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Histone deacetylase (HDAC) 10 is a member of class IIb HDACs, but its deacetylation targets and functions
are poorly characterized. Recent investigation has proposed that HDAC10 deacetylates heat shock
cognate protein 70 kDa (HSC70) after interaction. HSC70 plays an important role in chaperone-mediated
autophagy (CMA), binding CMA substrates and transporting them to lysosomes. However, it has not been
clarified whether HDAC10 is involved in CMA. In this study, we established the HDAC10 knockout HeLa
cell line and evaluated its CMA activity to determine whether HDAC10 participates in regulating CMA. In
HDAC10 knockout cells, lysosome-associated protein type 2A (LAMP2A) protein level increased and
LAMP2A-positive lysosomes accumulated around the nucleus. Moreover, GAPDH, which is a well-known
CMA substrate, was delivered to LAMP2A-positive lysosomes and degraded in HDAC10 knockout cells
more efficiently than in wild type HeLa cells. These results suggest that CMA is activated in HDAC10
knockout cells. Meanwhile, turnover assay using LC3 and p62, which are macroautophagy markers,
indicated that autophagic flux was fully functioning in HDAC10 knockout cells as well as in wild type
HeLa cells. In conclusion, HDAC10 participated in regulating CMA, and HDAC10 knockout activated CMA
and accelerated degradation of a CMA substrate.

© 2019 Elsevier Inc. All rights reserved.
1. Introduction

Autophagy is an evolutionarily conserved lysosomal degrada-
tion pathway by which cytoplasmic proteins and organelles are
delivered to and degraded in the lysosome [1]. It is essential for cell
survival, differentiation, development, and homeostasis [2,3].
Depending on the mode of cargo delivery to the lysosome, auto-
phagy can be divided into three forms: macroautophagy, micro-
autophagy, and chaperone-mediated autophagy (CMA) [1].
Macroautophagy is the most predominant type of autophagy and is
characterized by the formation of autophagosome, which
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sequesters cytoplasmic content, including soluble materials and
organelles. Later, the autophagosome fuses with the lysosome and
becomes an autolysosome which degrades the materials contained
within it [4]. In microautophagy, small components are transported
into the lysosome by direct invagination of the lysosomal mem-
brane and subsequent budding of vesicles into the lysosomal lumen
[5]. During macroautophagy and microautophagy processes, cyto-
solic components are randomly engulfed in bulk. In contrast, CMA
is a unique pathway by which cytosolic proteins are selectively
transferred into the lysosome. Only CMA substrates which contain
in their amino acid sequences a pentapeptide motif biochemically
related to KFERQ, known as the CMA-targeting motif, can undergo
degradation via CMA. The chaperone protein, heat shock cognate
protein 70 kDa (HSC70), and co-chaperones specifically recognize
the substrates containing the KFERQ motif and deliver them to the
lysosome. At the lysosomal membrane, substrates bind to
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lysosome-associated protein type 2A (LAMP2A) and this interaction
drives the organization of LAMP2A into multimeric complexes
required for substrate translocation into the lysosome [6]. However,
CMA malfunctioning is linked to the pathogenesis of cancer and
metabolic disorders and some neurodegenerative diseases, such as
Parkinson’s disease, Alzheimer disease, frontotemporal lobar
degeneration, and Huntington disease [7]. CMA contributes to the
degradation of neurodegeneration-related proteins which are
prone to aggregate, and, consequently, a decline in CMA activity
leads to the accumulation of toxic aggregates [7]. No effective
treatment has been developed yet for these neurodegenerative
diseases. Therefore, finding a way to activate CMA may help to
prevent accumulation of neurodegeneration-related proteins, and
would lead to the development of new treatments.

Histone deacetylases (HDACs) remove acetyl groups from lysine
residues on histones, thus repressing gene transcription. Recent
studies, however, have demonstrated that HDACs modify not only
core histones but also nonhistone proteins. HDACs are divided into
four classes, according to their homology to yeast HDACs: size,
cellular localization, catalytic domain, and mechanism of action [8].
HDAC6 and HDAC10 are members of class IIb HDACs and similar in
structure, but their subcellular localization and deacetylation tar-
gets are different. These facts suggest that HDAC10 and 6 likely have
different functions [9].

Only few studies have investigated HDAC10 substrates and their
functions. Previous reports indicated that HDAC10 plays a role in
homologous recombination [10], suppresses cervical cancer
metastasis [11], facilitates the cell cycle [12], and promotes auto-
phagy [13]. Some studies have indicated that HDAC10 deacetylates
HSC70 after interaction [8,13,14]. In experiments performed by
Oehme et al., HDAC10 knockdown induced HSC70 acetylation and
prevented autophagosome-lysosome fusion, which caused accu-
mulation of autophagosomes [13]. As mentioned above, HSC70 is
one of the major components of CMA. Nevertheless, whether
HDAC10 is involved in regulation of CMA is unknown.

In this study, we established a HDAC10 knockout cell line and
analyzed its CMA activity.

2. Materials and methods

2.1. Generation of HDAC10 knockout HeLa cell lines with CRISPR/
Cas9 system

HeLa human cervical cancer cells were purchased from Amer-
ican Type Culture Collection and maintained in DMEM medium
(Wako, Japan) containing 10% fetal bovine serum (FBS) and peni-
cillin/streptomycin. We selected one predesigned CRISPR sequence
against exon 1 of HDAC10 gene by using the Invitrogen GeneArt
CRISPR Search and Design tool, and ordered oligonucleotide
primers for guide RNA synthesis. The sequences of oligonucleotide
primers were as follows:

(forward) F: 50-TAATACGACTCACTATAGGACCGCGCTTGTGTAC-30

(reverse) R: 50-TTCTAGCTCTAAAACCATGGTACACAAGCGCGGT-30

Guide RNA was produced using GeneArt Precision gRNA Syn-
thesis Kit (Thermo Fisher, USA) according to manufacturer’s pro-
tocol. Wild type (WT) HeLa cells were transfected with guide RNA
and GeneArt Platinum Cas9 Nuclease (Thermo Fisher, USA) using
Lipofectamine CRISPRMAX Cas9 Transfection Reagent (Thermo
Fisher, USA). One week later, transfected cells were isolated by the
limiting dilutionmethod to obtain clones derived from a single-cell.
Then, we analyzed the nucleotide sequences of the target DNA and
HDAC10 protein levels.
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2.2. Immunoblotting

Total cellular protein was extracted using NP-40 lysis buffer
(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, pH 8.0, 10%
glycerol, and 1% NP-40) supplemented with complete mini prote-
ase inhibitors (Roche Diagnostic, Switzerland). Protein extracts
were separated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). Then, the proteins were transferred
onto methanol-activated polyvinylidene difluoride membranes
(Wako Pure Chemical Industries, Japan) and probed with the
following primary antibodies: anti-HDAC10 (Sigma-Aldrich, USA),
anti-LAMP2A (Abcam, USA), anti-LC3 (MBL, Japan), anti-p62/
SQSTM1 (MBL, Japan), and anti-actin beta antibodies (Bio-Rad,
USA).

2.3. Quantitative Real-time PCR

RNA samples were purified using the Nucleospin RNA Kit
(Takara Bio, Japan) and reverse transcribed into cDNA using Prime
Script RT reagent Kit (Takara Bio, Japan). Quantitation of mRNA
expression was performed according to the manufacturer’s in-
structions using SYBR Green assay (Takara Bio, Japan) and the Bio-
Rad CFX manager (Bio-Rad, USA). Forward and reverse primer se-
quences, respectively, were as follows:

LAMP2A; 50-GCACAGTGAGCACAAATGAGT-30, 50-CAGTGGTGTG-
TATGGTGGGT-30

a-Actin; 50-TAGACACCATGTGGGACGAAGACGAGA-30 50-GCAGG-
CACGTTGAAGGTCTAAACATGA-30

2.4. Fluorescence microscopy

Cells on coverslips were fixed with 4% paraformaldehyde in PBS
and were then permeabilized and blocked with 0.5% saponin, 5%
normal goat serum, and 50 mM NH4Cl in sodium glutamate buffer
(20 mM PIPES-NaOH, 137 mM sodium glutamate, 2 mM MgCl2;
1mg/mL BSA, pH 6.8) for 4 h at 4 �C. Cells were incubatedwith anti-
LAMP2A rabbit antibody, followed by Alexa 488-conjugated anti-
rabbit IgG antibody. To label lysosomes, cells were incubated with
culture medium containing 100 nM LysoTracker Red DND-99
(Invitrogen, USA) for 30 min at 37 �C before fixation. Fluorescence
images were obtained using confocal microscope (FV1000D IX81,
OLYMPUS, Japan).

2.5. Plasmids and cDNA transfection

We constructed plasmids containing the GAPDH-HaloTag (HT),
as previously described [15]. Plasmid containing open reading
frame of green fluorescent protein fused to that of LC3 (GFP-LC3)
was kindly provided by Prof. Yao (Duke university, USA). Cells were
transfected with X-tremeGENE HP DNA Transfection Reagent
(Roche Diagnostic, Switzerland), according to the manufacturer’s
protocol.

2.6. Single-cell monitoring of CMA activity using the GAPDH-HT
indicator

Cells grown on coverslips were transfected with GAPDH-HT
plasmid. One day later, cells were incubated with culture medium
containing 500 nM of tetramethylrhodamine (TMR) -HT ligand
(Promega, USA) for 15 min at 37 �C, followed by three washes with
PBS. Cells were fixed after labeling or after 24 h of cultivation.
ckout activates chaperone-mediated autophagy and accelerates the
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Fluorescence images were obtained by using confocal microscope.
Lysosomal translocation of GAPDH-HT was assessed by colocaliza-
tion with LAMP2A protein staining. We quantitatively evaluated
lysosomal accumulation of GAPDH-HT by counting the number of
GAPDH-HT and LAMP2A dual positive puncta per cell [15].

2.7. Pulse chase assay

Cells were transfected with GAPDH-HT plasmid. Next day,
transfected cells were pulse-labeled with 500 nM TMR-HT ligand
for 15 min at 37 �C. To completely remove ligand from culture
medium, cells were washed three times with PBS and culture
medium was changed twice every 30 min, then chased for the
indicated time. Harvested cells were lysed in NP-40 lysis buffer and
centrifuged. An equal volume of supernatant per sample was
separated with SDS-PAGE, then detection of GAPDH-HT by TMR-HT
ligand was visualized with fluoro-image analyzer (Molecular
Imager FX; Bio-Rad, USA).

2.8. Monitoring autophagic flux

For LC3 turnover assay, cells were cultured in DMEM with 10%
FBS media in the presence or absence of bafilomycin A1100 nM for
2 h. To confirm the starvation-induced reduction of p62 levels, cells
were cultured in DMEM with 10% FBS media or in DMEM without
amino acids for 2 h. Protein levels of LC3 and p62 were analyzed by
immunoblotting.

2.9. Counting of GFP-LC3 puncta

Cells on coverslips were transfected with GFP-LC3 plasmid, and
fixed with 4% paraformaldehyde in PBS 48 h after transfection. To
induce macroautophagy, cells were treated with 100 nM rapamycin
for 24 h before fixation. Fluorescence images were obtained using
confocal microscope. The number of puncta per GFP-LC3-expressing
Fig. 1. The expression of LAMP2A increased in HDAC10 knockout cells. (A) HDAC10 and LAM
levels were quantified by densitometric analysis. (C) The relative LAMP2A mRNA expression
independent experiments; *P < 0.05 and **P < 0.005 (Student’s t-test). (D) Representative im
with LysoTracker (red) and Hoechst 33342 (blue). Scale bar ¼ 10 mm.
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cells was counted manually. Only cells displaying a modest over-
expression level were included in the analysis.

2.10. Statistical analysis

Two-sample comparisons were conducted by Student’s t-test.
One-way ANOVA, followed by Tukey’s HSD test, was used to
determine multiple comparisons. Differences in the time depen-
dent protein degradation between two groups were evaluated by
two-way ANOVA with Tukey’s HSD test. Statistical analyses were
performed using a statistical software package (JMP Pro 13; SAS
Institute, USA). P < 0.05 was considered statistically significant. All
statistical results were presented as the mean ± standard error of
the mean (SEM).

3. Results

3.1. LAMP2A expression increased in HDAC10 knockout cells

We used the CRISPR/Cas9 system and generated three HDAC10
knockout cell lines (#1e3). Immunoblotting with anti-HDAC10
antibody showed that the expression of HDAC10 protein was
abolished in all HDAC10 knockout cell lines (Fig. 1A). However, we
used HDAC10 knockout #1 in the following experiments, as both
alleles of HDAC10 gene had single base deletion in exon 1.

First, we analyzed the level of LAMP2A expression, because its
level in lysosomes correlated well with changes in CMA activity
[16]. LAMP2A protein expression and mRNA expression were
increased in HDAC10 knockout cells (Fig. 1A, B, and C). Second, we
observed the subcellular location of LAMP2A-positive lysosomes by
immunocytochemistry, since activation of CMA was associated
with the mobilization of LAMP2A-enriched lysosomes to the peri-
nuclear region of the cell [17]. Fluorescence images indicated that
the number of lysosomes stained with both LysoTracker and anti-
LAMP2A antibody increased in HDAC10 knockout cells.
P2A protein levels were assessed by immunoblotting. (B) LAMP2A protein expression
levels were assessed by Quantitative Real-time PCR. Data are the means ± SEM of three
munofluorescence images of cells stained with antibody against LAMP2A (green), and
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Fig. 2. HDAC10 knockout promoted the translocation of GAPDH to LAMP2A-positive lysosomes. (A) Representative fluorescence images of wild type HeLa cells and HDAC10
knockout cells at 0 h and 24 h after labeling GAPDH-HT with TMR-HT ligand (left) and LAMP2A by immunostaining (middle). Merge of the images (right): red for GAPDH-HT, green
for LAMP2A, yellow for co-localization. Scale bar ¼ 10 mm. (B) Quantitative analysis of GAPDH-HT lysosomal translocation. The number of GAPDH-HT and LAMP2A double-positive
puncta per cell was calculated. Data are the means ± SEM of three independent experiments; ***P < 0.0001 (Student’s t-test, n ¼ 64 for wild type, and n ¼ 67 for HDAC10 knockout).
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Furthermore, LAMP2A-positive lysosomes accumulated around the
nucleus more markedly in HDAC10 knockout cells than in WT HeLa
cells (Fig. 1D). These data suggested that CMA activity was upre-
gulated in HDAC10 knockout cells compared to WT cells.
3.2. HDAC10 knockout promoted the translocation of GAPDH to
LAMP2A-positive lysosomes

Changes in the abundance of key CMA components and in the
amount and distribution of CMA-related lysosomes can indirectly
assess CMA activity. However, to directly investigate the CMA ac-
tivity at a single-cell level, we utilized the GAPDH-HaloTag (HT)
indicator system, which could monitor the translocation of GAPDH,
a well-known CMA substrate, from cytoplasm to lysosomes [15,18].
TMR-labeled GAPDH-HT was uniformly distributed in the cyto-
plasm at the time of labeling, but 24 h after initial incubation led to
puncta-like accumulations of GAPDH-HT in both cell lines, WT and
HDAC10 knockout. Almost all labeled GAPDH-HT puncta were
colocalized with LAMP2A at 24 h, as confirmed by double immu-
nostaining (Fig. 2A). Comparison of the number of GAPDH-HT
puncta colocalized with LAMP2A between WT and HDAC10
knockout cells resulted in a significantly higher number of GAPDH-
HT puncta per cell in HDAC10 knockout cells (Fig. 2B). These results
indicated that the translocation of GAPDH to CMA-related lyso-
somes was activated in HDAC10 knockout cells.
Fig. 3. HDAC10 knockout accelerated the degradation rate of GAPDH. (A) Represen-
tative images of GAPDH-Halo tag pulse chase assay. (B) Quantified data for Halo tag
pulse chase assay. Data are the means ± SEM of five independent experiments;
**P < 0.005 (Two-way ANOVA with Tukey’s HSD test).
3.3. HDAC10 knockout accelerated GAPDH degradation rate

Moreover, we performed pulse chase assay using GAPDH-HT
and TMR-HT ligands to assess whether HDAC10 knockout also
promoted the decomposition of GAPDH. The amount of TMR-HT
ligand that labeled GAPDH-HT remained unchanged in WT cells,
whereas it significantly decreased in HDAC10 knockout cells
(Fig. 3A and B). This result suggested that HDAC10 knockout
accelerated the degradation rate of GAPDH.
Please cite this article as: H. Obayashi et al., Histone deacetylase 10 kno
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3.4. HDAC10 knockout did not affect macroautophagy

The term “autophagic flux” is used to denote overall autophagic
degradation rather than autophagosome formation. LC3 is
ckout activates chaperone-mediated autophagy and accelerates the
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Fig. 4. HDAC10 knockout did not affect macroautophagy. (A) LC3-II and (B) p62 protein levels were assessed by immunoblotting. Protein expression levels were quantified by
densitometric analysis. Data are expressed by the means ± SEM of nine independent experiments; *P < 0.05, **P < 0.005, ***P < 0.0001 (Tukey’s HSD test). (C) Representative images
of GFP-LC3-expressing cells cultured in the presence or absence of rapamycin. Scale bar ¼ 10 mm. (D) Quantification of the number of GFP-LC3 puncta per cell. Data are expressed by
the means ± SEM of three independent experiments; **P < 0.005 (Tukey’s HSD test, n ¼ 34 for HDAC10 knockout in the presence of rapamycin, and n ¼ 38 for others).
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currently the most widely used autophagosome marker because
the amount of LC3-II reflects the number of autophagosomes and
autophagy-related structures. However, the number of autophagic
organelles at a given moment is regulated by autophagosome for-
mation and degradation upon fusion with lysosomes. Thus, the
amount of LC3-II at a certain time point does not necessarily indi-
cate the degree of autophagic flux [19]. Therefore, to compare the
autophagic activity in HDAC10 knockout cells with that in WT cells,
we performed the LC3 turnover assay as it measures autophagic
flux. Immunoblotting showed that the LC3-II level in HDAC10
knockout cells was slightly higher or equal to that in WT cells, but
bafilomycin treatment led to a significant and equivalent increase
of LC3-II levels in both cell lines (Fig. 4A). These data suggested that
autophagic flux functioned normally in HDAC10 knockout and WT
cells. We also checked p62 levels because it is another widely used
marker to monitor autophagic activity. The amount of p62 was
significantly and similarly decreased by starvation in both cell lines
under the same conditions (Fig. 4B). These results indicated that
HDAC10 knockout cells were not impaired in autophagic flux.

Then we counted the number of GFP-LC3 puncta per cell which
accurately measures autophagosome numbers. Under normal
growth conditions, the number of GFP-LC3 puncta in HDAC10
knockout cells was almost the same as that in WT cells (Fig. 4C and
D). Administration of rapamycin, which is mTOR inhibitor and in-
duces autophagy, significantly increased the number of GFP-LC3
puncta in both cell lines. However, no significant difference in the
number of GFP-LC3 puncta between both cell lines was observed
under neither condition, which agreed with the result of LC3-II and
p62 immunoblotting. These results indicated that HDAC10
Please cite this article as: H. Obayashi et al., Histone deacetylase 10 kno
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knockout did not affect autophagosome formation.
4. Discussion

The purpose of the present study was to investigate whether
HDAC10 affected CMA activity. Indeed, we have demonstrated that
HDAC10 knockout activated CMA and accelerated the degradation
rate of a CMA substrate. This is the first report which showed that
HDAC10 participated in regulating CMA activity. Thus, inhibition of
HDAC10 expression may be effective to treat neurodegenerative
diseases of which CMA downregulation is the main associated
cause.

The downstream targets of HDAC10 are incompletely charac-
terized, therefore it is unknown how HDAC10 regulates CMA ac-
tivity. Two hypothetical mechanisms of CMA regulation by HDAC10
were proposed. First, HSC70 acetylation, induced by HDAC10
knockout, may promote CMA activation, because HSC70 was pro-
posed as a target of HDAC10 [8,13,14]. HSC70 is present in cytosol
and lysosomes and plays important roles in each subcellular loca-
tion [20]. Cytosolic HSC70 recognizes CMA substrates and delivers
them to the lysosomal surface. Meanwhile, lysosomal HSC70, which
is located at the cytosolic side of the lysosomal membrane and in
the lysosomal lumen, is required for substrate unfolding and
translocation into the lysosome [21e23]. Lysosomes containing
HSC70 are active for CMA, whereas lysosomes lacking HSC70 are
unable to perform CMA [24]. Taken together, HSC70 is essential to
activate CMA. Further research is needed to elucidate how deace-
tylation of HSC70 by HDAC10 could function in CMA, and which
steps in CMA are facilitated by HSC70 acetylation. Second, HDAC10
ckout activates chaperone-mediated autophagy and accelerates the
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may be involved in AKT pathway which regulates CMA. Dynamics
of LAMP2A assembly and disassembly depend on glial fibrillary
acidic protein (GFAP) phosphorylation status. Unmodified GFAP
binds to LAMP2A at the multimeric complex and contributes to its
stabilization [25]. During stress conditions, the “pleckstrin homol-
ogy domain leucine-rich repeat protein phosphatase 1” (PHLPP1)
protein is recruited to the lysosomalmembrane, dephosphorylating
AKT, and then activating CMA, which is then followed by GFAP
dephosphorylation through AKT dephosphorylation [26]. Interest-
ingly, Yang et al. reported that HDAC10 interacted with AKT, and
HDAC10 knockdown significantly decreased the phosphorylation of
AKT in a lung cancer cell line [27]. Furthermore, another report
indicated that tubastatin, which is a HDAC6 and 10 inhibitor,
repressed AKT phosphorylation by increasing AKT-PHLPP1 associ-
ation [28]. These reports supported our hypothesis that inhibition
of HDAC10 upregulated CMA via PHLPP1-AKT-GFAP pathway.

Our data indicated no significant difference in macroautophagy
activity between WT and HDAC10 knockout cells, which disagreed
with results reported by Oehme et al. They concluded that HDAC10
contributed to autophagosome-lysosome fusion in a neuroblas-
toma cell line, because HDAC10 depletion by transient siRNA
transfection disabled the fusion of autophagosomes to lysosomes
and thus caused accumulation of autophagosomes [13]. If the
fusion of autophagosomes to lysosomes was impaired in HDAC10
knockout cells, LC3-II levels would have not changed with bafilo-
mycin treatment, and the number of GFP-LC3 puncta in HDAC10
knockout cells would have increased by rapamycin treatment more
than that in WT cells. However, the LC3-II level was increased by
bafilomycin in HDAC10 knockout, and the number of GFP-LC3
puncta in HDAC10 knockout and WT cell were similar regardless
of rapamycin treatment. Concerning the difference, we speculated
that the failure of autophagosome-lysosome fusion could be
compensated by other molecules in our long-term HDAC10
knockout cell, in contrast to their transient HDAC10 knockdown
cell.

A limitation of our study is that the examinations using the
GAPDH-HT indicator detected both CMA and a certain micro-
autophagy activity. Recently, endosomal microautophagy involving
HSC70 has been described [29]. In this process, cytosolic soluble
proteins are incorporated into late endosomes/multivesicular
bodies in an HSC70 dependent manner. GAPDH is recognized by
HSC70 and incorporated into late endosomes by microautophagy
[29]. To selectively evaluate CMA activity, we examined the number
of GAPDH-HT puncta colocalizing with LAMP2A in the fluorescence
microscopy experiment. However, in the pulse chase assay, we
were unable to separately measure CMA and microautophagy. A
recent study has reported that CMA and microautophagy activities
can be separately assessed by knockdown of microautophagy- and
CMA-related proteins, respectively [30]. Thus, we could perform
that methodology to confirm our results.

In conclusion, we showed that HDAC10 knockout activated CMA
and accelerated the protein degradation through CMA pathway.
Inhibition of HDAC10 function may be useful for treatment of
neurodegenerative diseases which result from CMA impairment.
Further research on elucidating the molecular mechanism by
which HDAC10 regulates CMA activity is needed.
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