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Discovery of a novel type of autophagy

targeting RNA
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Regulated degradation of cellular components by lysosomes is essential to maintain biological homeostasis. In
mammals, three forms of autophagy, macroautophagy, microautophagy and chaperone-mediated autophagy (CMA),
have been identified. Here, we showed a novel type of autophagy, in which RNA is taken up directly into lysosomes for
degradation. This pathway, which we term “RNautophagy,” is ATP-dependent, and unlike CMA, is independent of HSPA8/
Hsc70. LAMP2C, a lysosomal membrane protein, serves as a receptor for this pathway. The cytosolic tail of LAMP2C
specifically binds to almost all total RNA derived from mouse brain. The cytosolic sequence of LAMP2C and its affinity for
RNA are evolutionarily conserved from nematodes to humans. Our findings shed light on the mechanisms underlying
RNA homeostasis in higher eukaryotes.

Degradation of macromolecules by lyso-
somes is a fundamental event for biologi-
cal homeostasis. In mammals, three types
of autophagy, macroautophagy, microau-
tophagy and chaperone-mediated auto-
phagy (CMA), have been identified."?
LAMP2 is a major lysosomal membrane
protein with a single transmembrane
region.” Lack of LAMP2 causes Danon
disease, which is characterized by cardio-
myopathy, myopathy and variable men-
tal retardation. LAMP2-deficient mice
show increased mortality between 20 and
40 days of age’ LAMP2A, one of three
splice variants of LAMP2, serves as a
receptor for CMA through its interaction
with substrate proteins on the lysosomal
membrane surface.®® In CMA, substrate
proteins are unfolded by HSPA8/Hsc70,
and then directly imported into the lyso-
somal lumen. Each of three splice variants,

LAMP2A, LAMP2B and LAMP2C, pos-
sesses an identical lumenal region and dif-
ferent cytosolic sequences.® The cytosolic
sequence of LAMP2C is completely con-
served among chicken, mouse and human,
while those of LAMP2A and LAMP2B
are not.> The C-terminal sequences of fly
and nematode LAMP orthologs show the
strongest homology to that of LAMP2C
among human LAMP2s (Fig. 1A). These
observations suggest that LAMP2C is
evolutionarily the primary form of LAMP,
and that it plays an important role in lyso-
somes. However, the precise functions of
LAMP2C remain unknown.

To clarify the specific functions of
LAMP2C and LAMP2B, we searched
for proteins that interact with the cyto-
solic sequences of each LAMP2. We
have previously shown that a peptide
construct of the cytosolic sequence of
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human LAMP2A is useful as a tool for
monitoring proteins interacting with this
sequence.’” In the present study, we pre-
pared peptide constructs of LAMP2B
and LAMP2C cytosolic  sequences
(Fig. 1B). A pull-down assay using these
peptides with HeLa cell lysate showed that
numerous proteins bound specifically to the
cytosolic sequence of LAMP2C (Fig. 1C).
Mass spectrometry analysis was applied
to identify the interacting proteins in the
molecular weight range 30 to 50 kDa,
which contained the most intense bands, as
a pilot study. Interestingly, all of the identi-
fied proteins were nucleic acid-binding pro-
teins, and predominantly RNA-binding
proteins (RBPs) such as ribosomal proteins
and hnRNPs (Fig. 1C; Table S1).

To examine the protein interactions
under more physiological conditions, we
then performed a pull-down assay using
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Figure 1. The cytosolic sequence of LAMP2C interacts with RNA-binding proteins. (A) Identity levels of the cytosolic sequences of fly and nematode
LAMPs to that of human LAMP2s. (B) A schematic representation of biotin-conjugated peptides. (C) Proteins that interact with the cytosolic sequences
of LAMP2s were analyzed by pull-down assay followed by LC-MS/MS analysis of LAMP2C peptide-interacting proteins. (D) Expression levels of Lamp2c
mRNA in mouse tissues. Values are the means + SE (n = 3 to 4). (E) Pull-down assay and LC-MS/MS analysis of LAMP2C peptide-interacting proteins
from mouse brain. The distribution of the identified proteins is shown.

mouse brain lysate because, among vari-
ous tissue types, Lamp2c mRNA showed
the highest expression levels in the brain
(Fig. 1D). Lamp2c was expressed in neu-
rons while it was hardly detected in glial
cells (Fig. S1). Mass spectrometry analysis
of all protein bands detected in the pull-
down assay revealed that LAMP2C pep-
tide predominantly interacted with a wide
range of RBPs (Fig. 1E; Table S1).

‘We next examined whether the interac-
tions of RBPs with the cytosolic sequence
of LAMP2C were mediated by RNA. The
protein interactions of LAMP2C peptide
were almost completely abolished by pre-
treatment of the lysate with protease-free
RNase A in a pull-down assay (Fig. 2A).
Substitutions of phenylalanines at the
RNA-binding sites of HNRNPA1, which
has a typical RNA-binding motif,'"
completely abolished its interaction with
LAMP2C peptide (Fig. 2B). These data
suggest that the interactions of RBPs with
the cytosolic tail of LAMP2C are indirect
associations mediated by RNA.
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We then investigated the interac-
tion between RNAs and the cytosolic
sequence of LAMP2C. A pull-down assay
in the same experimental condition using
mouse brain lysate showed an interaction
of RNA specifically with the LAMP2C
peptide among LAMP2 constructs
(Fig. 2C). Using purified total RNA
derived from mouse brain, the cytosolic
sequence of LAMP2C was shown to
bind directly to a wide range of RNAs
(Fig. 2D). The RNA was hardly detected
in the flow-through after being pulled
down with LAMP2C peptide (Fig. 2D),
indicating that LAMP2C peptide bound
to almost all RNAs. An endogenous inter-
action between LAMP2C and RNA was
also observed (Fig. S2). In a pull-down
assay using purified RNA, RNA partly
interacted with the cytosolic sequence of
LAMP2B, but not with that of LAMP2A
(Fig. S3). Considering that LAMP2B
peptide did not interact with RNA in
mouse brain lysate, this interaction may
be nonphysiological. Intriguingly, the
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C-terminal sequences of both fly and
nematode LAMP orthologs exhibited
high affinity for RNA, similar to that of
LAMP2C (Fig. 2E).

Considering the relationship between
LAMP2A and CMA, we hypoth-
esized a novel autophagic pathway that
directly imports RNA into lysosomes
via LAMP2C. The standard method for
monitoring direct uptake of molecules
into lysosomes is a cell-free system using
1214 Freshly isolated
lysosomes were prepared from mouse
brain (Fig. S4). We confirmed that the iso-
lated lysosomes were intact and that CMA
was working properly in a cell-free system
(Fig. S5B). For monitoring uptake of
RNA, the lysosomes were incubated with
total RNA in the presence or absence of
ATP and/or HSPAS8. Subsequently, the
lysosomes were precipitated by centrifuga-
tion, and the levels of RNA remaining in
the supernatant were analyzed. In paral-
lel, to assess the presence of RNA taken
up inside the lysosomes, we degraded

isolated lysosomes.
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Figure 2. The cytosolic sequence of LAMP2C directly interacts with RNA. (A) Protein interactions of LAMP2C peptide were analyzed by pull-down
assay using brain lysates preincubated with or without RNase A. (B) Pull-down assay using lysates of HelLa cells transfected with the indicated con-
structs. (C) A pull-down assay was performed using brain lysate, and RNA was detected with EtBr. The intense signal in the input lane (*) is presumably
degraded RNA in the brain lysate. (D) Interactions of purified total RNA with cytosolic sequence of LAMP2C. Amounts of RNA remaining in the flow-
through fraction were quantified by measuring OD,; (n = 4). (E) Interactions of purified total RNA with cytosolic sequences of nematode and fly LAMPs.

RNA outside of lysosomes by RNase A
treatment after the incubation, and then
analyzed the levels of RNase A-resistant
RNA. As a result, the amount of RNA
outside of lysosomes was dramatically
reduced only in the presence of ATP
(Fig. 3A). Levels of RNA were reduced
over time in the presence of ATP, but
remained unchanged in the absence of

www.landesbioscience.com

ATP (Fig. 3C). RNA resistant to exog-
enous RNase A was detected only in lyso-
somes incubated in the presence of ATP
(Fig. 3B). These results indicate that RNA
is taken up by lysosomes in a process that
is dependent on ATP. Immunoelectron
microscopy of the lysosomes incubated
with ATP and RNA, or with ATP only,
also showed the presence of RNA taken
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up in lysosomes (Fig. 3E; Fig. S6).
Unlike CMA, HSPAS8 had no effect on
the uptake of RNA into isolated lysosomes
(Fig. 3A and B).

We further investigated the degrada-
tion of RNA in lysosomes. Isolated lyso-
somes and RNA were incubated with or
without ATP, and the total levels of RNA
in the samples were analyzed. The total
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Figure 3. Uptake and degradation of RNA by isolated lysosomes. (A and B) Uptake of RNA by isolated lysosomes. Isolated lysosomes were incubated
with purified total RNA (5 .g) in the presence or absence of ATP (energy regeneration system) and/or HSPA8. Levels of RNA remaining in solution
outside of lysosomes (A) and levels of RNA resistant to exogenous RNase A (B) were analyzed (n = 3). (C) Lysosomes were incubated with 10 g of RNA
in the presence or absence of ATP. At the indicated times, the levels of RNA remaining outside of lysosomes were analyzed (n = 3). (D) Degradation of
RNA by isolated lysosomes. Lysosomes and RNA were incubated with or without ATP. Total levels of RNA in the incubated samples were analyzed (n
=3). (E) Immunogold labeling of RNA in isolated lysosomes incubated with ATP and RNA. Immunogold labeling was performed using an anti-rRNA
antibody followed by anti-mouse IgG coupled with 10 nm of gold particles. Gold particles were observed in the lysosomes.

levels of RNA were reduced in a manner
that was dependent on ATP (Fig. 3D;
Fig. S7), indicating ATP-dependent deg-
radation of RNA by isolated lysosomes.
Taken together, our results revealed an
autophagic pathway that directly imports
RNA into lysosomes for degradation.
Hereinafter, we refer to this pathway as
RNautophagy.

Finally, =~ we  assessed  whether
LAMP2C mediates RNA degradation
by RNautophagy. Cells overexpressing
LAMP2C exhibited a significant enhance-
ment in the overall levels of RNA degra-
dation, which was not observed in those
overexpressing LAMP2A or LAMP2B
(Fig. 4A; Fig. $8). Lysosomes isolated from
cells overexpressing LAMP2C also showed
elevated levels of RNautophagy (Fig. 4B).
Additionally, the levels of RNautophagy

were significantly reduced in lysosomes

derived from LAMP2-deficient mouse
brains (Fig. 4C). Moreover, a significant
accumulation of total RNA was observed
in the brains of LAMP2 knockout mice
(Fig. 4D). Collectively, these results indi-
cate that LAMP2C functions as a recep-
tor for RNautophagy. In the brains of the
knockout mice, RBPs such as ribosomal
protein S6 (RPS6), RPL8 and HNRNPA1
were upregulated (Fig. 4E). RBPs may be
upregulated as a response to the accumula-
tion of RNA, since RPL8 was not directly
taken up by lysosomes (Fig. S5). Also, the
upregulation of RBPs did not seem to be
a result of CMA impairment, because rep-
resentative substrates for CMA, GAPDH
and SNCA/a-synuclein,™!® were not
accumulated in the brains of the knock-
out mice (Fig. 4E). Consistent with this
notion, RPL8, RPS6 and HNRNPAI do

not contain a KFERQ motif, a sequence

required for targeting to CMA."'® The
constancy of CMA substrates in the
knockout brains may be due to compensa-
tion by other degradation systems."?

RNA degradation mechanisms in the
cytosol independent of lysosomes have
long been studied.” On the other hand, an
autophagic pathway selectively targeting
RNA has not been elucidated, even though
lysosomal RNases and exonucleases have
long been recognized.?*** We have shown
here a novel, direct type of autophagy
for RNA degradation, which we term
RNautophagy, and that LAMP2C acts as
a receptor for this pathway. Our data sug-
gest that RNautophagy can contribute to
at least 10% to 20% of the total amount of
RNA degradation in living cells (Fig. 4A
and D). RNautophagy activity was not
completely abolished in lysosomes derived
from LAMP2-deficient mice (Fig. 4C).

Figure 4 (See opposite page). LAMP2C mediates lysosomal degradation of RNA. (A) RNA turnover in Hela cells transfected with each LAMP2 isoform
or empty vector (n = 3). (B and C) Uptake of RNA into lysosomes isolated from HelLa cells transfected with LAMP2C or empty vector (n = 3) (B). Uptake
of RNA into lysosomes isolated from the brains of wild-type (WT) and LAMP2 knockout (KO) mice (n = 3) (C). Levels of RNA uptake were measured by
subtracting the levels of RNA remaining in solution outside of lysosomes from the levels of input RNA. (D) Relative levels of total RNA in the brains of
WT and LAMP2 KO mice (KO: n = 3, WT: n = 4). (E) Levels of RBPs and CMA substrate proteins in the brains of WT and LAMP2 KO mice were analyzed by
immunoblotting (n = 3/group). (F) Model for the possible mechanism of RNautophagy. LAMP2C on the lysosomal membrane recognizes RNA, and the
RNA is then imported into the lysosomal lumen in an ATP-dependent manner, followed by its degradation. The requirement for ATP in RNautophagy
suggests an involvement of ATPases such as RNA helicases in the process on the lysosomal membrane.
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Thus, we cannot rule out the possibility
of LAMP2-independent pathway(s) in
RNautophagy.

The RNA-binding capacities of the
cytosolic sequences of LAMP family pro-
teins are widely conserved in animals from
nematodes to humans (Fig. 2). Together
with the fact thata LAMP ortholog has not
been found in yeast, RNautophagy likely
contributes to RNA metabolism in higher
eukaryotes. In the mouse, the expression
levels of Lamp2c vary from tissue to tissue,
showing notable levels in brain, eye, heart,
liver, kidney and skeletal muscle, while the
gene was scarcely expressed in other tissues
(Fig. 1D). The different levels of Lamp2c
expression among tissues could be related
to requirements for RNA metabolism
among tissues. RNautophagy may have
an important role in RNA homeostasis
in tissues, especially in those expressing
LAMP2C at high levels. From this point of
view, the high expression level of Lamp2c
in neurons is reasonable, because neurons
are rich in RNA.# RNautophagy may play
an important role in the maintenance and
quality control of neuronal function.

A possible model for the process of
RNautophagy is shown in Figure 4F.
First, a substrate RNA binds to the cyto-
solic tail of LAMP2C on the surface of the
lysosomal membrane. This process may be
regulated by other RNA-interacting pro-
teins in the cytosol, because the cytosolic
sequence of LAMP2C itself does not seem
to have selectivity in its binding to RNA.
Second, RNA is directly imported into
the lysosomal lumen. LAMP2C and other
proteins may be involved in this translo-
cation process, which is ATP-dependent.
RNA-dependent ATPases such as RNA
helicases may operate in this process to
unfold RNA, similar to the function of
HSPA8 in CMA. Third, RNA taken
up into lysosomes is degraded by lyso-
somal enzymes such as acid RNases and
exonucleases.

We speculate that DNA could bind to
the cytosolic tail of LAMP2C, because
LAMP2C peptide interacted with DNA-
binding proteins in addition to RBPs
(Fig. 1C and E). The interaction between
DNA and LAMP2C is currently the sub-
ject of ongoing research.
of LAMP2 causes
Danon disease, RNautophagy dysfunction

Because a lack
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may contribute to the pathogenesis of
that disease. In addition, aberrant expres-
sion, function and accumulation of RNA
have been considered as key factors in
the pathogenesis of various diseases
such as macular degeneration, myotonic
dystrophies and some neurodegenera-
tive disorders.’® In the immune system,
antiviral signaling is thought to be initi-
ated intracellularly, within endosomes/
lysosomes containing viral nucleic acid.”
LAMP?2 has been used as a macrophage
marker.?®
LAMP2 increase when macrophages
are activated.”®”” Given that Lamp2c is
highly expressed in a macrophage cell line
(Fig. S1), RNautophagy is possibly
involved in the immune response. For

¥ Synthesis and expression of

instance, in certain types of cells, viral
RNA could be taken up into lysosomes
by RNautophagy and then be involved
in antiviral responses via toll-like recep-
tors on the endosomal/lysosomal mem-
The possible
RNautophagy in the immune system and
in lysosome- or RNA-related disorders
warrants investigation.

brane. involvement of

Materials and Methods

Uptake and degradation of RNA by
isolated lysosomes. Lysosomes were iso-
lated from 10 to 12-week-old mouse
brains or from ~1.4 x 10® HeLa cells by
density gradient centrifugation. Isolated
lysosomes (25 to 50 g of protein) were
then incubated with 5 or 10 g of puri-
fied total RNA at 37°C in 30 pl of 0.3
M sucrose containing 10 mM MOPS
buffer (pH 8.0) with or without energy
regeneration system (10 mM ATP, 10 mM
MgCl,, 2 mM phosphocreatine, and 50
pg/ml creatine phosphokinase). After the
incubation, lysosomes were precipitated
by centrifugation and the levels of RNA
remaining in the supernatant were ana-
lyzed. To assess the presence of uptaken
RNA inside lysosomes, RNA outside of
lysosomes was degraded by 200 pg of
RNase A after the incubation, and the lev-
els of RNase A-resistant RNA were ana-
lyzed. Degradation of RNA by isolated
lysosomes was investigated by analyzing
the total levels of RNA in the samples.
Immunogold electron microscopy.
Isolated lysosomes were fixed in 0.1%

Autophagy

glutaraldehyde and 4% paraformaldehyde
in PBS for 16 h at 4°C. Samples were then
dehydrated in a series of water/ethanol mix-
tures 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-rRNA antibody followed by
anti-mouse IgG coupled with 10 nm of
gold particles, and samples were viewed
using a Tecnai Spirit transmission electron
microscope (FEI) at 80 kV.

Statistical analyses. For comparisons
between two groups, the statistical signifi-
cance of differences was determined by
Student’s t test. For comparisons of more
than two groups, Dunnett’s multiple com-
parison test was used. * and ** indicate p <
0.05 and p < 0.01, respectively.

Further details on materials and
methods are provided in Supplemental
Materials and Methods.
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