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Apr3 accelerates the senescence of human
retinal pigment epithelial cells
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Abstract. Senescence of retinal pigment epithelium (RPE)
cells is a major contributor to age-related macular degenera-
tion (AMD). However, the molecular mechanisms underlying
RPE dysfunction are not well understood. Apoptosis related
protein 3 (Apr3) was originally cloned from HL-60 cells
induced by all-trans retinoic acid (ATRA). Preliminary data
revealed elevated Apr3 expression in the tissues of aged mice,
suggesting that it is involved in the aging process. The present
study demonstrated that Apr3 mRNA and protein levels were
markedly increased in aged mouse RPE cells. Elevated Apr3
expression was also observed during premature senescence
induced by oxidative stress (H,O, and tert-BHP) in ARPE-19
cells. Moreover, Apr3 overexpression promoted cellular
senescence in ARPE-19 cells, as characterized by enhanced
senescence-associated [-galactosidase activity, reduced cell
proliferation and increased expression of the senescence
markers p53 and p21. In addition, it was demonstrated that
overexpression of Apr3-N, a truncated counterpart of Apr3,
abrogated Apr3-induced phenotypes. It was concluded that
Apr3 expression was induced in replicative and premature
senescence of RPE cells and its overexpression accelerated
senescence of ARPE-19 cells, which provides important
insights into the function of Apr3 in senescence-associated
diseases.

Introduction

Age-related macular degeneration (AMD) is the leading
cause of irreversible blindness in developed countries and
retinal pigment epithelium (RPE) is the primary affected
tissue (1-3). Premature senescence has been implicated as
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a potentially important pathophysiologic mediator of RPE
dysfunction (2,4-6). In vivo and in vitro studies have shown
that primary human RPE from older patients or RPE cells
exposed to oxidative stress exhibited senescence phenotypes,
including hypertrophy, senescence-associated B-galactosidase
(SA B-gal) activity, growth arrest and cell cycle arrest in the
G1 phase (3,4). However, the etiology and pathogenesis of
AMD remain poorly understood.

Apoptosis related protein 3 (Apr3) was identified to be
differentially expressed in HL-60 cells following treat-
ment with all-frans retinoic acid (ATRA) compared with
untreated cells as determined by a polymerase chain reaction
(PCR)-based subtractive hybridization method (7). A previous
study demonstrated that Apr3 overexpression arrested cells
at the G1/S phase via inhibiting the transcriptional activity
of Cyclin D1 (8). Zou et al (9) demonstrated that NELL-1
significantly inhibited osteoblast proliferation partly through
interacting with Apr3, which resulted in the downregulation
of Cyclin DI. However, the molecular mechanism by which
Apr3 affects the cell cycle remains largely unknown. Based on
previous studies, it was hypothesized that Apr3 may participate
in cellular activities that are closely associated with the cell
cycle, such as cell senescence, apoptosis and differentiation.

Our preliminary data revealed elevated Apr3 expression in
the heart, lung, liver and kidney tissues of aged mice. To the
best of our knowledge, the present study demonstrates for the
first time that Apr3 levels were significantly increased in aged
mouse RPE and prematurely senescent RPE cells induced by
oxidative stress. Moreover, Apr3 overexpression in human RPE
cells accelerated cellular senescence, which was abrogated by
truncated Apr3. Thus, targeting Apr3 may represent a novel
therapeutic strategy for delaying or inhibiting the progressive
effects of senescence on AMD.

Materials and methods

Isolation of primary mouse RPE. All animal experiments
were performed with the approval of the Institutional Animal
Care and Use Committee at the Capital Medical Univer-
sity (Beijing, China). C57BL/6 mice were purchased from
Capital Medical University. Mice of different ages (5 mice
per group; age, 1, 6, 12 and 18 months) were maintained in a
constant environment of 21+2°C, with a humidity of 50+10%
and a 12-h light/dark cycle. Food and water were available



3122

ad libitum. The mice were anesthetized with 2-3% isoflurane
(Halocarbon Products Corporation, Peachtree Corners, GA,
USA). Mice were sacrificed by cervical dislocation and the
eyes were enucleated and washed with Hanks' balanced salt
solution (HBSS; Invitrogen; Thermo Fisher Scientific Inc.,
Waltham, MA, USA). The anterior segments were removed
and the eyecups were incubated in 1 mg/ml hyaluronidase
(Sigma-Aldrich, St. Louis, MO, USA) in HBSS for 1 h at 37°C.
The neural retina was peeled off and the RPE monolayers were
cut into 2x2 mm sections for RNA and protein extraction.

ARPE-19 cell culture. ARPE-19 represents a human RPE
cell line that is widely used as a reproducible model of RPE
cell biology and function. ARPE-19 cells were obtained from
CoBioer Biosciences Co., Ltd. (Shanghai, China) and were
routinely grown in F-12/Dulbecco's modified Eagle's medium
(DMEM; 1:1, Invitrogen; Thermo Fisher Scientific Inc.)
containing 10% fetal bovine serum (FBS; Invitrogen; Thermo
Fisher Scientific Inc.),2 mM glutamine, 30 zg/ml penicillin and
50 pug/ml streptomycin (Sigma-Aldrich). ARPE-19 cells were
passaged every 3-4 days.

Oxidative stress treatment. ARPE-19 cells were grown to
95% confluence and were treated with various concentra-
tions of H,0, (0, 25, 50, 100, 150, 200, 250, 300 and 400 xM)
diluted in ARPE medium for 2 h. Then cells were washed with
phosphate-buffered saline (PBS), and cultured in F12/DMEM
for 22 h. Similarly, ARPE-19 cells were treated with tert-butyl-
hydroperoxide (tert-BHP, Sigma-Aldrich) at 0, 10, 20, 30, 40,
50, 100, 200 and 300 uM.

Lactose dehydrogenase (LDH) viability assay. ARPE-19
cells were seeded onto a 96-well microplate (2x10° cells/well).
After 24 h, cells were treated with various concentrations of
H,0, for 2 h, washed once with PBS and cultured in normal
medium for 22 h. Cell viability was assessed by monitoring
LDH release into the culture medium with an LDH cytotox-
icity assay kit (Beyotime Institute of Biotechnology, Shanghai,
China) according to the manufacturer's instructions. Cell
viability was measured spectrophotometrically at 490 nm on
a microplate reader (ELx800; Bio-Tek, Winooski, VT, USA).
Data are presented as the mean + standard error of the mean
of three replicates.

[H]-thymidine incorporation assay. ARPE-19 cells (2x10%)
were seeded onto 24-well plates and underwent oxidative
stress as described above. [PH]-thymidine (I mCi/well) was
added 4 h prior to cell harvesting and thymidine incorpora-
tion was measured by scintillation counting (PerkinElmer,
Waltham, MA, USA).

Constructs. PcDNA3.1-hApr3 and pcDNA3.1-hApr3-N were
provided by Dr Yu (Fourth Military Medical University, Xi'an,
China) and subcloned into the pLVTHM-green fluorescent
protein (GFP) lentivirus expression vector (Addgene, Inc.,
Cambridge, MA,USA)using MIul and Clal restrictionenzymes
(Takara Bio Inc., Otsu, Japan) to generate pLV THM-hApr3 and
pLVTHM-hApr3-N. 293FT cells were obtained from CoBioer
Biosciences Co., Ltd) and maintained in DMEM containing
10% FBS, 2 mM glutamine, 30 ug/ml penicillin and 50 pg/ml
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streptomycin (Sigma-Aldrich). pPLVTHM-expressing plasmids
with other helper vectors were co-transfected into 293FT cells
and the lentiviruses were titrated by Cytomics FC 500 flow
cytometry (Beckman Coulter, Inc., Brea, CA, USA). ARPE-19
cells (2x10°) were seeded onto a 10-cm plate and 100 pl of
Apr3-expressing lentiviruses were transduced. After 3 days,
ARPE-19 cells were collected and GFP-positive cells were
sorted by Cytomics FC 500 flow cytometry. The sorted cells
were Apr3-overexpressing ARPE-19 stable cells and denoted
as ARPE-Apr3.

SA B-gal activity assay. ARPE-Apr3 and the parent cells
[ARPE-control (CTL)] were fixed in 4% paraformaldehyde
(Beyotime Institute of Biotechnology) for 20 min and washed
twice with PBS. Cells were then incubated overnight at 37°C
with freshly prepared SA [-gal staining solution (I mg/ml
X-Gal, 40 mM citric acid-sodium phosphate, pH 6.0; 5 mM
potassium ferrocyanide, 5 mM potassium ferricyanide,
150 mM NaCl and 2 mM MgCl,). Cells were washed and
visualized under a light microscope (CKX31; Olympus
Corporation, Tokyo, Japan). The percentage of blue cells per
100 cells was calculated.

Reverse transcription (RT)-quantitative (q)PCR. Cells with
indicated treatment were harvested for isolation of RNA using
TRIzol reagent (Invitrogen, Thermo Fisher Scientific Inc.)
according to the manufacturer's instructions. First-strand cDNA
synthesis was performed using 2 yg of RNA, random primers
and catalyzed by M-MLYV reverse transcriptase. qPCR was
performed with the SYBR Premix Ex TagTM (Takara Bio Inc.)
containing DNA polymerase in 25 ul reactions in 96-well PCR
microplates (Applied Biosystems; Thermo Fisher Scientific,
Inc.) using ABI PRISM 7500 Real-Time PCR system (Applied
Biosystems; Thermo Fisher Scientific, Inc.) and StepOne
software v2.0 (Applied Biosystems; Thermo Fisher Scientific,
Inc.). PCR conditions were as follows: 95°C for 5 min followed
by 35 cycles of 95°C for 20 sec and 60°C for 20 sec. Primers
sequences were as follows: Forward: 5'-tcagctgcagactctgatac-3'
and reverse: 5'-gccagtaattgtcaacgaag-3' for Apr3; and forward:
5'-cgcggttetattttgttggt-3' and reverse: 5'-agtcggcatcgtttatggtc-3'
for glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Apr3
mRNA relative abundance was determined by normalizing to
GAPDH using the AC, method, where C,is the quantification
cycle (10). The wells without a cDNA template were used as
negative controls and GAPDH was used as a RT control. The
experiment was repeated three times.

Western blot analysis. Cells were harvested and lysed in
a radioimmunoprecipitation assay buffer (Thermo Fisher
Scientific, Inc.) containing 50 mM Tris-HC (pH 7.5), 150 mM
NaCl, 1% NP-40, 0.1% sodium dodecyl sulfate, 0.5% sodium
deoxycholate and 50 mM NaF. One tablet of protease inhibitor
mixture (Complete Mini, Roche Applied Science, Indianapolis,
IN, USA) was added prior to analysis. Protein concentration
was measured using a Bradford reagent (Bio-Rad, Hercules,
CA,USA). Then, 100 pg protein lysates were separated by 12%
SDS-polyacrylamide gel (Invitrogen; Thermo Fisher Scien-
tific, Inc.) electrophoresis and transferred onto nitrocellulose
membranes (Beyotime Institute of Biotechnology). Following
blocking in a 5% non-fat dried milk solution in washing
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Figure 1. Elevated apoptosis related protein 3 (Apr3) expression in RPE cells from aged mice. RPE isolated from mice of different ages (1, 6, 12 and 18 months)
was isolated and minced (n=6). (A) Reverse transcription-quantitative polymerase chain reaction was conducted to detect Apr3 mRNA levels. Values represent
the mean + standard error of the mean. (B) The relative protein level of Apr3 was quantified. "P<0.05 vs. the one-month-old mice. (C) Representative western
blot of Apr3 from three different experiments. a-tubulin served as an internal control.
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Figure 2. Increased apoptosis related protein 3 (Apr3) expression in oxidative stress induced-prematurely senescent ARPE-19 cells. ARPE-19 cells were
treated with the indicated concentrations of (A) H,0, and (B) tert-butylhydroperoxide (tert-BHP) for 2 h. Cell viability was determined by a lactose dehy-
drogenase assay after 22 h. Values represent the mean + standard error of the mean of 6 wells from three independent experiments. (C and D) Reverse
transcription-quantitative polymerase chain reaction was executed to detect Apr3 expression in ARPE-19 cells during oxidative stress-induced premature
senescence at the indicated time point. The expression of Apr3 was normalized to glyceraldehyde 3-phosphate dehydrogenase and relative values were
calculated using the level of Apr3 mRNA in the untreated cells as 1. Values are represented as the mean + standard error of the mean. "P<0.05 vs. the untreated
cell group. (E and F) Apr3 protein levels were detected by western blot analysis. Results are representative of three different experiments.

buffer containing 10 mmol/l Tris (pH 7.5), 50 mmol/l NaCl
and 0.02% Tween 20 (TBST), membranes were incubated
overnight at 4°C with rabbit polyclonal anti-Apr3 (1:2,000,
Sigma-Aldrich; cat. no. SAB2100295), rabbit polyclonal
anti-a-tubulin (1:1,000, Santa Cruz Biotechnology Inc., Dallas,
TX, USA; cat. no. sc-5546) and two senescence markers, rabbit
polyclonal anti-p21 (1:1,000; Santa Cruz Biotechnology, Inc.;

cat. no. sc-756) and rabbit polyclonal anti-p53 (1:1,000; Santa
Cruz Biotechnology, Inc.; cat. no. sc-6243). After washing
three times with TBST, membranes were incubated for 1 h
with goat anti-rabbit IgG horseradish peroxidase-coupled
secondary antibodies (1:1,000, Santa Cruz Biotechnology
Inc.; cat. no. sc-2004) at room temperature. Signals were
detected with an enhanced chemiluminescence kit (Thermo



3124

A CTL Apr3
Apr3 — gD
a-tubulin =i il
C

— 30000

5 T

S 20000-

3

g

E 10000-

2
L cTL

B

HAN et al: Apr3 ACCELERATES RPE CELL SENESCENCE

150+
s
LB e
z 1 &
3
8
S 50
3
)
0 CTL Apr3
g 1007
2 80+ *
8
2 60-
g &
? 20
& I;I
3 o
CTL Apr3
F
m
E o
C <
053 | e QD
p21 ﬂl
P16 |ww w -
a-tubulin --

Figure 3. Accelerated senescence of ARPE-19 cells following apoptosis related protein 3 (Apr3) overexpression. (A) Apr3 expression was confirmed by
western blot analysis in Apr3 overexpressing cells (APRE-Apr3) and parent cells (APRE-CTL). (B) APRE-Apr3 and APRE-CTL cells were seeded onto
24-well plates. After 24 h, cell viability was determined by a lactose dehydrogenase assay. Values are represented as the mean =+ standard error of the mean of
6 wells from three independent experiments. (C) APRE-Apr3 and APRE-CTL cells were seeded onto 24-well plates and cell proliferation was determined by
[*H]-thymidine incorporation assay. Values are represented as the mean + standard error of the mean of three independent experiments (D) The percentages of
SA B-gal positive cells were plotted. Seven days after plating, SA f-gal positive cells were detected in APRE-Apr3 and APRE-CTL cells. Values are presented
as the mean =+ standard error of the mean for three independent experiments. At least 100 cells were counted in each sample. (E) Representative images of
stained cells are shown. Magnification, x40. (F) Representative western blots of p53, p21 and p16 in APRE-Apr3 and APRE-CTL cells 7 days after plating.

“P<0.05 vs. the CTL group. CTL, control.

Fisher Scientific Inc., Beijing, China). The scanned images
were quantified using Kodak Digital Science one-dimensional
software (Eastman Kodak Co., New Haven, CT, USA).

Statistical analysis. Data are presented as the mean + standard
error of the mean. Unpaired Student's t-test was used for statis-
tical analysis with GraphPad Prism version 5.02 (GraphPad
Software, Inc., La Jolla, CA, USA). P<0.05 was considered to
indicate a statistically significant difference.

Results

Elevated Apr3 level in the RPE from aged mice. Our prelimi-
nary data showed a significant increase in the Apr3 expression
level in aged mouse tissues, including heart, lung, liver and
kidney tissue (data not shown), which suggested that Apr3 may
function in the aging process. Current evidence indicates that

senescent RPE cells accumulate with age in vivo (4,5,11). In
order to assess whether Apr3 exhibits a role in RPE cell senes-
cence, the endogenous expression of Apr3 was detected in RPE
cells from young and aged mice. As expected, the mRNA level
of Apr3 gradually increased with age (Fig. 1A). Consistently,
the Apr3 protein level in RPE cells showed a similar trend
and its level in 18-month-old mice was enhanced by 7.94-fold
compared with that in one-month-old mice (Fig. 1B and C).

Apr3 is upregulated in oxidative stress-induced senescent
human ARPE-19 cells. In AMD, chronic low level oxidative
stress is hypothesized to accelerate RPE cell senescence,
thus promoting disease pathogenesis (4,5). The present study
examined whether Apr3 expression was induced in prema-
ture senescence caused by oxidative stress in ARPE-19 cells
(a non-transformed human RPE cell line). Initially, culture
conditions that induced ARPE-19 senescence without causing
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Figure 4. Apoptosis related protein 3 (Apr3)-induced phenotype is abrogated
by Apr3-N. (A) ARPE-19 cells were transduced with Apr3-N-overexpressing
lentivirus (Apr3-N) and its protein level was determined by western blot
analysis. Endogenous (Apr3) and truncated (Apr3-N) Apr3 were indicated.
(B) Seven days after transduction, the percentage of senescence-associated
p-galactosidase (SA f-gal) positive cells were determined. Values are
presented as the mean + standard error of the mean for three independent
experiments. At least 100 cells were counted for each sample. (C) Western
blot analysis was executed to detect p53 and p21 levels in the cells. a-tubulin
was used as an internal control. Results are representative of three different
experiments.

cell death were investigated using an LDH activity assay.
ARPE-19 cells were treated with various concentrations of
H,O, for 2 h and their viability was assayed after 22 h. It
was demonstrated that H,O, at <100 uM was not cytotoxic,
whereas concentrations of =150 yM were (Fig. 2A). Simi-
larly, different concentrations of tert-BHP were applied. It
was demonstrated that tert-BHP at <40 M was not cytotoxic
(Fig. 2B). Thus, H,0, at 100 xM and tert-BHP at 40 uM were
selected as the optimal oxidative stress doses to treat RPE
cells in the following experiments. As expected, Apr3 mRNA
levels were enhanced in a time-dependent manner following
treatment with H,O, and tert-BHP (Fig. 2C and D). Consis-
tently, H,O, and tert-BHP resulted in a 3.68- and 1.77-fold
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increase in Apr3 protein levels following 24 h of treatment,
respectively (Fig. 2E and F). Thus, the results suggest that
elevated endogenous Apr3 expression may be involved in
RPE cell senescence.

Apr3 overexpression accelerates senescence of ARPE-19
cells. To investigate the putative role of Apr3 in cell senes-
cence, Apr3-expressing lentivirus was engineered and
transfected into ARPE-19 cells. Subsequently, stably elevated
Apr3 protein levels were confirmed in ARPE-19 cells
(Fig. 3A). Cell viability was then determined using an LDH
activity assay and it was demonstrated cells overexpressing
Apr3 exhibited decreased cell viability compared with the
parent cells (Fig. 3B, 76.4 vs. 101.9%). Cellular senescence
is a stress-response phenomenon where cells lose the ability
to proliferate (2,3). Thus, it was then assessed whether Apr3
influenced the proliferative properties of ARPE-19 cells. As
shown in Fig. 3C, Apr3 overexpression moderately inhibited
cell proliferation by 34.5% compared with the parent cells as
determined by a *[H]-thymidine incorporation assay.

Following 7 days of culture, SA f-gal staining demon-
strated that ~62.7% of cells overexpressing Apr3 were positive
for SA (-gal, compared with 17.3% of the parent cells (Fig. 3D
and E). The expression levels of senescence markers p21 and
pS3 in Apr3 overexpressed cells were elevated by 4.3- and
3.5-fold compared with the parent cells, respectively (Fig. 3F).
However, pl6 level was barely altered upon Apr3 overexpres-
sion. The above data demonstrated that Apr3 overexpression
produced an accelerated prematurely senescent phenotype in
ARPE-19 cells.

Truncated Apr3 abolished Apr3-induced senescence. A
previous study showed that Apr3-N, a truncated counterpart of
Apr3, strongly antagonized Apr3-induced cell cycle arrest (8).
To further confirm Apr3-caused senescent phenotype, Apr3-N
lentivirus was transduced into cells overexpressing Apr3
and parent cells (Fig. 4A), and cell senescence was evalu-
ated. Fig. 4B showed that Apr3-N overexpression in parent
cells resulted in a marginal decrease of SA B-gal positive
cells compared with parent cells (15.9 vs. 12.3%, P=0.1302).
However, in Apr3 overexpressing cells, the percentage of SA
B-gal positive cells was markedly decreased from 53.7 to
29.5% following Apr3-N overexpression (Fig. 4B, P<0.0001).
Although Apr3-N overexpression alone inhibited p21 and p53
expression in parent cells (lane 2 vs. lane 1), both protein levels
were markedly decreased by Apr3-N plus Apr3 overexpression
(Fig. 4C, lane 4 vs. lane 3). Altogether, the data indicated that
Apr3-N could abrogate the Apr3-induced cellular senescence
phenotype.

Discussion

A previous study demonstrated that Apr3 overexpression
arrested the cell cycle at the G1/S phase by inhibiting Cyclin D1
transcription (8). However, it remains to be determined whether
Apr3 affects cell behaviors other than cell proliferation. To
the best of our knowledge, the present study provided the first
evidence that the Apr3 level was increased in aged mouse RPE
cells and that oxidative stress-induced prematurely senescent
ARPE-19 cells, as well as the fact that Apr3 overexpression
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markedly promoted ARPE-19 senescence. Further inves-
tigation is required to explore the molecular mechanisms
responsible for the Apr3-induced senescent phenotype.

Bioinformatics analysis demonstrated that Apr3 protein
shares 46% homology with plasma membrane-localized Notch
ligands (unpublished data). Yu er al (8) showed that Apr3 was
a membrane protein in breast cancer cells. Kammula ez al (12)
identified that Apr3 was a novel membrane-localized inter-
action partner of Nef. Therefore, Apr3 may function as a
membrane protein to transduce extracellular signals into
cells. This hypothesis was partially supported by a study
by Yu er al (8), which demonstrated that Apr-N, truncated
Apr3 with deletion of its intracellular region, displayed clas-
sical cellular distribution of secretory proteins and markedly
antagonized Apr3 induced cell cycle arrest (8). Similarly, it
was demonstrated that ARPE-19 cells overexpressing Apr3-N
exhibited a moderate decrease in the level of senescence
compared with cells overexpressing Apr3, and Apr3-N over-
expression abrogated Apr3-induced senescence of ARPE-19
cells. Since Apr3-N overexpression did not alter the endogenous
Apr3 level, it was hypothesized that it may neutralize putative
extracellular proteins that interact with Apr3 or interfere with
the interaction between Apr3 and its partners, thus partially
or completely blocking Apr3-mediated signal transduction
and its subsequent function. Therefore, it will be interesting to
examine whether Apr3 is localized in the membrane of RPE
cells, or whether Apr3 translocates between the cell membrane
and the cytoplasm during senescence.

Dysregulation of growth factor expression in RPE cells has
been implicated as an important pathological mechanism in
AMD (1,5).Increased expression of vascular endothelial growth
factor (VEGF) and pigment epithelial-derived factor (PEDF)
by RPE were identified in AMD and are effective therapeutic
targets for AMD (3,13,14). However, little is known regarding
the growth factor microenvironment mediating pathological
changes in AMD (4). Accumulating evidence demonstrates
that ATRA markedly increased VEGF and PEDF expression,
and ATRA emerged as the most potent inducer among the
various RAs (15,16). Apr3 levels were markedly increased in
ATR A-treated HL-60 cells (7), therefore, it was hypothesized
that ATRA may regulate Apr3 expression in RPE cells and
result in the development of AMD.

Several signal transduction pathways are involved in the
process of cellular senescence, including p53/p21 pathway,
pl6/Rb pathway and insulin/insulin-like growth factor-1 (IGF1)
signal pathway (17-19). In the present study, it was demon-
strated that Apr3 induced increases in p53 and p21 expression,
whereas the pl6 level was not altered. Collectively, it was
hypothesized that the Apr3-induced phenotype may be partly
achieved through the p53/p21 signaling pathway. Elucidating
the molecular mechanism by which Apr3 acts on senescence
may be beneficial for the understanding of its function.

In conclusion, the results from the present study demon-
strate, for the first time, that Apr3 overexpression in human
RPE cells accelerated cellular senescence. The role of
cellular senescence in a variety of age-associated patholo-
gies is becoming increasingly accepted. Current findings
may aid in investigating the function of Apr3 in other
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senescence-associated diseases, such as cancer, Alzheimer's
disease, muscle atrophy and cardiovascular disease.
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