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Fis1 depletion in osteoarthritis impairs chondrocyte survival
and peroxisomal and lysosomal function
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Abstract
Cumulative evidence suggests the importance of organelle
homeostasis in regulating metabolic functions in response to
various cellular stresses. Particularly, the dynamism and
health of the mitochondria-peroxisome network through fis-
sion and fusion are essential for cellular function; dysfunction-
al dynamism underlies the pathogenesis of several degenera-
tive diseases including Parkinson’s disease. Here, we investi-
gated the role of Fis1 in cartilage homeostasis and its rele-
vance to osteoarthritis (OA). We found that Fis1 is significant-
ly suppressed in human OA chondrocytes compared to that in
normal chondrocytes. Fis1 depletion through siRNA induced
peroxisomal dysfunction. Moreover, Fis1 suppression altered

miRNA profiles, especially those implicated in lysosomal reg-
ulation. Lysosomal destruction using LAMP-1-specific
targeted nanorods or lysosomal dysfunction through chloro-
quine treatment resulted in enhanced chondrocyte apoptosis
and/or suppression of autophagy. Accordingly, lysosomal ac-
tivity and autophagy were severely decreased in OA
chondrocytes despite abundant LAMP-1-positive organelles.
Moreover, Fis1 morpholino-injected zebrafish embryos
displayed lysosome accumulation, mitochondrial dysfunction,
and peroxisome reduction. Collectively, these data suggest
interconnected links among Fis1-modulated miRNA, lyso-
somes, and autophagy, which contributes to chondrocyte sur-
vival/apoptosis. This study represents the first functional
study of Fis1 with its pathological relevance to OA. Our data
suggest a new target for controlling cartilage-degenerative
diseases, such as OA.

Key message
& Fis1 suppression in OA chondrocytes induces accumula-

tion and inhibition of lysosomes.
& Fis1 suppression alters miRNAs, especially those impli-

cated in lysosomal regulation.
& Lysosomal destruction results in chondrocyte apoptosis

and suppression of autophagy.
& Fis1 depletion in zebrafish causes lysosome accumulation,

mitochondrial dysfunction, and peroxisome reduction.
& This is the first functional study of Fis1 and its pathological

relevance to OA.

Keywords Chondrocytes . Osteoarthritis . Zebrafish . Fis1 .

Lysosome .Mitochondria . Peroxisome . Apoptosis

Dongkyun Kim and Jinsoo Song contributed equally to this work.

* Seong-Kyu Choe
seongkyu642@wu.ac.kr

* Eun-Jung Jin
jineunjung@wku.ac.kr

1 Department of Biological Sciences, College of Natural Sciences,
Wonkwang University, Iksan, Chunbuk 570-749, South Korea

2 Department of Microbiology, Wonkwang University School of
Medicine, Iksan, Chunbuk 570-749, South Korea

3 KU-KIST Graduate School of Converging Science and Technology,
Korea University, Seoul 136-701, South Korea

4 Department of Orthopedic Surgery, Wonkwang University School of
Medicine, Iksan, Chunbuk 570-749, South Korea

5 Integrated Omics Institute, Wonkwang University,
Iksan, Chunbuk 570-749, South Korea

J Mol Med
DOI 10.1007/s00109-016-1445-9

http://crossmark.crossref.org/dialog/?doi=10.1007/s00109-016-1445-9&domain=pdf


Introduction

Numerous studies indicate that understanding organelle ho-
meostasis, including the number, morphology, and size of or-
ganelles, is critical to obtain better insights into cell
proliferation/survival mechanism [1, 2]. However, the mecha-
nisms involved in the biogenesis/degradation and partitioning
of cellular organelles are largely unknown. Mitochondria are
the only organelles whose mechanisms underlying cell
proliferation/cell survival we are beginning to understand [3,
4]. There have been several studies suggesting that mitochon-
drial dysfunction might be involved in the pathogenesis of
osteoarthritis (OA) [5–9]. In live cells, mitochondria form a
tubular network, with dynamic changes in size and shape, to
maintain homeostasis during fusion and fission [10]. The
dynamin-like GTPases, mitofusin1 (Mfn1) and mitofusin2
(Mfn2), are known to play critical roles in the fusion process.
Yeast Fis1p (an ortholog of hFis1) andMff promote mitochon-
drial fission by recruiting dynamin-related protein1 (Drp1; a
dynamin-related GTPase) to the mitochondria [11, 12].
Moreover, disruption of these molecules has been shown to
contribute to defective cyclin-dependent cell cycle progres-
sion. Knockdown of Fis1 leads to loss of several cell cycle
regulators in the G2/M phase, causing a defect in cell cycle
progression, and promotes cellular senescence [13]. Fis1−/−

cells exhibit an accumulation of large LC3 aggregates in worm
muscle cells and mammalian HCT116 cells through stress-
induced fission, suggesting the contribution of Fis1 to apopto-
sis or the orderly deposal of defective mitochondria through
mitophagy.

Even though peroxisomes and mitochondria share several
molecules for fusion and fission, the mechanism and function
of these molecules in peroxisomal dynamics have not been
studied. An imbalance in peroxisomal homeostasis could con-
tribute to lethal defects in organisms including humans [14],
as peroxisomes are predominantly responsible for various
metabolic reactions such as lipid metabolism and quenching
peroxides and reactive oxygen species [15–17]. Therefore, the
dynamic regulation of peroxisome division and metabolism,
in response to environmental changes, could be essential.
However, even though key components in fusion and fission
machinery are shared between mitochondria and peroxi-
somes, there should be molecular mechanisms that are
organelle-dependent or organelle-specific to differentially
control the organelles. Indeed, Pex11p is involved in peroxi-
some division and proliferation [18]. The mutation of Pex11
results in fewer but larger peroxisomes, whereas overexpres-
sion of Pex11p results in excessive peroxisome division [19].
In mice, the absence of Pex11 leads to the development of
Zellweger-like syndrome [20]. Miff contributes to the perox-
isomal targeting of DLP1 and plays a key role in peroxisomal
membrane fission by associating with Pex11p. Mutation of
DLP1 is known to result in abnormal peroxisomal elongation

[21]. Fis1 is thought to be involved in the peroxisomal
targeting of DLP1 in mammalian cells, and ectopic expression
of Fis1 increases interplay between Pex11p and DLP.
However, the exact role of Fis1 in peroxisomes has not been
investigated. Although peroxisome dynamics might be of
pathological relevance, its significance has not been demon-
strated. Here, we investigated the role of Fis1 in maintaining
cartilage homeostasis and its pathological relevance to
osteoarthritis.

Materials and methods

Cell culture and treatments

The study was approved by the institutional review boards
(Wonkwang University Ethics Committees, no. WKUH
1519) and performed in Compliance with ethics/ethical
standards. Normal human chondrocytes were obtained from
the knee joints of adult biopsy donors (average age, 25.4 ±
9.459 years) with no history of joint disease. Normal or
osteoarthritic cartilage was obtained from 15 adult patients
(average age, 70.8 ± 5.532 years) diagnosed with OA who
underwent joint surgery. Cartilage surfaces were rinsed with
saline and scalpels were used to cut parallel sections 5 mm
apart, vertically from the cartilage surface to the subchondral
bone. These cartilage strips were then cut from the bone, and
tissue was incubated with trypsin at 37 °C for 10 min. After
removing the trypsin solution, the cartilage slices were treated
for 12–16 h with type IV clostridial collagenase in Dulbecco’s
modified Eagle’s medium (DMEM) with 5 % FCS to release
cartilage cells. Isolated chondrocytes were cultured in prolif-
eration media (Cell applications, Inc., no. 411-500, CA,
USA). For modulation of Fis1 expression, cells were infected
with lentivirus containing specific siRNA against Fis1 or con-
trol siRNA (no. i007952, no. LV059; Applied Biological
Materials Inc., Richmond, BC, Canada) in the presence of
8-μg/ml polybrene.

Real-time RT-PCR

Total RNA was isolated using RNAiso Plus (TaKaRa no.
9109, Japan) according to the protocol described by the man-
ufacturer. Aliquots of total RNA (1 μg) from each sample
were reverse-transcribed to cDNA according to the instruc-
tions of the PrimeScript first strand cDNA Synthesis Kit
(TaKaRa no. 6110A, Japan). Quantitative real-time PCR was
performed using the StepOne plus system (Applied
Biosystems, Foster City, CA). PCR reactions were prepared
and heated to 95 °C for 1 min, followed by 40 cycles of
denaturation at 95 °C for 10 s, annealing at the specific tem-
perature for 1 min, and extension at 72 °C for 1 min.
Quantification of PCR signals was achieved by comparing
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the cycle threshold value (Ct) of the gene of interest with that
of the reference gene GAPDH. Primers used are presented in
Table 1.

MitoTracker staining

To visualize mitochondria in living cells, 50 nM MitoTracker
CMXRos (no. M-7512, Molecular Probes, Eugene, OR,
USA) was incubated with cells for 30 min before confocal
microscopy. Images were captured with a FluoView FV1000
(Olympus, Japan) confocal microscope.

Cell proliferation assay

Cell proliferation was performed using the Quick cell prolif-
eration colorimetric assay kit (no. K301-500, Biovision,
Milpitas, CA, USA) according to the manufacturer’s instruc-
tions. Briefly, cells (5 × 104/well) were seeded in 96-well cell
culture plates and incubated up to 24 h. After 24 h, a WST-1/

ECS reagent was added, with subsequent incubation for 4 h at
37 °C, and absorbance was measured at 0-, 6-, 12-, 18-, and
24-h time points with a microplate reader at an absorbance
wavelength of 460 nm.

Western blotting

Protein (30 μg) was separated by electrophoresis on 10 %
polyacrylamide gels containing 0.1 % sodium dodecyl sulfate
(SDS) and transferred to nitrocellulose membranes (no.
RPN30320, Schleicher and Schuell). The membranes were
incubated with blocking buffer (20 mM Tris–HCl, 137 mM
NaCl, pH 8.0, containing 0.1 % Tween and 3 % non-fat dry
milk) for 1 h at room temperature and probed with antibodies
against LC-3A (no. 4599), LC-3B (no. 3868), Atg3
(no. 3415), Atg5 (no. 8540), Beclin (no. 3495), and β-actin
(no. 3738) (all from Cell Signaling, Beverly, MA, USA). The
blots were developed with a peroxidase-conjugated secondary
antibody, and reacted proteins were visualized using either an

Table 1 Primer list used in this
study 5′-forward-3′ 5′-reverse-3′ Accession no.

Human gene

Fis1 ggatttggacttggacacag gacaaggccatgaagaaaga NM_016068.2

MTTFA ggcaagttgtccaaagaaacc gcatctgggttctgagcttta NM_003201.2

CPT1B gctgctaagaagcaccagaata ggagaccaagtaaaggcagaag NM_004377.3

MCAD tgctggtgctgttggattag tggtgctctacaagtagctttc NM_000016.5

ACADL gggagaaagctggagaagtaag ccctccaattccaccaagat NM_001608.3

NDUFA8 gacctgggagaactgtcaaag cggtcttggtcttgagtgatag NM_014222.2

SDHA agagggaggcattctcattaac accgagacaccacatctcta NM_004168.3

UQCRC2 ctcagcagccatttgatgtttc tgtggcctgggagatagtataa NM_003366.2

COX6B1 ccaaccagaaccagactagaaa gtaccattcgcacacagagata NM_001863.4

ATP5E ggactcagctacatccgatact ttacgttgctgccagaagtc NM_006886.3

NRF1 gccacagccacacatagtatag cgtaccaacctggataagtgag NM_005011.4

ACADVL catgaaggaacctggagtagag ccacaaacagccgaagaatg NM_000018.3

PEX5 aaccagagtgaagaagcagtag cagctgatgcccaggttatag NM_001131023.1

PMP70 cattggtcgtagcaggaaaga ccttactcggaagcacagttta NM_002858.3

PEX3 tgctgaggtctgtatggaattt cagcctccctttcctgtattt NM_003630.2

PEX14 gggctgacagatgaagagatt gggactgtatggctgagatatg AB017546.1

SCPX agctctgcaagtgatggattta tgtgcagtcagccttcttatc NM_001007250.2

EHHADH aggaggaggagctgtttctat ggagggagttgaccacttattt NM_001166415.1

ACOX1 ccgctatgatgggaatgtgtat gtgacttcaggtgcttgtaaga NM_001185039.1

HSD17B gggtggaggattagcagaaat ctgctctgggaagtggtttat NM_001292028.1

PMP20 gattcgctggtgtccatctt acattcagggccttcactatg NM_012094.4

CAT ctggagcacagcatccaata tcattcagcacgttcacataga AY028632.1

GAPDH gatcatcagcaatgcctcct tgtggtcatgagtccttcca NM_002046

Mouse gene

Fis1 aaccagagtgaagaagcagtag cagctgatgcccaggttatag NM_025562.3

MMP13 cattggtcgtagcaggaaaga ccttactcggaagcacagttta NM_008607.2

GAPDH tgctgaggtctgtatggaattt cagcctccctttcctgtattt NM_001289726.1
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electrochemiluminescence (ECL) system (no. 34080, Pierce
Biotechnology Inc.,) or chemidoc (LAS 4000, Fujifilm Life
Science, Stamford, CT, USA).

CATand GPx activity assays

Catalase activity was assessed using a catalase activity assay
kit (no. K773-100, BioVision, Mountain View, CA. USA)
according to the manufacturer’s instructions. Glutathione per-
oxidase activity was determined using the glutathione perox-
idase activity assay kit (no. K762-100, BioVision, Mountain
View, CA. USA). The enzyme activity was calculated as
nanomoles of GSH min−1 (mg protein)−1.

Lysosome activity assay

Lysosome activity was performed using aVIVAprobe lysosome
assay kit (VB3270, Cambridge bioscience, UK) according to
the manufacturer’s instructions. Briefly, lysosome activity was
measured by red fluorescence of the free CV fluorophore (ex-
citation max = 592 nm, emission max = 628 nm) after cleavage
of Arg-Arg peptides by active intracellular cathepsin B in the
lysosome using the photostable red fluorophore cresyl violet
(CV), bisubstituted via amide linkage to the peptide sequence
Arg-Arg as a cathepsin B substrate CV-(RR)2.

miRNA profiling

MicroRNA (miRNA) expression profiling was performed
using the miScript System (no. MIHS-001ZC, QIAGEN,
GmbH, Hilden, Germany). All procedures were performed ac-
cording to the instructions provided by the manufacturer. PCR
was performed under the condition of 95 °C for 15 min and
45 cycles of 94 °C for 15 s, 55 °C for 30 s, and 70 °C for 30 s
with an ABI StepOnePlus PCR system (Applied Biosystems,
Foster City, CA, USA). Each reaction was performed in tripli-
cate with at least two biological replicates. Expression data
were normalized to expression levels of RNU6 and visualized
using a GenEx (Weihenstephan, Germany).

In ovo infection

Hamburger-Hamilton (HH) stage 20 chick embryos were in-
fected with lentivirus containing Fis1-specific siRNA or con-
trol siRNA (no. i007952, no. LV059; Applied Biological
Materials Inc., Richmond, BC, Canada). Two days postinjec-
tion, chicken embryos were stained with 1 μM LysoTracker
and LysoSensor Probes (no. L7528, Molecular probe,
Carlsbad, CA, USA) for 2 h at 37 °C. Acridine orange no.
A6014, Sigma-Aldrich, St. Louis, MO, USA) staining was
used to analyze cell death in embryos. Images were captured
with a Leica MZ FLIII fluorescent dissecting microscope
(Leica Microsystems, Wetzlar, Germany).

Cell apoptosis assay

Apoptosis was assessed using Annexin V and the dead cell
detection kit (no. MCH100105, Merck Millipore, Darmstadt
Germany) with the Muse cell analyzer (Merck Millipore,
Billerica, MA, USA). The percentage of live, early apoptotic,
late apoptotic, and dead cells was analyzed in accordance with
Millipore’s guidelines.

Experimental OA and histology of OA cartilage

C57BL/6micewere housed in cages placed in an Environment-
Controlled Rearing System (JD-SY-01, JEUNGDO B&P) at
approximately 21–23 °C and 55∼65 % relative humidity, with
a 12-h light/dark cycle. Each individual cage had a standard-
type floor area of 20 × 26 × 13 cm, with aspen shavings bed-
ding. As nest material, Alpha-twist along with Enviro-dri (Kraft
paper) were used, and all cages were further equipped with a
triangular red-colored plastic mouse house. Only mice from the
same litter and the same sex were housed together, with a max-
imum of four male mice per cage. Food (Altromin no. 1310)
and water was administered ad libitum. Animal welfare was
checked daily, and the cages were cleaned once a week. The
animal study was approved by the institutional review boards
(Wonkwang University Ethics Committees, no. WKU15-51)
using the ARRIVE guidelines as a checklist. Destabilization
of the medial meniscus (DMM) was performed with microsur-
gical techniques. Mice (8 weeks of age) were anesthetized with
ketamine (60 mg/kg) by intraperitoneal injection. Surgeries
were then performed with aseptic conditions. The right knee
joint was exposed following a medial capsular incision with
gentle lateral displacement of the knee extensor muscles with-
out transection of the patellar ligament. Subsequently, the me-
dial meniscus (MM) was transected, and the medial meniscus
was displaced medially. After replacement of the extensor mus-
cles, the medial capsular incision was sutured, and the skin was
closed. A sham operation was performed on the left knee joint
using the same approach without MM transection. The animals
were then permitted unrestricted activity and provided free ac-
cess to food and water. After weekly intra-articular injection
(1 × 109 plaque-forming units (PFU) in 10 μl) of siRNA-
containing lentivirus (against Fis1 or control siRNA; no.
i007952, no. LV059, Applied Biological Materials Inc.,
Richmond, BC, Canada), mice (n = 5 mice for each group) were
sacrificed 8 weeks after DMM surgery for histological and
biochemical analyses. Cartilage destruction in mice was exam-
ined using Safranin O staining. Briefly, knee joints were fixed
in 37 % formaldehyde solution, decalcified using Calci-Clear
Rapid (no. HS-105, National diagnostics, Atlanta, GA) for
2 days at 4 °C, and embedded in paraffin. Paraffin blocks were
sectioned with a 6-μm thickness. The sections were
deparaffinized in xylene, hydrated, and stained with Safranin O.
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RNA Extraction from FFPE tissue and quantitative
real-time RT-PCR

For extraction of RNA from formalin-fixed paraffin-embed-
ded (FFPE) tissue, the MasterPure kit (no. MC85200,
Epicentre Biotechnologies, Madison, WI, USA) was used.
Briefly, FFPE tissue was collected and resuspended in a
MasterPure Tissue and Cell lysis solution. Proteinase K was
added to the sample at a final concentration of 0.15 mg/ml and
incubated at 65 °C for 30 min. After addition of MasterPure
MPC protein precipitation reagent and centrifugation,
isopropanol was added to the supernatant to precipitate
nucleic acids, and the sample was centrifuged at 10,000×g
for 10 min at 4 °C. The pellet was washed twice with 75 %
ethanol and allowed to dry before being resuspended in 30 μl
of TE buffer.

RNA (1 μg) was reverse-transcribed to cDNA according to
the instructions of the PrimeScript first strand cDNA
Synthesis Kit (no. 2680A, TaKaRa, Otsu, Shiga, Japan).
Quantitative real-time PCR was performed using the
StepOne plus system (Applied Biosystems, Foster City, CA,
USA). PCR reactions were prepared and heated to 95 °C for
1 min, followed by 40 cycles of denaturation at 95 °C for 10 s,
annealing at the specific temperature for 1 min, and extension
at 72 °C for 1 min. Quantification of PCR signals was
achieved by comparing the cycle threshold value (Ct) of the
gene of interest with that of the reference gene GAPDH. The
primers were as follows: human genes, GAPDH: 5′-
gatcatcagcaatgcctcct-3′ (forward), 5′-tgtggtcatgagtccttcca-3′
(reverse) and MMP13 5′-ctgcatatgagcacccttct-3′ (forward),
5′-ttttggaag acccagttcag-3′ (reverse).

Zebrafish care, transgenic animals, and microinjections

Control (5′-aacatacatcagtttaatatatgta-3′), splicing-blocking
(5′-ggattcaggattcaatcacccacctt-3′), and translation-blocking
(5′-gtctgacacaaccgcctccatcttc-3′) morpholinos (MOs) were
purchased from Gene Tools. The animal study was approved
by the institutional review boards (Wonkwang University
Ethics Committees, no. WKU15-150). MOs (5 ng) were
microinjected at the 1-cell stage of wild type or transgenic
zebrafish embryos. For cell death analysis, embryos were in-
cubated in acridine orange solution (0.5 ml of 4 % acridine
orange (Sigma) in 10-ml egg water) for 1 h at room tempera-
ture. Embryos were rinsed three times with egg water. For
whole-mount oil red-O staining, embryos were fixed with
4 % paraformaldehyde at 4 °C overnight, washed three times
with polybutylene terephthalate (PBT), and pre-incubated in
60 % isopropanol for 30 min. Embryos were then incubated
with a freshly filtered 0.3 % solution of oil red-O (Sigma) in
60 % isopropanol for 3 h, rinsed three times with PBT, and
then photographed. For imaging, a Leica M165FC micro-
scope equipped with Leica DFC500 was used.

Statistical analysis

A two-tailed Student’s t test or one-way ANOVA followed by
the Student-Newman-Keuls post hoc test was used to deter-
mine the significance of differences between the results, with
p < 0.05 indicating a significant difference.

Results

Fis1 suppression inhibits cell proliferation and stimulates
chondrocytes

To evaluate the relevance of Fis1 expression in OA pathogen-
esis, chondrocytes were isolated from biopsy samples of nor-
mal cartilage (normal chondrocytes) and severely damaged
OA cartilage (OA chondrocytes) of OA patients who
underwent total knee replacement surgery. Compared to that
in normal chondrocytes (average Ct value for Fis1 = 23.7, av-
erage Ct value of GAPDH= 21.2), a significantly lower Fis1
level (average Ct value of Fis1 = 25.7, average Ct value of
GAPDH= 22.1) was observed in OA chondrocytes (average
age 70.8 ± 5.532 years; female: male ratio of 13:2, average
BMI: 24.63) (Fig. 1a). To verify the role of Fis1, normal
chondrocytes were infected with lentivirus containing Fis1-
specific siRNA. Knockdown of Fis1 significantly decreased
chondrocyte proliferation and increased apoptosis (Fig. 1b). In
mice with DMM surgery, we confirmed increased cartilage
destruction as indicated by a decrease in safranin O staining
intensity, indicating loss of proteoglycan possibly through ap-
optotic death of chondrocytes. Semiquantitative scoring for
cartilage destruction using safranin-O photomicrographs of
the medial femoral condyle (MFC) and medial tibial plateau
(MTP) indicated that the DMM surgery resulted in scores of
0.68 by MFC view and 1.86 by MTP view. Cartilage destruc-
tion was significantly increased in animals infected with len-
tivirus containing Fis1-specific siRNA (MFC score of 3.5,
MTP score of 3.5). Moreover, the RNA level of MMP-
13 was significantly increased through Fis1 suppression
(Fig. 1c).

Fis1 knockdown impairs organelle homeostasis
during development

Next, we aimed to determine if knockdown of Fis1 affects the
dynamics of subcellular organelles such as mitochondria
and peroxisomes. For this, we designed morpholinos (MOs)
to specifically block either translation or splicing and
microinjected these into one-cell stage zebrafish embryos.
Acridine orange staining showed that the number of cells un-
dergoing cell death in Fis1 MO-injected embryos was greater
compared to that of control embryos (Fig. 2a). Mitochondria
were elongated or fused to each other in Fis1 MO-injected
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Fig. 1 Involvement of Fis1 in the pathogenesis of osteoarthritis. a The
RNA levels of Fis1 were analyzed by real-time PCR using normal
chondrocytes isolated from the biopsy cartilage of normal patients and
OA chondrocytes isolated from severely damage areas of cartilage from
OA patients (n = 15). Expression is presented as fold changed relative to
the average value of normal chondrocytes. b Normal chondrocytes were
infected with lentivirus containing Fis1-specific siRNA and cell
proliferation, using quick cell proliferation colorimetric assay kit (left
panel), and apoptosis (right panel), using Annexin V and dead cell
detection kit, were analyzed. c Mouse cartilage treated by
destabilization of the medial meniscus (DMM) was infected with

lentiviral constructs containing specific Fis1 siRNA and stained with
safranin O (left panel). Sham operations (Sham) on cartilage were used
as control. Histological score for the degree of cartilage destruction (n = 5
mice/group) in MFC (first score) and MTP (second score) views were
graphed (upper right panel). RNAwas extracted from FFPE sections and
the expression of Fis1 and MMP-13 was analyzed by real-time PCR
(lower right panel). Asterisk indicates that the experimental values are
statistically different from control values at p < 0.05. Expression levels of
Fis1 and MMP-13 are presented relative to control values (RQ relative
quantification). Results shown are representative of at least four
independent experiments

a b

Fig. 2 Fis1 suppression-induced mitochondrial dysfunction and enhanced
chondrocyte apoptosis. a Zebrafish embryos were stained with oil Red-O,
peroxisome-targeted RFP, or acridine orange at 3.5 days postfertilization
(dpf) after embryos were injected with control or Fis1 MO. b Normal
chondrocytes were infected with lentivirus containing GFP-tagged Fis1-
specific siRNA. Infection efficiency was analyzed by real-time PCR and

cells were stained with MitoTracker (upper panel); the expression level of
mitochondrial genes (lower left) and MitoPotential were analyzed (lower
right panel). The mean is plotted and error bars represent the 95 % CI
(lower/upper limit). Asterisk means statistically different from control
(p < 0.05). Expression levels of mitochondrial genes are presented
relative to control values (RQ relative quantification)
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embryos, whereas mitochondria were largely detected as dis-
tinct puncta in control embryos. Surprisingly, we found that
peroxisomes were much more susceptible to the loss of Fis1
function, since Fis1 MO-injected embryos showed a signifi-
cantly decreased florescent signal from peroxisome-localized
GFP. This result was not only consistent with a proposed role
for Fis1 in regulating the fission event in mitochondria and
possibly peroxisomes, but also highlights the importance of
peroxisome dynamics for peroxisomal survival during animal
development. During zebrafish development, embryos con-
sume the yolk components as the only nutritional source.
Since mitochondria and peroxisomes are well-known lipid-
metabolizing organelles, we examined whether Fis1 is in-
volved in lipid metabolism. We performed oil red-O staining
to detect the level of neutral lipids in the whole body of

zebrafish embryos. We found that the yolk of Fis1 MO-
injected embryos contained significantly higher level of lipids
during developmental, whereas control embryos consumed all
lipids. This result strongly suggests that Fis1 is critical for the
function of both mitochondria and peroxisomes, through reg-
ulating their dynamics. We reasoned that improper lipid con-
sumption in Fis1 MO-injected embryos might result in abnor-
mal development. To detect apoptotic cells, we performed
acridine orange staining and identified more cells undergoing
cell death in fis1-MO-injected embryos compared to that of
the control. This result indicates that Fis1 function is linked to
cellular energymetabolism in vivo. Further functional analysis
of Fis1 in OA pathogenesis showed that knockdown of Fis1 in
normal chondrocytes resulted in abnormal mitochondrial elon-
gation and disruption of MitoPotential (Fig. 2b, upper panel),

a

c

b

Fig. 3 Fis1 suppression induces peroxisomal dysfunction. a Normal
chondrocytes were infected with lentivirus containing Fis1-specific
siRNA. Catalase and GPx activities were analyzed. b Expression levels
of genes related to peroxisomes were analyzed by real-time PCR.
Expression levels of peroxisome-related genes are presented relative to
control values (RQ relative quantification). c Catalase activity was
analyzed using normal chondrocytes isolated from the biopsies of

normal patients (n = 8) and OA chondrocytes isolated from severely
damaged areas of OA patients (n = 10) and are presented relative to
average values of normal chondrocytes (left panel) and plotted with
Fis1 expression level (right panel). Catalase activity is presented
relative to control values. The mean is plotted and error bars represent
the 95 % CI (lower/upper limit). Asterisk means statistically different
from control (p < 0.05)
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and affected the expression of mitochondrial genes including
MTTFA,MCADA, ATP5E, andCPT1B, which are essential for
maintaining mitochondrial function (Fig. 2b, lower panel).

Knockdown of Fis1-induced peroxisomal dysfunction
during OA pathogenesis

Recently, our group and others have demonstrated the intercon-
nection between mitochondria and peroxisomes [22, 23]. In
particular, we reported that peroxisomal dysfunction could affect
the mitochondria in OA patients with diabetes [23]. To investi-
gate the involvement of Fis1 in the regulation of peroxisomal
functional homeostasis, the peroxisomal activities and expression
of genes involved in the peroxisomal biochemical and enzymatic

pathways were analyzed. Activities of catalase and glutathione
peroxidase (GPx) were significantly decreased with knockdown
of Fis1 (Fig. 3a). Moreover, several peroxisomal genes including
SCPX, DBP, EHHADH, and catalase were also decreased with
the introduction of lentivirus containing Fis1-specific siRNA
(Fig. 3b). Compared to normal chondrocytes, OA chondrocytes
displayed relatively low levels of catalase activity, which
correlated well with the reduced expression of Fis1 (Fig. 3c).

Knockdown of Fis1 alteredmicroenvironments to regulate
lysosome function

To evaluate the mechanism of the aforementioned phenotypes
induced by Fis1 knockdown, normal chondrocytes were
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Fig. 4 Fis1 suppression alters lysosomal function. a Normal
chondrocytes were infected with lentivirus containing Fis1-specific
siRNA, and miRNA profiling was performed. A representative heat
map (upper panel) for miRNAs whose expression was upregulated by
Fis1 suppression is shown as a bar graph (left lower panel), and KEGG
pathway and IPA analyses were performed (lower right panel).
Expression levels of miRs are presented as fold change relative to
control values (RQ relative quantification). b Synthesis of LAMP-
modified AuNR (LAMP-AuNR) and its characterization. A scheme for
LAMP-AuNR production (upper left), UV-visible spectra of AuNR (red)
and LAMP-AuNR (black) (upper right), transmittance electron
microscope (TEM) image of LAMP-AuNR (lower left), and size
distributions of AuNR (red) and LAMP-AuNR (black) (lower right). c

Chick embryos were treated with lysosome-specific targeting nanorods,
and cell death was analyzed after illumination to destroy the lysosomes
(left panel). Normal chondrocytes were also treated with lysosome-
specific targeting nanorods, and apoptosis was analyzed after
illumination to destroy lysosomes. d Normal chondrocytes were treated
with chloroquine in a dose-dependent manner (20, 40, 60, or 100 μM),
and the expression level of LAMP-1 was analyzed by western blotting. e
Levels of proteins associated with autophagy were analyzed by western
blotting using either human normal (HC) or osteoarthritic (OC) cell lines
(left panel) and chondrocytes isolated from normal or OA patients (right
panel). GAPDH was used as loading control. The mean is plotted and
error bars represent the 95 % CI (lower/upper limit). Asterisk means
statistically different from control (p < 0.05)
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infected with lentivirus containing Fis1-specific siRNA, and
miRNA profiles were analyzed (Fig. 4a). We found that ex-
pression levels of 13 miRNAs including miR-142-3p, miR-
19a-3p, miR-29b-3p, and miR-122-5p were significantly in-
creased by knockdown of Fis1. Interestingly, KEGG pathway
analysis indicated the involvement of the lysosome based on
this data (p = 0.036), suggesting that disruption of lysosome
homeostasis may be trigged by Fis1 knockdown. To investi-
gate whether lysosome dysfunction resulted in similar pheno-
types to Fis1 knockdown, we introduced lysosome-targeting
nanorods to specifically destroy lysosomes (Fig. 4b). To pre-
pare LAMP (CGYQTIGYQSV) peptide-modified AuNR
(LAMP-AuNR), first, cetyltrimethylammonium bromide
(CTAB)-stabilized AuNR (aspect ratio; 3.5, λmax = 780 nm)
was synthesized using the reported seed-mediated synthetic
method. The prepared CTAB-AuNR (5.0 ml) was incubated
with 50 mg of mPEG thiol (Aldrich, USA) for 12 h at room

temperature to prepare the mPEG-modified AuNR. After cen-
trifugation twice at 12,000×g for 15 min to remove excess
mPEG thiol in the supernatant, mPEG-modified AuNR could
be obtained. Next, artinyl-glycyl-aspartic acid (RGD) and
LAMP peptides were modified subsequently on the mPEG-
AuNR. An RGD peptide (705 μl of 1.0 mg/ml; sequence:
RGDRGDRGDC; Genscript, USA), 236 μl of serine-lysine-
l e u c i n e ( SKL ) p e p t i d e s o l u t i o n ( 1 . 7 mg /m l ,
CGYQTIGYQSV; Peptron, Korea), and 500μl of 1% sodium
dodecyl sulfate (SDS) solution were added and incubated with
the mPEG-AuNR solution for 12 h at room temperature.
Covalent attachment of the peptides to AuNR was possible
through the thiol group in the cysteine of RGD and SKL. The
use of RGD peptides could further facilitate the intracellular
uptake efficiency of LAMP-AuNR. Finally, the solution was
centrifuged twice to remove unreacted peptide in the superna-
tant, and the pellet was resuspended in distilled water (DW).

a b

c

Fig. 5 Fis1 suppression induces lysosome accumulation and lysosomal
dysfunction. a Distribution (upper panel) and expression level (lower
panel) of LAMP-1 in normal and OA chondrocytes. GAPDH was used
as loading control. b Zebrafish embryos were stained with Lysotracker,

peroxisome-targeted RFP, or acridine orange at 13 h postfertilization
(hpf), after embryos were injected with control or Fis1 MO. c Lysosomal
activity was analyzed through staining for cathepsin B activity using
VIVAprobe lysosome assay kit in normal and OA chondrocytes
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The LAMP-AuNR solution showed a slight shift in the UV
spectra, shown in black as compared to that of AuNR (red)
indicating good stability of the LAMP-AuNR in DW (Fig. 4b,
upper panel). Transmittance electron microscope (TEM) im-
aging showed the distinctive rod-shaped structure of LAMP-
AuNR, which was well matched with the UV-visible spectra,
and the LAMP-AuNR solution showed almost identical
particle size distributions to that of CTAB-stabilized AuNR
(Fig. 4b, lower panel). Specific destruction of lysosomes in
chick embryos using these nanorods significantly stimulated
apoptotic cell death as assessed by acridine orange staining
(Fig. 4c, right panel). In addition, nanorods also significantly
stimulated chondrocyte apoptosis (Fig. 4c, left panel).
Moreover, the exposure of normal chondrocytes to chloroquine
inhibited the levels of LC-3B and beclin proteins, despite
LAMP-1 accumulation (Fig. 4d). Suppression of LC-3B and
beclin was also observed in OA chondrocytes (Fig. 4e).

We observed accumulation of LAMP-1 (Fig. 5a) in OA
chondrocytes compared to that of normal chondrocytes.
Moreover, lysosome accumulation and reduction of peroxi-
somes were observed in Fis1MO-injected embryos compared
to those of controls (Fig. 5b). However, lysosomal activity
was significantly decreased (Fig. 5b), despite accumulation
in OA chondrocytes.

Discussion

Mitochondria and peroxisomes, ubiquitous subcellular organ-
elles, have an essential role in metabolic functions and their
dysfunction can cause severe defects in the human develop-
ment and health. Even though mitochondria, the powerhouse
of the cells, cooperate closely with peroxisomes during many
metabolic processes, the importance of peroxisomes has been
overlooked. Peroxisomal dynamics are regulated by a combi-
nation of fusion and fission events, and interestingly, the
peroxisome shares key components of division machinery
with mitochondria [24]. However, the contribution of peroxi-
some dynamics to various cellular events remains largely un-
known. Peroxisomes are essential for cellular functions asso-
ciated particularly with lipid metabolism and have a crucial
detoxifying function [17, 25]. Therefore, it is critical that per-
oxisomal compartments adapt to extra environmental changes
through proliferation and degradation. Recently, our group
and others showed that the interconnection between mito-
chondria and peroxisomes is important for maintaining bio-
logical functions; furthermore, a pathological relevance for
peroxisomal dysfunction was demonstrated [22, 23, 26].
Herein, we show that the suppression of Fis1 induces perox-
isomal dysfunction in chondrocytes, and that disruption of

Fig. 6 Summary of associations
among Fis-1, lyso-miRs, and
peroxisomes during OA
pathogenesis. Dysregulation of
Fis1 impaired peroxisome and
lysosomal function through
altering miR expression, which
resulted in stimulation of
apoptosis via suppression of
pexophagy
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peroxisomal homeostasis could be responsible for impaired
mitochondria function in osteoarthritis. Thus, Fis1-induced
peroxisomal dysfunction is associated with mitochondrial
dysfunction. This provides important insights into the intimate
association between mitochondria and peroxisomes. In this
report, we observed a significant decrease in Fis1 levels in
OA chondrocytes. In addition, we found that Fis1 depletion
in chondrocytes inhibits autophagy, thereby enhancing chon-
drocyte apoptosis.

Disruption of organelle homeostasis could alter micro-
environmental conditions significantly, to either sustain
or regenerate a favorable environment. Recent studies
have shown that miRNAs are critical regulators of
gene networks, controlling various aspects of biological
events [27, 28]. Here, we found that Fis1 suppression
in chondrocytes alters expression of several miRNAs
with predicted functions in lysosome regulation. The
autophagy-lysosomal pathway is one of the major degra-
dation systems responsible for the degradation of unnec-
essary, dysfunctional, or damaged cellular components
through macroautophagy, chaperone-mediated autophagy,
and microautophagy [24, 29]. Once substrate cargo is
engulfed by the autophagosome, this structure fuses with
the lysosome to process the cargo. Among LAMP-1,
LAMP-2, and LAMP-3, which are the main constituents
of the lysosomal membrane, LAMP-1 and LAMP-2 com-
prise approximately 50 % of the lysosomal membrane
proteins. A LAMP-1/2 knockout shows impaired autoph-
agic flux, evidenced by the accumulation of autophagic
vacuoles and LC3-II, which results in embryonic death
[30]. LAMP-3 deficiency is also known to impair the
autophagy-lysosomal pathway and results in the accumu-
lation of non-degraded substrates [31]. The impairment
of the autophagy-lysosomal pathway by knockout of
LAMPs could enhance apoptosis. We found that the dis-
ruption of lysosome homeostasis using LAMP-1 targeted
nanorods or chloroquine treatment resulted in enhanced
chondrocyte apoptosis possibly through suppression of
pexophagy. These findings highlight the role of Fis1 in
regulating miRNAs that might function to maintain lyso-
somal homeostasis necessary for chondrocyte survival/
apoptosis. In summary, we conclude that the disruption
of peroxisome homeostasis by Fis1 suppression could
impair the well-organized association between lysosomes
and peroxisomes, through altering miRNA networks (see
Fig. 6 for summary). Nevertheless, complicated interorganelle
regulatory networks need to be investigated in depth, as
this could provide enormous potential to develop effective
therapies for OA and to identify new biomarkers that
predict the progression and severity of OA.
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