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Lysosomes contain various hydrolases that can degrade proteins, lipids, nucleic acids and carbohydrates. We recently
discovered “RNautophagy,” an autophagic pathway in which RNA is directly taken up by lysosomes and degraded. A
lysosomal membrane protein, LAMP2C, a splice variant of LAMP2, binds to RNA and acts as a receptor for this pathway.
In the present study, we show that DNA is also directly taken up by lysosomes and degraded. Like RNautophagy, this
autophagic pathway, which we term “DNautophagy,” is dependent on ATP. The cytosolic sequence of LAMP2C also
directly interacts with DNA, and LAMP2C functions as a receptor for DNautophagy, in addition to RNautophagy. Similarly
to RNA, DNA binds to the cytosolic sequences of fly and nematode LAMP orthologs. Together with the findings of our
previous study, our present findings suggest that RNautophagy and DNautophagy are evolutionarily conserved systems

in Metazoa.

Introduction

Lysosomes contain various hydrolases that can degrade proteins,
lipids, nucleic acids and carbohydrates,"* as well as organelles.’
Despite such a diversity of hydrolases observed within lysosomes,
studies on selective autophagy have been mainly focused on its
protein-targeting machineries.*® We recently discovered a novel
type of autophagy, which we term RNautophagy.” In this path-
way, RNA is directly taken up by lysosomes in an ATP-dependent
manner.

Lysosomes are characterized not only by various hydrolases,
but also by a high abundance of membrane-integrated glycopro-
teins. LAMP2 is a major lysosomal membrane glycoprotein with
a single transmembrane region.® We have shown that LAMP2C,
one of three splice variants of LAMP2, functions as a receptor for
this pathway.” The three LAMP2 isoforms, LAMP2A, LAMP2B
and LAMP2C, share identical luminal regions, but have differ-
ent C-terminal cytosolic tails.® We have shown that the cytosolic
sequence of LAMP2C directly binds to RNA.” LAMP2A acts as
a receptor for chaperone-mediated autophagy, in which substrate
proteins are directly taken up by lysosomes in a manner depen-
dent on ATP and HSPA8/Hsc70.%° In this pathway, the cytosolic
tail of LAMP2A interacts with HSPAS8 and substrate proteins.®’
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Among the three splice variants of human LAMP2, the cytosolic
sequence of LAMP2C shows the strongest homology to those of
the nematode and fly LAMP orthologs.” The cytosolic sequences
of the nematode and fly LAMP orthologs also bind to RNA.
The cytosolic sequence of LAMP2C is completely conserved
among chicken, mouse and human, although those of LAMP2A
and LAMP2B are not.* No LAMP ortholog has to date been
found in yeast and plant genomes, suggesting that RNautophagy
is an evolutionarily conserved system in Metazoa.

In our previous study, we have found that the cytosolic
sequence of LAMP2C interacts not only with RNA-binding
proteins, but also with a variety of DNA-binding proteins.”
Therefore, we assumed that the cytosolic sequence of LAMP2C
can also directly bind to DNA, and that DNA can be directly
taken up by lysosomes.

Results

To test for a direct interaction between DNA and the cyto-
solic sequence of LAMP2C, a pull-down assay was performed
using purified plasmid DNA and peptide constructs containing
the cytosolic sequence of each LAMP2 variant.”"® As a result,
DNA bound specifically to the LAMP2C peptide (Fig. 1). No
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Figure 1. Interactions of DNA with cytosolic sequences of LAMPs. Inter-
actions of purified plasmid DNA (pCl-neo) with cytosolic sequences of
human LAMP2s, nematode (Caenorhabditis elegans) LMP-1 and fly
(Drosophila melanogaster) Lamp1. Pull-down assays were performed
using 5 g of DNA and 8 nmol of peptide constructs of cytosolic
sequences corresponding to each LAMP, fused to biotin. DNA was
detected with EtBr.

We next analyzed whether DNA can be directly taken up by
lysosomes in an ATP-dependent manner. We employed the cell-
free system that was used in the identification of RNautophagy.”
Lysosomes were isolated from mouse brain and incubated with
purified plasmid DNA, in the presence or absence of ATP. After
the incubation, lysosomes and the solution outside of lysosomes
were separated by centrifugation and the levels of DNA outside
of lysosomes were analyzed. The level of DNA outside of lyso-
somes was markedly reduced in the presence of ATP (Fig. 2A).
In parallel, after the centrifugation, the levels of DNA associ-
ated with the precipitated lysosomes (including DNA inside the
lysosomes) were analyzed. The level of DNA associated with the
lysosomes was higher in the presence of ATP, compared with
that in the absence of ATP (Fig. 2A). In addition, we performed
immunoelectron microscopy of lysosomes incubated with or
without DNA in the presence of ATP. DNA taken up into lyso-
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somes was detected (Fig. 2B). These data indicate that
DNA is taken up by lysosomes in an ATP-dependent

manner.

ATP+

We next analyzed degradation of DNA in lysosomes.
DNA was incubated with isolated lysosomes in the pres-
ence or absence of ATP, and the overall levels of DNA
in the samples were analyzed. The overall level of DNA
was markedly reduced in the presence of ATP (Fig. 2C),
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indicating ATP-dependent degradation of DNA by
isolated lysosomes. Taken together, these observations
show an autophagic pathway in which DNA is directly
taken up by lysosomes in an ATP-dependent manner
and degraded. Hereinafter, we refer to this pathway as
DNautophagy.

To examine whether LAMP2C functions as a receptor
for DNautophagy, we examined the effect of LAMP2C

overexpression in this pathway. Lysosomes were isolated

Figure 2. Uptake and degradation of DNA by isolated lysosomes. (A) Isolated
lysosomes were incubated with 0.5 g of purified DNA for 5 min in the presence
or absence of ATP (energy regenerating system), and pelleted by centrifugation.
The levels of DNA remaining in solution outside of lysosomes, and the levels of
DNA in the precipitated lysosomes were analyzed. (B) Isolated lysosomes were

from HeLa cells overexpressing LAMP2C or from con-
trol cells, and the levels of DNautophagy were measured.
derived from LAMP2C-overexpressing
cells exhibited increased levels of DNautophagy com-

Lysosomes

incubated with or without DNA for 5 min in the presence of ATP (energy regener-
ating system), and then immunogold labeling was performed using an anti-DNA
antibody followed by anti-mouse IgG coupled with 10 nm of gold particles

(left and middle, respectively). As a control assay, immunogold labeling was
performed without primary antibody (right). Gold particles are observed in the
lysosomes in the left panel, while no gold particles are observed in the lysosomes
in the middle and the right panels. (C) Isolated lysosomes were incubated with

1 pg of purified DNA for 5 min in the presence or absence of ATP (energy regener-
ating system), and total levels of DNA in the incubated samples were analyzed.

pared with those isolated from control cells (Fig. 3A).
In contrast, the level of DNautophagy was reduced
in lysosomes isolated from LAMP2-deficient mice
(Fig. 3B). Collectively, our data indicate that LAMP2C
functions as a receptor for DNautophagy, in addition to
RNautophagy.

We tested whether endogenous DNA is also degraded
by DNautophagy. We used mitochondrial DNA

interaction with DNA was observed for LAMP2A and LAMP2B
peptides.

The cytosolic sequences of the nematode and fly LAMP ortho-
logs also bind to RNA.” Therefore, we analyzed the interactions
of the cytosolic sequences of nematode and fly LAMP orthologs
with DNA. A pull-down assay revealed that DNA directly binds
to the cytosolic sequences of these proteins (Fig. 1), indicating
evolutionarily conserved RNA- and DNA-binding abilities of
LAMP2C and its orthologs.
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(mtDNA) as an endogenous DNA, because mtDNA is
known to be released into the cytoplasm upon severe
stress.”” mtDNA was isolated from HeLa cells (Fig. 4A). Isolated
lysosomes were incubated with isolated mtDNA, in the presence
or absence of ATP. Then, the levels of mtDNA outside of and
associated with lysosomes, and the overall level of mtDNA were
analyzed. The level of mtDNA outside of lysosomes was remark-
ably reduced in the presence of ATP (Fig. 4B). In parallel, the
level of mtDNA in the precipitated lysosomes was higher in the
presence of ATP than in the absence of ATP (Fig. 4C). The over-
all level of mtDNA was notably reduced in the presence of ATP
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Figure 3. Effects of overexpression of LAMP2C and knockout of Lamp2
on DNautophagy. (A and B) Uptake of DNA by lysosomes isolated from
Hela cells transfected with LAMP2C expression vector or empty vector
(n = 3) (A). Uptake of DNA by lysosomes isolated from the brains of
wild-type and lamp2 knockout mice (n = 3) (B). Isolated lysosomes were
incubated with purified DNA for 5 min in the presence of ATP (energy
regenerating system). Levels of DNA uptake were measured by sub-
tracting the levels of DNA remaining in solution outside of lysosomes
from the levels of input DNA. *p < 0.05 and **p < 0.01, respectively
(Student’s t-test).

(Fig. 4D). These results indicate that mtDNA can be degraded
by DNautophagy.

Discussion

Together with the findings of our previous study,” we have
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shown that lysosomes can directly uptake and degrade
both RNA and DNA in an ATP-dependent manner, and A
that LAMP2C functions as a receptor for these pathways.
Nematode and fly LAMP orthologs also bind to RNA and
DNA, suggesting that RNautophagy and DNautophagy
are evolutionarily conserved systems in Metazoa. The
adenosine triphosphatases involved in these pathways
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remain elusive. Because RNautophagy and DNautophagy B
were not completely abolished in lysosomes derived from
LAMP2-deficient mice’ (Fig. 3B), we cannot rule out the
possibility of LAMP2-independent pathway(s) operating
in RNautophagy and DNautophagy. Further studies are
needed to clarify these points.

The physiological significance of DNautophagy
remains largely obscure. Endogenous DNAs could be an
attractive target for future studies on DNautophagy. The
ability of isolated lysosomes to incorporate mtDNA sug-
gests that this molecule could be a substrate in vivo. We
assume that DNautophagy may also play an important
role in the maintenance and quality control of cells and
tissues through the lysosomal uptake of mtDNA. mcDNA
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contains unmethylated CpG motifs, and induces inflam-

mation when released into the cytosol or extracellular
space. In heart, deletion of lysosomal deoxyribonuclease
IT leads to inflammation and cardiomyopathy caused
by cell-autonomous detection of mtDNA by TLR9."
mtDNA released into the circulation also causes inflam-
mation through TLR9.™ It is of interest that most tis-
sues expressing LAMP2C at a notable level in mice were
energy-consuming tissues such as brain, heart, skeletal
muscle, liver and kidney.” DNautophagy might be work-
ing in response to cytosolic release of mtDNA in these
tissues.

To our knowledge, RNautophagy and DNautophagy

Figure 4. Uptake and degradation of mtDNA by isolated lysosomes. (A) mtDNA
was isolated from HelLa cells. The mtDNA was confirmed by PCR (25 cycles) using
primers specific for mtDNA. As a negative control, plasmid DNA (pCl-neo) was
used as a template. (B and C) Isolated lysosomes were incubated with 0.5 g of
isolated mtDNA for 5 min in the presence or absence of ATP (energy regenerat-
ing system), and pelleted by centrifugation. The levels of DNA remaining in
solution outside of lysosomes (B), and the levels of DNA in the precipitated
lysosomes were analyzed (C). The mtDNA in the samples was confirmed by PCR
using primers specific for mtDNA. (D) Isolated lysosomes were incubated with
0.5 pg of mtDNA for 5 min in the presence or absence of ATP (energy regenerat-
ing system), and total levels of DNA in the incubated samples were analyzed.
The mtDNA in the samples was confirmed by PCR.

are the first pathways identified to selectively deliver nucleic acids
into lysosomes. It is well known that mRNA can be degraded by
exonucleases in the cytoplasm and nucleus.” However, lysosomes
contain various endonucleases and exonucleases, and thus, are
thought to play an important role in the degradation of nucleic
acids. DNautophagy and RNautophagy likely contribute to the
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metabolism and homeostasis of nucleic acids. Indeed, significant
accumulation of RNA was observed in the brains of LAMP2-
deficient mice.” Because macroautophagy mediates the bulk
degradation of cytoplasmic components, cytoplasmic nucleic

acids can also be degraded by macroautophagy. A recent study
has shown that loss of the zebrafish ortholog of RNASET2, a
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lysosomal RNase, results in accumulation of undigested rRNA
within lysosomes in neurons of the brain, and causes white
matter lesions.” These observations indicate that a significant
amount of rRNA is degraded in lysosomes, and that the degrada-
tion of rRNA in lysosomes is essential for homeostasis of neurons.
Considering the high expression level of Lamp2c in neurons,” we
assume that RNAs, including rRNA, can be imported into lyso-
somes by RNautophagy in neurons. Another pathway that could
transport rRNA into lysosomes is ribophagy, a macroautophagic
pathway targeting ribosomes."” It is possible that multiple systems
for nucleic acid degradation may function coordinately, although
there may be a division of roles among systems. The relationship
between DNautopagy or RNautophagy and other degradation
systems for nucleic acids is an interesting issue.

Another possible role for DNautophagy and RNautophagy
in vivo is entrapment of exogenous nucleic acids such as viral
RNA and DNA into lysosomes/endosomes, leading to the ini-
tiation of immune responses by toll-like receptors (TLRs).!%*!
Intriguingly, all TLRs that recognize RNA or DNA localize to
the lysosomal/endosomal membrane, whereas other TLRs are
found at the plasma membrane.?” The nucleic acid-binding sites
of lysosomal/endosomal TLRs are located in the luminal region

2223 and translocation of viral RNA

of lysosomes/endosomes,
or DNA to lysosomes/endosomes is likely to be necessary for
inducing a lysosomal/endosomal TLR-mediated innate immune
response. We suppose that lysosomal uptake of viral nucleic acids
in the cytoplasm by RNautophagy and DNautophagy may play
an important role in the initiation of antiviral immune responses
in certain types of cells. Interestingly, LAMP2A, another iso-
form of LAMP2 known to be a receptor for chaperone-mediated
autophagy,”? has been reported to facilitate major histocompat-
ibility complex class II antigen presentation.”® In plasmacytoid
dendritic cells engulfing DNA-containing immune complexes,
MAPI1LC3A-associated phagocytosis is required to initiate the
interferon pathway.?* MAPILC3A-associated phagocytosis of
DNA-immune complexes recruits LAMP2 to phagosomes.*® It
may be possible that DNautophagy is involved in this system.
The possible involvement of DNautophagy and RNautophagy in
the immune system remains to be studied.

Materials and Methods

Peptides. Biotin-conjugated peptides were prepared as described
previously.”!® The sequences of the peptides containing the cyto-
solic sequence of human LAMP2s, C. elegans LMP-1 or Drosophila
Lampl are as follows. Human LAMP2A: [Biotin]-GSGSGSGSG
SIGLKHHHAGYEQF; human LAMP2B: [Biotin]-GSGSGS
GSGSIGRRKSYAGYQTL; human LAMP2C: [Biotin]-GSG
SGSGSGSIGRRKSRTGYQSV; C. elegans: [Biotin]-GSRARA
KRQGYASV;  Drosophila:  [Biotin]-GSRRRSTSRGYMSF;
Control peptide: [Biotin]-GSGSGSGSGS.

Plasmids, cell culture and transfection. pCl-neo-Lamp2c
plasmid was prepared as described previously.” HeLa cells were
maintained in Dulbecco’s modified Eagle’s medium (Invitrogen,
12701-017) supplemented with 10% fetal bovine serum (Cell
Culture Bioscience, 171012). Transient transfection with each
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plasmid was performed using Lipofectamine LTX with Plus
Reagent (Invitrogen, 15338-100), according to the manufactur-
er’s instructions.

LAMP2-deficient mice. LAMP2-deficient mice, which
lack expression of all isoforms of LAMP2,"" were backcrossed
to C57BL/6] mice for more than 17 generations. These mice
were propagated at the National Institute of Neuroscience,
National Center of Neurology and Psychiatry. All animal experi-
ments were performed in strict accordance with the guidelines
of the National Institute of Neuroscience, National Center of
Neurology and Psychiatry, and were approved by the Animal
Investigation Committee of the Institute.

Pull-down assay. Pull-down assays were performed as previ-
ously described.” Streptavidin—Sepharose beads (GE Healthcare,
17-5113-01) were blocked with 3% bovine serum albumin for
15 h. Five micrograms of purified plasmid DNA (pCl-neo,
Promega, E1841) was incubated with 8 nmol of biotin fusion
peptides and 40 ! of the beads in PBS containing 0.05% Triton
X-100. After 2 h of incubation at 4°C, beads were washed three
times with PBS containing 0.05% Triton X-100. DNA pulled
down with the beads was extracted using phenol-chloroform, and
analyzed by electrophoresis in agarose gels containing ethidium
bromide.

Isolation of mitochondrial DNA. Mitochondrial DNA was
isolated from HeLa cells using a Mitochondrial DNA Isolation
Kit (BioVision, K280-50) according to the manufacturer’s
instructions. mtDNA was confirmed by PCR using Ex Taq poly-
merase (TAKARA, RR001) according to a standard method.
The primers used for the detection of human mtDNA are as fol-
lows: 5-ATG CTA AGT TAG CTT TAC AG-3' and 5-ACA
GTT TCATGC CCATCG TC-3'7

Uptake and degradation of DNA by isolated lysosomes.
Isolation of lysosomes was performed as previously described.”
Briefly, lysosomes were isolated from 10- to 12-week-old mouse
brains using a Lysosome Enrichment Kit (Pierce, 89839).

For monitoring DNA uptake, isolated lysosomes (25 to
50 g of protein) were incubated with 0.5 pg of purified plas-
mid DNA (pCl-neo) or isolated mtDNA at 37°C for 5 min in
30 wl of 0.3 M sucrose containing 10 mM MOPS buffer (pH
8.0) with or without energy regenerating system (ATP- or ATP*)
(10 mM ATP, 10 mM MgClL,, 2 mM phosphocreatine, and
50 wg/ml creatine phosphokinase). After the incubation, lyso-
somes were precipitated by centrifugation and DNA remaining
in the supernatant was analyzed by electrophoresis in agarose gels
containing ethidium bromide. In parallel, after the centrifuga-
tion, the levels of DNA associated with the precipitated lysosomes
(including DNA inside the lysosomes) were analyzed. DNA in
agarose gels was detected using FluorChem (Alpha Innotech),
and the levels of DNA were quantified by densitometry using
FluorChem software (Alpha Innotech). The mtDNA in the sam-
ples was confirmed by PCR using primers specific for mtDNA.

Degradation of DNA by isolated lysosomes was investigated
as follows. Isolated lysosomes and 1 g of purified plasmid DNA
(pCl-neo) or 0.5 pg of isolated mtDNA were incubated with or
without energy regenerating system for 5 min, and the total levels
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of DNA in the samples were analyzed. The mtDNA in the sam-
ples was confirmed by PCR.

For assays using HelLa cells, lysosomes were isolated from
~7.0 x 107 cells transfected with pCl-neo-Lamp2c or empty vec-
tor, and subjected to analysis as described above.

Electron microscopy. For immunogold electron microscopy,
isolated lysosomes were incubated with or without purified
plasmid DNA (pCl-neo) in the presence of ATP (energy
regenerating system) for 5 min, precipitated by centrifugation,
and fixed in 0.1% glutaraldehyde and 4% paraformaldehyde
in PBS for 16 h at 4°C. Samples were then dehydrated in a series
of water/ethanol mixtures to 100% ethanol, and embedded
in LR White (Nisshin EM Co., Ltd., 3962). The embedded
samples were sectioned at 100 nm, and collected on 400-mesh
nickel grids. Immunogold labeling was performed using an anti-
DNA antibody (1:1000, Abcam, ab27156) followed by anti-
mouse IgG coupled with 10 nm of gold particles, and viewed
using a Tecnai Spirit transmission electron microscope (FEI), at

80 kV.

Statistical analyses. For comparisons between two groups, the
statistical significance of differences was determined by Student’s
t-test. *p < 0.05 and **p < 0.01, respectively.
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