.
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