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RORa Enhances Lysosomal Acidification

and Autophagic Flux in the Hepatocytes

Hyeon-Ji Kim,! Yong-Hyun Han,? Ju-Yeon Kim,! and Mi-Ock Lee!*

Lysosomes are intracellular acidic organelles with catabolic functions that contribute to the activation of autophagy.
Although autophagy abnormality is associated with defects in lysosomal acidification during the progression of nonal-
coholic fatty liver disease (NAFLD), the mechanisms of control of lysosomal acidification are not well understood at
the molecular level. Thus, we aimed to elucidate the role of the orphan nuclear receptor retinoic acid-related orphan
receptor a (RORa) in lysosomal acidification and autophagic flux, particularly in nutrition-enriched hepatocytes. First,
lysosomal acidity was much lower in the hepatocytes obtained from hepatocyte-specific RORa-deleted (RORa-LKO)
mice, whereas the infusion of an adenovirus encoding RORa in wild-type hepatocytes increased lysosomal acidity, as
determined by LysoSensor. Second, the lysosomal translocation of the mechanistic target of rapamycin was increased
and immature cathepsin D was accumulated in the liver of RORa-LKO mice. Third, the accumulation of LC3-II,
p62/sequestosome 1 (SQSTM1), and neighbor of BRCA1 gene 1 (NBR1) was increased in the livers of RORa-LKO
mice, indicating an impaired autophagic flux in the livers. Consistently, the number of autolysosomes containing mito-
chondria and lipid droplets was dramatically reduced in the RORa-deleted hepatocytes. Finally, we found that ROR«
induced the transcription of genes involved in lysosomal function, such as A#p6vigl, a vacuolar H*-ATPase (v-ATPase)
subunit, which were largely down-regulated in the livers of mice with high-fat diet-induced NAFLD and patients with
hepatitis. Conclusion: Targeting RORa may be a potential therapeutic strategy to restore lysosomal acidification, which

inhibits the progression of NAFLD. (Hepatology Communications 2021;5:2121-2138).

onalcoholic fatty liver disease (NAFLD) is a

hepatic metabolic disease with a wide spec-

trum of abnormalities including triglyceride
accumulation, increased oxidative stress, and inflam-
mation. The prevalence of NAFLD has risen recently,
with a worldwide increase in the incidence of dia-
betes and metabolic syndrome.(l) Autophagy is an
intracellular degradative process that is essential for
cellular quality control and homeostasis. Substances
subjected to decomposition are transported to lyso-
somes during the process of various types of auto-
phagy, such as macroautophagy, chaperone-mediated

autophagy, and microautophagy.?) Macroautophagy,
the most well-known autophagic pathway, begins
with the formation of an autophagosome mem-
brane derived from the endoplasmic reticulum, Golgi
apparatus, or mitochondria. Selective sequestration
of a specific cargo into autophagosomal membranes
is achieved through a physical interaction between
the microtubule-associated protein light chain 3
(MAP-LCS3; also referred to as LC3) and autophagy
receptors, such as p62/sequestosome 1 (SQSTM1),
neighbor of BRCA1 gene 1 (NBR1), and nuclear dot
protein 52 kDa. The targets of selective autophagy
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include aggregated proteins (aggrephagy), mitochon-
dria (mitophagy), and lipids (lipophagy).(3) Recently,
abnormality in autophagic function was indicated as
the fundamental cellular defect involved in the patho-
genesis of NAFLD. The hepatic expression and serum
levels of p62/SQSTM1 were significantly induced in
patients with NAFLD.® The aggregation of the p62/
SQSTM1 protein was significantly correlated with
the clinical symptoms of NAFLD.® In experimen-
tal animals, the enhancement of the autophagic flux
protected against palmitate lipotoxicity in murine
hepatocytes.”) In addition, liver injury and inflam-
mation were increased when hepatic autophagy was
reduced by genetic knockout of autophagy-related 5
in a mouse model.®)

The degradative ability of the autophagic pathway
is afforded by lysosomes.” The catabolic function
of lysosomes is exerted through diverse hydrolytic
enzymes, such as proteases, glycosidases and lipases,
which are activated in an acidic environment of about
pH 4.5 driven by vacuolar H'-ATPase (v—ATPase).(g)
Therefore, maintaining the acidity of lysosomes is
essential for their successful digestive function in
the autophagic pathway. Recently, abnormalities in
lysosomal acidification accompanied by dysfunc-
tion of the autophagic flux were observed in sev-
eral in witro and in vivo experiments. Inami et al.
showed that impaired autophagosomal acidification
was accompanied by a decrease in autophagic prote-
olysis in hepatocytes from ob/ob mice with hepatic
steatosis.'¥ Disruption of lysosomal acidification
led to protease inactivation in the livers of mice with
NAFLD induced by methionine-choline—deficient
diet feeding.(4) Cholesterol loading in Huh?7 cells, a
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human hepatoma cell line, impaired lysosomal acidi-
fication and promoted exosome release. 1V Moreover,
increasing clinical evidence supported the association
between lysosome function and NAFLD. The num-
ber of lipid droplet-loaded lysosomes and the expres-
sion levels of lysosomal genes were increased with the
increase in the NAFLD activity scores in patients
with NAFLD.® In addition, abnormal expression of
cathepsin was observed in hepatocytes from patients
with NAFLD.® Although these observations indi-
cate the importance of lysosomal acidification in the
pathogenesis of NAFLD, the molecular and cellular
mechanisms that regulate lysosomal acidity during the
progression of the disease are not well understood.
The retinoic acid receptor-related orphan recep-
tor a (RORa) is a transcription factor that plays a
protective role against the progression of NAFLD
through the modulation of mitochondrial dynam-
ics, lipotoxicity, and liver macrophage polarization,
as well as the up-regulation of microRNA122,1%1¥
We observed an accumulation of abnormally swol-
len mitochondria with structural defects and lipid
droplets in the hepatocytes of RORa-deficient mice
with high-fat diet (HFD)-induced nonalcoholic ste-
atohepatitis (NASH)."* Thus, we hypothesized that
RORa affects autophagic degradation in hepatocytes.
Here, we demonstrated that lysosomal acidification
and autophagic activity were defective in the liver
of HFD-fed hepatocyte-specific RORa  knockout
(RORa-LKO) mice. Moreover, we found that ROR«
regulates the expression of a group of genes encod-
ing proteins that are important for lysosomal func-
tion, including the Azp6vigl gene (which encodes a
v-ATPase subunit), suggesting that they represent one
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of the molecular mechanisms underlying the RORa-
induced lysosomal acidity and autophagic activity in
hepatocytes.

Materials and Methods

ANIMAL STUDIES

The RORa™ (fI/fl) and the RORa-LKO mice
were described previously.(m The RORa™" mutant
embryo, which has loxP sites flanking exon 4 of the
ROR« gene, was provided from the Institut Clinique
de la Souris (Illkirch, France). The mutant mouse was
generated by in witro fertilization (Korea Research
Institute of Bioscience and Biotechnology, Daejeon,
South Korea). To generate the hepatocyte-specific
RORa knockout mice, RORo™ mice were cross-
bred with AIb“™ animals, which highly express Cre
recombinase in hepatocytes by the albumin promoter
(Jackson Laboratory, Bar Harbor, ME). Six-week-old
male RORa™ mice or RORa-LKO mice were fed
an HFD (D12492) or low-fat diet (LFD) (D12450];
Research Diets, New Brunswick, NJ) for 12 weeks,
as described previously." To establish diet-induced
NAFLD models, 7-week-old wild-type (WT) lit-
termates were fed Western diet (WD) (D12079B;
Research Diets) or LFD (D12450]; Research Diets)
for 21 weeks, and 6-week-old WT littermates were
HFD (D12492; Research Diets) or LFD (D12450];
Research Diets) for 20 weeks. After feeding, liver tis-
sues were excised, and cross sections of the left lobe
of the liver were analyzed for protein or fixed in 10%
neutral buffered formalin (Sigma-Aldrich, St. Louis,
MO) for immunofluorescence (IF), and immunohis-
tochemistry (IHC). For IF and IHC, 3-pm sections
of paraffin-embedded tissue or primary hepatocytes
were stained with anti-mechanistic target of rapamy-
cin (mTOR) (66888-1-Ig; ProteinTech, Rosemont,
IL), anti-Lampl (L1418; Sigma-Aldrich), anti-
SQSTM1/p62 (23214; Cell Signaling Technology,
Danvers, MA), and anti-Atp6vlgl (sc-25333; Santa
Cruz Biotechnology, Inc., Dallas, TX). All experi-
ments were performed in a blinded and randomized
fashion. The experimental protocols were approved
by the Seoul National University Institutional
Animal Care and Use Committee (SNU-140424-
2-10), and all experiments were conducted according
to the committee’s guidelines.
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CONFOCAL MICROSCOPY

Isolated hepatocytes were plated in a confo-
cal dish (211350; SPL) with Dulbecco’s Modified
Eagle’s Medium (DMEM) (Hyclone Laboratories
Inc., Logan, UT) containing 10% fetal bovine serum
(FBS). For virus infusion, Ad-GFP (green fluorescent
protein) or Ad-GFP-RORa particles (multiplicity of
infection = 20) were added 4 hours after seeding and
incubated for 18 hours. The production and infusion
of Ad-GFP and Ad-GFP-RORa were performed as
described previously."™ For the visualization of lyso-
somes, cells were stained with 200 nM LysoTracker
Red DND-99 (L7528; Invitrogen, Waltham, MA)
or 5 pM LysoSensor Blue DND-167 (L7533;
Invitrogen). To study the proteolytic activity of lyso-
somes, cells were incubated with 20 pg/ml DQ_Red
BSA (D12051; Invitrogen) following manufacturer’s
instructions.

To visualize LC3 puncta, hepatocytes were treated
with an adenovirus carrying mCherry-GFP-LC3 or
adenovirus expressing enhanced GFP-LC3 (multi-
plicity of infection = 30), as described previously.(l(’)
For palmitic acid treatment, after hepatocyte seeding,
media were exchanged to DMEM without FBS for
12 hours. Subsequently, cells were exposed to DMEM
with 0.5 mM palmitic acid conjugated with bovine
serum albumin (BSA) for the indicated time. For
the visualization of lysosomes, mitochondria, and
lipid droplets, hepatocytes were stained with 100 nM
LysoTracker Green DND-26 (L7526; Invitrogen),
150 nM MitoTracker Red CMXRos (M7512;
Invitrogen), or LipidTOX Red (H34476; Invitrogen)
diluted in media at 1:200. Cells were then examined
using a confocal microscope (LSM 700; Carl Zeiss
Microscopy, Jena, Germany).

ELECTRON MICROSCOPY

Small tissue blocks were excised from the left lobe
of the liver, and primary hepatocytes were isolated
from 8-10-week-old male C57BL/6 mice through the
perfusion of livers with collagenase type IV (C5138;
Sigma-Aldrich), as described previously."” After fix-
ation overnight in 2.5% glutaraldehyde at 4°C and
washing in 0.1 M phosphate buffer (pH 7.0), the
fixed blocks or primary hepatocytes were postfixed
in 1% osmium tetroxide, followed by en &loc stain-
ing with 0.5% uranyl acetate. After dehydration with
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graded ethanol, samples were embedded in Spurr’s
resin (14300; Electron Microscopy Sciences, Inc.,
Hatfield, PA) and polymerized. Ultrathin sections
were cut using an EM UC7 ultramicrotome (Leica
Biosystems, Wetzlar, Germany) and examined using
a Talos L120C transmission electron microscope

(120 kV) (FEI, Brno, Czech).

WESTERN BLOTTING AND
QUANTITATIVE REAL-TIME
POLYMERASE CHAIN REACTION

Western blotting was performed as described pre-
viously using specific antibodies against phospho-
mTOR (2971; Cell Signaling Technology), mTOR
(2972; Cell Signaling Technology), cathepsin D (Ctsd)
(sc-377299; Santa Cruz Biotechnology), Lampl
(L1418; Sigma-Aldrich), LC3 (L8918; Sigma-
Aldrich), NBR1 (9891; Cell Signaling Technology),
ROR« (sc-6062; Santa Cruz Biotechnology), Hsp60
(ab45134; Abcam, Cambridge, United Kingdom),
and Actin (sc-1616; Santa Cruz Biotechnology).!™®
Relative messenger RNA (mRNA) expression was
determined by quantitative real-time PCR using the
ABI StepOnePlus Real-Time PCR system (Applied
Biosystems, Foster City, CA) using specific prim-
ers (Supporting Table S2). The mRNA expression
of genes was calculated relative to controls using the
2788CT method.1”

HUMAN TISSUE ARRAY

Liver disease spectrum tissue array (cata-
log LV20812a) was purchased from US Biomax
(Rockville, MD). We analyzed and compared the
chronic hepatitis cores with normal tissue cores,
which showed no features of inflammation and fatty
degeneration. The chronic hepatitis cores, with or
without fatty degeneration, showed inflammatory
lesions without hepatitis B virus infection. Detailed
information on patients can be found on the US
Biomax website (biomax.us). The slides were incu-
bated with mouse anti-Lamp2 (sc-18822; Santa
Cruz Biotechnology) and rabbit anti-mTOR (2983;
Cell Signaling Technology) antibodies. The slides
were then incubated with the secondary antibod-
ies anti-rabbit immunoglobulin G (IgG) Alexa555
(A31572; Invitrogen) and anti-mouse IgG Alexa488
(A21200; Invitrogen). The stained tissue samples
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were examined with by confocal microscope (LSM
700; Carl Zeiss Microscopy). For IHC, the liver tis-
sues were incubated with anti-Atp6vlgl (sc-25333;
Santa Cruz Biotechnology).

STATISTICAL ANALYSIS

All analyses were performed using the GraphPad
Prism software (GraphPad Software, San Diego, CA).
Statistical analyses between two groups were con-
ducted using the nonparametric Mann-Whitney U
test (two-tailed). Data are presented as the mean *
SEM. Statistical significance was set at P < 0.05.

Results

RORoa ENHANCES LYSOSOMAL
ACIDITY IN MOUSE HEPATOCYTES

We reported previously that RORa-LKO mice
were more susceptible to HEFD-induced steatohepa-
titis" (Supporting Fig. S1). Excessive fat accumu-
lation and abnormally swollen mitochondria with
an irregular membrane structure were observed fre-
quently in the hepatocytes of HFD-fed RORa-LKO
4 Thus, we hypothesized that lysosomal dys-
function is involved in the abnormalities detected in
RORa-deleted hepatocytes. To address this issue, first
we examined lysosomal acidity in hepatocytes isolated
from the livers of RORa™ and RORa-LKO mice
using LysoSensor (pKa 5.1), the fluorescence of which
increases in acidic environments. Surprisingly, the
intensity of the LysoSensor fluorescence was much
lower in the RORa-deleted compared with RORa™"
hepatocytes (Fig. 1A). Furthermore, the infusion of an
adenovirus-encoding RORa (Ad-RORa) enhanced
the fluorescence of LysoSensor in primary hepato-
cytes (Fig. 1B). The LysoSensor fluorescence in Ad-
RORa-infused cells was disappeared when the cells
were treated with bafilomycin Al, a lysosomal v-AT-
Pase inhibitor, supporting the specificity of LysoSensor
fluorescence as an indicator of lysosomal acidification
(Supporting Fig. S2A). When a fluorogenic substrate
of lysosomal enzymes, DQ_Red BSA, was treated,
the red fluorescence was becoming strong following
Ad-RORa infusion, indicating that lysosomal pro-
teolytic activity was enhanced in Ad-RORa-infused
hepatocytes (Fig. 1C). Furthermore, the decrease in

mice.
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FIG. 1. RORa enhances lysosomal acidification in the hepatocytes. (A) Confocal microscopy was performed with primary hepatocytes
obtained from the RORo™ (/) and RORa-LKO (LKO) and stained using LysoSensor Blue DND-167. Picogreen was used to stain
the nucleus. Representative images of hepatocytes are presented. Fluorescence intensity was quantified in at least 100 cells using Image].
Scale bar: 10 pm. *P < 0.05 versus fl/fl. (B) After mouse primary hepatocytes were infected by either Ad-GFP or Ad-RORa for 18
hours, cells were stained with LysoSensor Blue DND-167 and subjected to confocal microscopy. Representative images of hepatocytes
are presented. Fluorescence intensity was quantified in at least 100 cells using Image] software. Scale bar: 10 pm. **P < 0.001 versus Ad-
GFP-infused hepatocytes. (C) The virus-infused hepatocytes were incubated with DQ_Red BSA 20 pg/mL for 16 hours and subjected to
confocal microscopy. Representative images are shown. Fluorescent area was quantified in at least 100 cells using Image] software. Scale

bar: 25 pm. P < 0.01 versus Ad-GFP.

LysoSensor fluorescence in RORa-LKO hepatocytes
was recovered when RORa was restored by infusion
of Ad-RORa« (Supporting Fig. S2B). Taken together,
these results indicate that RORa enhanced lysosomal
acidity in hepatocytes.

LYSOSOMAL FUNCTION IS
IMPAIRED IN THE LIVER OF
RORa-LKO MICE

Next, we examined the lysosomal dysfunction in
the livers of RORa-LKO mice. First, we performed
an IF study to examine the expression pattern of the
mTOR, because constitutive lysosomal association and
aberrant accumulation of mTOR represent a loss of
lysosomal function."®? We observed that the pattern
of mTOR staining in the liver sections of HFD-fed
RORa™ was diffused and that a portion of mTOR
staining was co-localized with Lampl, a lysosomal
surface protein. In contrast, mTOR staining exhib-
ited a punctate pattern, and the areas that co-localized
with Lampl were increased in the liver sections of
HFD-fed RORa-LKO mice (Fig. 2A). The ratio of
the immature versus the mature form of the Ctsd pro-
tein represents lysosomal acidity, because maturation
of Ctsd occurs at the lowest end of the lysosomal pH
range.?”) We found that both the mature and imma-
ture Ctsd proteins were significantly up-regulated, and
that the ratio of immature versus mature Ctsd was sig-
nificantly increased in the liver of RORa-LKO mice
(Fig. 2B). Similarly, the mTOR protein was signifi-
cantly up-regulated in the lysosomes isolated from the
liver of RORa-LKO mice, whereas the Lampl pro-
tein was not significantly altered (Fig. 2C). These data
indicate that lysosomal dysfunction was apparent in
RORa-deleted livers after HFD feeding. We observed
a similar punctate pattern of mTOR expression and
accumulation of the mTOR protein in the liver tissues
or lysosomes isolated from mice fed with a WD or
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HFD, indicating that lysosomal dysfunction is present
in various mouse models of NAFLD (Supporting Fig.
S3).

Also, we observed that the intensity of LysoSensor
staining was lowered significantly in the RORa-LKO
hepatocytes, whereas that of LysoTracker staining
remained the same (Supporting Fig. S4A). These
data suggested that the lysosome acidification, but
not the amounts of lysosomes, was defected in the
RORa-LKO hepatocytes. To support this finding,
we evaluated the expression level of transcription fac-
tor EB (TFEB) protein, a master regulator of lyso-
somal biogenesis. The levels of TFEB and its targets,
Atpévla and Atp6vld, were not significantly differ-
ent in the liver tissues from RORa™? and RORa-
LKO mice (Supporting Fig. $4B).%" Together, these
results indicated that lysosomal acidification rather
than lysosomal biogenesis was involved in the RORa-
associated enhancement of lysosomal function.

DEFECTS IN AUTOPHAGY FLUX IN
THE LIVER OF RORa-LKO MICE

We investigated whether the lack of adequate lyso-
somal acidification led to impaired autophagy in the
liver of RORa-LKO mice. An IHC study showed
that the aggregation of p62/SQSTM1 was remarkably
increased in the liver of RORa-LKO mice (Fig. 3A).
Moreover, obvious accumulation of LC3-II and
NBR1 was observed in the liver of RORa-LKO
mice, indicating a decrease in the autophagic flux in
the liver of RORa-LKO mice (Fig. 3B). Electron
microscopy (EM) revealed differences between the
hepatocytes obtained from RORa™® and RORa-
LKO mice after palmitic acid treatment. RORa™"
hepatocytes exhibited many autolysosomes in var-
ious states of degradation containing partially dis-
rupted membrane-derived materials. In contrast, the
number of autolysosomes was remarkably reduced in
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FIG. 2. Deletion of RORa results in dysfunction of lysosomes in the liver. Six week-old ROR«™ (/) and RORa-LKO (LKO) mice
were fed with HFD for 12 weeks. (A) Mouse liver tissues were subjected to immunostaining for mT'OR (green) and Lamp1 (red) and
examined by confocal microscopy. Representative images are shown. Arrows indicate co-localization of mMTOR with Lamp1. Percentage
of co-localization was determined using the JACoP plugin of Image] software in three different sections for each liver tissue. Scale bar:
10 pm. **P < 0.001 versus fl/fl (n = 4). (B) Tissue extracts from mouse liver were subjected to western blotting to analyze expression level
of proteins. Densitometry was performed using Image] software and normalized to that of Hsp60. The numbers represent the relative
protein level of RORa-LKO livers when the level of fl/fl livers was considered as 1. The ratio of Immature (Imm) Ctsd/Mature Ctsd
was determined using the protein levels of two different forms of Ctsd that were normalized with Hsp60, and the ratio of fl/fl livers was
considered as 1.*P < 0.05 and ™P < 0.01 versus fl/fl (n = 5). (C) Lysosomal fractions were prepared from liver tissues of HFD-fed ROR«"
(/1) and RORa-LKO (LKO) mice. The indicated proteins were analyzed by western blotting. Membrane was stained with Ponceau
S as a loading control. Band intensities of each protein were quantified using Image] software and normalized to that of Ponceau S. The
numbers represent the relative protein levels of RORa-LKO livers when the level of fl/fl livers was considered as 1. The ratio of mMTOR/
Lamp1 was determined using the protein level of each protein, and the ratio of fl/fl livers was considered as 1. *P < 0.05 and **P < 0.01
versus fl/fl (n = 5).
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FIG. 3. Depletion of RORa impairs autophagic flux in the hepatocytes. (A) Expression of p62/SQSTM1 in the liver sections of the
HFD-fed RORo™ (/1) and RORa-LKO (LKO) mice was visualized by IHC. Representative images are presented. The relative area
of p62/SQSTM1 staining was quantified in at least two images from a liver tissue using Image] software. Scale bar: 100 pm. ***P < 0.001
versus fl/fl (n = 5). (B) Tissue extracts were prepared from liver of HFD-fed RORa” (fI/fl) and RORa-LKO (LKO) mice. Expression
of the indicated proteins was analyzed by western blotting. Intensity of each protein band was quantified using Image] software and
normalized to that of Hsp60. The numbers represent the relative protein level of RORa-LKO livers when the level of fl/fl livers was
considered as 1. *P < 0.05 versus fl/fl (n = 5). (C) Hepatocytes obtained from RORa™ (f1/f]) or RORa-LKO (LKO) were exposed to
0.5 mM palmitic acid conjugated with BSA or BSA for 1 hour, and then fixed in 2.5% glutaraldehyde. Representative EM images are
shown. Blue stars indicate autolysosomes. The number of autolysosomes was counted in at least 20 cells. Scale bar: 2 pm. **P < 0.001
versus BSA-treated fI/fl; #*P < 0.001 versus palmitic acid-BSA treated fl/f]; and ***P < 0.001 versus BSA-treated LKO. (D) Hepatocytes
obtained from RORo™" (/) or RORa-LKO (LKO) were transduced by Ad-mCherry-GFP-LC3. After 18 hours, cells were treated
with 0.5 mM palmitic acid conjugated with BSA for 1 hour. The autophagosomes (yellow in merge) and autolysosomes (red in merge) in
at least 100 cells were counted. Scale bar: 10 pm. ***P < 0.001 versus GFP or autophagosome of fl/fl and ###p < 0.001 versus mCherry or
autolysosome of fl/fl.

RORa-deleted hepatocytes (Fig. 3C). To support the
blockade of the autophagic flux, autolysosomes were
visualized using the mCherry-GFP-LC3 reporter. In
this reporter system, GFP fluorescence was quenched
in autolysosomes fused with lysosomes because of a
low pH, whereas mCherry fluorescence was affected
to a lesser extent.??> We observed a lower level of
formation of both autolysosomes (red in the merged
image) and autophagosomes (yellow in the merged
image) in the hepatocytes of RORa-LKO compared
with RORa™! mice (Fig. 3D).

An electron microscopy study confirmed the
decrease in autophagic activity in the liver tissues of
RORa-LKO mice. The liver sections of RORa™"
mice contained many autolysosomes surrounded by a
single membrane with partially disrupted organelles
in various sizes. Conversely, the number of autolyso-
somes was much lower in the liver sections of RORa-
LKO mice (Fig. 4A,C). In addition, lipophagy, or
autophagy of lipid droplets, was observed frequently
in the livers of RORa™, but not in those of RORa-
LKO mice (Fig. 4B). Consistently, confocal micros-
copy demonstrated a decrease in mitophagy and
lipophagy in RORa-LKO hepatocytes after treatment
with palmitic acid. Staining of mitochondria and
autolysosomes with MitoTracker and LysoTracker,
respectively, revealed the capture of mitochondria by
autolysosomes in RORa™ cells, whereas this phe-
nomenon was reduced in RORa-LKO hepatocytes
(Fig. 4D). The pattern of decrease in the number
of co-localized MitoTracker and LysoTracker stain-
ing in the RORa™ and RORa-LKO remained the
same in the presence of leupeptin, a lysosomal pro-
tease inhibitor, indicating that lysosomal degradation
did not affect the pattern of decrease (Supporting Fig.

S5). Similarly, the number of autolysosomes captur-
ing lipid droplets was reduced dramatically in RORa-
LKO hepatocytes (Fig. 4E). Moreover, the number of
LC3 puncta co-localized with mitochondria or lipid
droplets was reduced in the palmitic acid—challenged
RORa-LKO hepatocytes (Fig. 4F,G). Together, these
results indicated that mitophagy and lipophagy are
impaired in the RORa-LKO hepatocytes.

The function of RORa in autophagic flux was
turther supported by the infusion of Ad-RORa.
The number of p62-positive puncta and the level of
NBR1 protein were greatly decreased by Ad-RORa-
infusion in the palmitic acid—challenged hepatocytes
(Fig. 5A,B). Consistently, electron microscopy demon-
strated that Ad-RORa infusion increased the number
of autolysosomes (Fig. 5C). In addition, more LC3-II
was accumulated in Ad-RORa-infused hepatocytes in
a classical LC3-II turnover assay in the Earle’s bal-
anced salt solution medium-mediated starvation sys-
tem (Fig. 5D). Taken together, these data confirmed
that autophagic flux was enhanced by RORa.

RORa INDUCES THE
TRANSCRIPTION OF LYSOSOMAL
GENES INCLUDING ATP6V1G1

To identify the mechanism through which RORa
induced lysosomal acidification at the molecular level,
we deduced a list of 68 lysosomal genes by intersect-
ing the overlapping target genes delineated by our
previous RNA-sequencing analysis (GSE90844), the
publicly available chromatin immunoprecipitation
(ChlIP)-sequencing data set (GSE59486), and the

group of genes in the lysosome-related Gene Ontology
(GO) (GO:0005764) 14?3 (Fig. 6A). To define the
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FIG. 4. Mitophagy and lipophagy are impaired in the liver of RORa-LKO mice. (A,B) Representative EM images of the liver sections from
the HFD-fed RORo™" (/1) and RORo-LKO (LKO) mice. (A) White arrowheads indicate autophagosomes that contain clearly discernible
mitochondria, and yellow arrowheads indicate autolysosomes that contain partially disrupted materials. (B) Blue stars indicate lipophagy, lipid
droplets with multimembrane structures or a dug in lipid droplet. (C) The number of aut(f)]l}lsosomes was counted in five different liver sections
of each mouse. *P < 0.01 versus fl/fl (n = 4). (D) Hepatocytes obtained from the RORa 1 (/f]) and RORa-LKO (LKO) mice were treated
with 0.5 mM palmitic acids conjugated with BSA for 1 hour, stained with MitoTracker Red CMXRos and LysoTracker Green DND-26, and
subjected to confocal microscopy. The number of autolysosomes containing mitochondria, as indicated by white arrows, was counted in at least
100 cells. Scale bar: 10 pm. **P < 0.001 versus fl/fl. (E) Hepatocytes obtained from the RORo™ (f/f1) and RORa-LKO (LKO) mice were
treated with 0.5 mM palmitic acids conjugated with BSA for 6 hours and stained with Lipid TOX Red and LysoTracker Green DND-26.The
number of autolysosomes containing lipid droplets, as indicated by white arrows, was counted in at least 100 cells. Scale bar: 10 pm. **P < 0.001
versus fl/fl. (F) Hepatocytes of RORo! (f1/f) and RORa-LKO (LKO) mice were transduced by Ad-GFP-LC3. After 18 hours, cells were
exposed to 0.5 mM palmitic acids conjugated with BSA, and 30 nM bafilomycin A; (Baf) for 1 hour and then stained using MitoTracker Red
CMXRos for confocal microscopy. The number of mitochondria wrapped with LC3 puncta, as indicated by white arrows, was counted in at
least 100 cells. Scale bar: 10 pm. =D ¢ 0,001 versus GFP-LC3 puncta and puncta with mitochondria, respectively, in hepatocytes of fI/fl.
(G) The virus-infused hepatocytes of RORo™ (1/f) and RORa-LKO (LKO) mice were treated with 0.5 mM palmitic acid conjugated with
BSA for 6 hours, and 30 nM bafilomycin A, for 1 hour before examination of lipophagosome. Hepatocytes were then stained using Nile red
for visualization of lipid droplets. The number of lipids wrapped with LC3 puncta, as indicated by white arrows, was counted in at least 100
cells. Scale bar: 10 pm. = ##P < 0.001 versus GFP-LC3 puncta and puncta with lipids, respectively, in hepatocytes of fI/fl.
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FIG. 5. Infusion of Ad-RORa enhances autophagic flux in the hepatocytes. Primary hepatocytes obtained from C57/BL6 mice were
infected by either Ad-GFP or Ad-RORa for 18 hours. (A) The virus-infused hepatocytes were exposed to 0.5 mM palmitic acids
conjugated with BSA for 1 hour. Immunostaining was performed for p62/SQSTM1 (red) and examined by confocal microscopy.
Representative images are shown. The relative area of fluorescence was quantified using Image J software in at least 100 cells. Scale bar:
25 pm. **P < 0.001 versus Ad-GFP. (B) The virus infused hepatocytes were exposed to 0.5 mM palmitic acids conjugated with BSA for
1 hour. Expression of the NBR1 protein was analyzed by western blotting. Band intensity of NBR1 was quantified using Image] software
and normalized to that of Hsp60. *P < 0.05 versus Ad-GFP (n = 4). (C) The virus-infused hepatocytes were exposed to 0.5 mM palmitic
acids conjugated with BSA for 1 hour and then subjected to EM. Representative EM images with blue stars indicating autolysosomes
are shown. The number of autolysosomes was counted in at least 20 cells. Scale bar: 1 pm. *P < 0.05 versus Ad-GFP with BSA and
##p < 0.001 versus Ad-GFP with palmitic acid BSA. (D) The virus-infused hepatocytes were exposed to Earle’s balanced salt solution
for 1 hour with or without 30 nM bafilomycin A, for examination of autophagy flux. Accumulation of LC3-II protein was analyzed by
western blotting.
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FIG. 6. RORa« increases expression level of Atp6vigl. (A) Venn diagram showing the overlapping target genes—those delineated by
the RNA-sequencing (RNA-seq) analysis (GSE90844), the publicly available ChIP-sequencing (ChIP-seq) data set (GSE59486), and
lysosomal genes in the GO (GO:0005764). A list of 68 lysosomal genes was deduced. (B) An interaction network was obtained from
the list of 68 genes by the STRING database. Genes commonly included in top-ranked GO biological process are colored in yellow. (C)
Primary hepatocytes obtained from C57/BL6 mice were infected by either Ad-GFP or Ad-ROR« for 18 hours. Total RNA was isolated,
and the mRNA level of the indicated genes was measured by quantitative real-time PCR.*P < 0.05 and **P < 0.01 versus Ad-GFP (n = 6).
(D) Primary hepatocytes obtained from C57/BL6 mice were infected by either Ad-GFP or Ad-RORa for 18 hours. Whole cell lysates
were prepared, and the expression level of Atp6vlgl was analyzed by western blotting. Intensity of each protein band was quantified
using Image] software and normalized to that of Hsp60. *P < 0.05 versus Ad-GFP (n = 4). (E) Primary hepatocytes were transfected
with empty vector (EV) or the expression vector encoding Myc-RORa (RORa) or Myc-RORa ADBD (ADBD) for 18 hours. Total
RNA was isolated, and the mRNA level of Atp6vlgl was measured by quantitative real-time PCR. Protein level of Myc-RORa and
Myc-RORa ADBD was analyzed by western blotting using anti-Myc antibody as control. *P < 0.05 versus EV and *P < 0.05 versus
Myc-RORa (n = 4). (F) The binding of RORa to the regulatory region of Atp6vlgl gene. The ChIP-sequencing reads of RORa (upper)
and liver input control (lower) in the genome loci of Atp6vlgl are shown in ChIP-seq tracks. The red box indicates the region where the
RORa signal is significantly enriched. A line below the ChIP-seq tracks represents the transcript of the gene. Primary hepatocytes were
transfected with EV or the expression vector encoding Myc-RORa (RORa). DNA fragments were immunoprecipitated with the anti-
Myc antibodies and then amplified by PCR with specific primers. *P < 0.05 versus EV (n = 4). (G) Expression of Atp6vlgl in the liver
sections of the HFD-fed RORa™ (/1) and RORa-LKO (LKO) mice was visualized by IHC. Representative images are presented. The
intensity of Atp6vlgl staining was quantified in at least four images for a liver tissue using Image]J software. Scale bar: 50 pm. **P < 0.001
versus fl/fl (n = 4).

lysosomal core genes that are under ROR« regulation,
the 68 lysosomal genes were input into the Search
Tool of the Retrieval of Interacting Genes/Proteins
(STRING) database resource.?? The STRING pro-
tein interaction network showed that the genes related
to the biological processes of “vesicle-mediated trans-
port,” “cellular catabolic process,” “homeostatic pro-
cess,” and “autophagy” were associated with hepatic
RORa deletion (false discovery rate < 0.0001) (Fig.
6B and Supporting Table S1).

We analyzed the transcriptional level of the genes
included in the top-ranked GO biological processes
using quantitative real-time PCR. Among the genes
tested, Atp6vigl, which encodes a component of
the peripheral stalk of v-ATPase, showed the high-
est induction after the infusion of Ad-RORa (Fig.
6C). Consistently, RORa overexpression significantly
increased the expression of the Atp6vlgl protein in
mouse hepatocytes (Fig. 6D). However, the RORa
ADBD, which lacked the DNA-binding domain, did
not induce the transcription of Azp6vIgl, indicating
that the transcriptional function of RORa was required
for the induction of the gene (Fig. 6E). To understand
the mechanism how RORa regulates Atp6vlgl gene
expression, we searched RORa-binding signals in
the regulatory region of Atp6vlgl gene using ChIP-
sequencing data available in public (GSE59486). We
found a reads-enriched signal in the 5’ region of the
Atp6vlgl gene and a ChIP assay confirmed that
RORa bound to the region, which indicated that
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RORa directly regulates transcription of Atp6vlgl
(Fig. 6F). IHC staining showed that the Atp6vlgl
protein was expressed in a punctate pattern in the liver
of HFD-fed RORa™ mice, whereas it was signifi-
cantly reduced in the liver of RORa-LKO mice, sug-
gesting that RORa contributes to the enhancement
of lysosomal acidity by up-regulating Atp6vlgl in the
liver (Fig. 6G). Furthermore, the level of the Atp6évligl
protein was lower in the livers of WD-fed mice com-
pared with those of control diet-fed mice, suggesting
that defects in the maintenance of Atp6vlgl levels
may be associated with the development of NASH in
mouse models (Supporting Fig. S6).

DOWN-REGULATION OF
ATP6V1G1 ACCOMPANIES
LYSOSOMAL DYSFUNCTION IN
THE LIVERS OF HUMAN PATIENTS
WITH HEPATITIS

Finally, we examined the relevance of our findings
in human NAFLD. The translocation of mTOR to
lysosomes was increased significantly in the human
liver specimens studied here, indicating that lyso-
somal dysfunction was also present in the livers of
human patients with hepatitis (Fig. 7A). Moreover,
an ITHC study showed that the expression level of
Atp6vlgl was reduced significantly in the liver
tissues of these patients (Fig. 7B). Taken together,
these results suggest that impairment of lysosomal
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FIG. 7. mTOR translocation to lysosomes and decreased expression of Atpbvlgl in the livers of patients with hepatitis. (A) Liver
specimens of patients with hepatitis were examined for the expression pattern of mTOR (red) and Lamp2 (green) using IF and subsequent
confocal microscopy. Representative images are shown. Arrows indicate co-localization of mTOR with Lampl. Percentage of co-
localization was determined using the JACoP plugin of Image] software in two different images for each tissue specimen. Scale bar: 50
pm. **P < 0.001 versus normal (n = 12 for normal, n = 9 for hepatitis). (B) Expression of Atp6vlgl in the liver specimens of patients with
hepatitis was visualized by IHC. Representative images are presented. The intensity of Atp6vlgl staining was quantified in two images for
a liver specimen using Image] software. Scale bar: 50 pm. *P < 0.05 versus normal (n = 12 for normal, n = 9 for hepatitis). (C) Schematic
model for gain and loss of function of RORa in lysosomal acidification and autophagic flux.

acidification is closely associated with the down-

regulation of Atp6vlgl in patients with NAFLD.

Discussion

The acidic pH of lysosomes afforded by v-ATPase
leads to the activation of hydrolytic enzymes, thus
enabling the successful lysosomal digestion of com-
plex substrates, such as mitochondria and deleterious
products.”) Although the importance of lysosomal
acidity in the pathogenesis of NAFLD has been high-
lighted recently, the regulatory mechanisms of lyso-
somal acidification in the high fat-loaded liver are not
well understood. Here, we discovered that Atp6vlgl,
one of v-AT Pase subunits, is associated with defects in
lysosomal acidification and autophagic flux in the liver
(Fig. 7C). v-ATPase is a multimeric protein complex
consisting of two core subcomplexes: the cytosolic V,
complex, an ATP-driven rotor, and the membrane-
bounded V|, complex, containing the proton pore.(zs)
Atp6vligl is a V| subunit that is necessary to struc-
turally connect the V, sector to the V sector, thus
forming peripheral stator stalks.?® A proper level
and adequate posttranslational modification of the
Atp6vlgl protein were shown to be essential for the
function of the proton pump.m’zg) In our study, the
protein level of Atp6vlgl was decreased significantly
in the liver of HFD-fed RORa-LKO mice and in the
liver of human patients with hepatitis (Figs. 6G and
7B). Therefore, we suspect that the down-regulation
of the Atp6vlgl protein in RORa knockout may
lead to the inadequate assembly of v-ATPases, result-
ing in poor acidification of lysosomes. Similarly,
the reduced level of other subunits of the V, sector
(i.e., Atp6vla, Atp6vlb, and Atp6vld) was reported
in the liver of obese KKAy mice with steatosis.*”
Interestingly, mutations in the A#p6apl and Atp6ap2
genes, the products of which are two accessory pro-
teins of the v-ATPase complex, were found in the
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patients with NAFLD.®%*) In addition, genetic
mutations were identified in TMEM199, CCDC115,
and VMAZ21, factors required for assembly of v-AT-
Pase, of the hepatic steatosis patients with increased
(5239 The molecular details underly-
ing the manner in which these mutations affect the
normal function of v-ATPase and the pathogenesis of
NAFLD should be investigated further.

Autophagy is a process that proceeds in the order
of phagophore initiation and elongation, autophago-
some closure, autophagosome-lysosome fusion, and
lysosomal degradation. To date, many studies showed
defects in autophagy processes in NAFLD pathogen-
esis, in particular, in the early and intermediate steps
of autophagy (i.e., autophagosome formation and
autophagosome-lysosome fusion), which are under
the control of mTOR and of TFEB.®"#%37) We
observed that RORa also functions to regulate auto-
phagosome formation, as the number of autopha-
gosome puncta was decreased in the hepatocytes of
RORa-LKO mice (Fig. 3D). Even though lysosome
fusion was blocked using bafilomycin A, the LC3-1I
level was still lower in the RORa-LKO hepatocytes,
indicating decreased autophagosome formation in the
absence of RORa (Fig. 4F,G). Liver X receptor a
(LXRa) could be a regulator of the early step of the
autophagic process in the liver, as it inhibits lipophagy
by down-regulating ATG4B and Rab-8B, which are
involved in autophagosome formation and autopha-
gosome-lysosome fusion, respectively.(%) In a previous
study, we showed that RORa inhibits the transcrip-
tional function of LXRa; thus, it is suspected that
RORa enhances autophagosome formation by inhib-
iting LXRa.™ Taken together, these data indicate
that RORa may play a role in multifaceted processes
of autophagy (such as autophagosome formation
and autophagosome-lysosome fusion), rather than in
lysosomal degradation exclusively, thereby providing
proper cellular energy homeostasis to prevent the pro-
gression of NAFLD in conditions of overnutrition.

liver enzymes.
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mTOR, a serine/threonine kinase, is a mas-
ter regulator of cellular metabolism, particularly of
macroautophagy.®® In this investigation, we found
that the suppression of mTOR signaling was one of
the important mechanisms underlying the RORa-
induced autophagy flux in the liver. When nutri-
ent supply is sufficient, mTOR is tethered to the
lysosome surface through the lysosomal v-ATPase-
Ragulator complex, to generate active signaling.®”
Thus, the lysosomal accumulation of mTOR pro-
teins in RORa-deleted hepatocytes may indicate
hyperactivation of mTOR because of the impair-
ment of lysosomal degradation in the absence of
RORa (Fig. 2).%9 The RORa-induced acidification
of lysosomes may contribute to the degradation of
mTOR, which blocks further activation of mTOR
signaling. Previously, we reported that RORa sup-
pressed mTOR activity by enhancing the activity of
adenosine monophosphate—activated protein kinase
in the liver of HFD-fed mice.®™ Thus, it appears
that RORa targets mTOR function through at least
two different pathways. Most importantly, mTOR is
an emerging pharmacological target in the manipu-
lation of autophagy and related human diseases.*”
Several mTOR inhibitors are currently undergo-
ing preclinical studies to test their usefulness for
autophagy induction.®>*"  However, significant
side effects, such as alteration of insulin signaling
and hyperlipidemia, were reported after Sirolimus
(Rapamycin) and Everolimus, which are allosteric
inhibitors of mTOR, and applied for immune sup-
pression in transplant recipients."**? Our results
suggest that strategies using RORa and its ligand
may provide a potential way to target mTOR for the
treatment of autophagy-related metabolic diseases,
including NAFLD.

Lysosomal dysfunction is closely associated not only
with NAFLD, but also with other degenerated dis-
eases, such as Alzheimer’s disease, Parkinson’s disease
(PD), and amyotrophic lateral sclerosis.*? Recently,
altered acidification of endosomes accompanied by
down-regulation of Atp6vlgl was reported in pri-
mary fibroblasts from a young patient with a juvenile
form of PD.“Y In addition, a decrease in the expres-
sion of the A#p6vigl gene, together with an acidifi-
cation defect, was observed in the hippocampus and
spinal cord of a mouse model of ALS.™) Interestingly,
it has been reported that the abnormal processing of
the Rora RNA and Rora loci was associated with the

KIMET AL.

development of ALS and PD.“%*”) Thus, the involve-
ment of RORa and Atp6vlgl in the onset of neu-
rodegenerative diseases, as well as NAFLD, warrants
turther investigation.

In conclusion, the function of RORa described
here (i.e., the enhancement of lysosomal acidification
and autophagic flux) may provide a therapeutic strat-
egy to restore lysosomal function, by inhibiting the
progression of lysosome-linked degenerative and met-

abolic diseases, including NAFLD.
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