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Rspo2 suppresses CD36-mediated apoptosis in oxidized
low density lipoprotein-induced macrophages
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Abstract. Oxidized low density lipoprotein (oxLDL)-induced
apoptosis of macrophages contributes to the formation of
atherosclerotic plaques. R-spondin 2 (Rspo2), a member of the
cysteine-rich secreted proteins, has been shown to be involved
in the oncogenesis of several types of cancer. It has also been
found to be abundantly expressed among the four R-spondin
members in macrophages. The present study was performed to
determine whether Rspo2 is involved in the ox-LDL-induced
apoptosis of macrophages. It was identified that Rspo2 inhib-
ited oxLDL-induced apoptosis in the presence of endoplasmic
reticulum (ER) stress activator using flow cytometry. In addi-
tion, Rspo2 was observed to suppress oxLDL-induced ER
stress and reactive oxygen species production as demonstrated
by western blotting. Furthermore, analysis of the role of Rspo2
in macrophage lipid uptake identified that Rspo2 negatively
regulated the Dil-oxLDL uptake by inhibiting the expression
of cluster of differentiation (CD)36, through the transcription
factor, peroxisome proliferator-activated receptor (PPAR)-y.
The manipulation of Rspo2 had a direct effect on PPAR-y
nuclear translocation. In addition, chromatin immunopre-
cipitation analysis revealed that Rspo2 manipulation led to
regulation of the direct binding between PPAR-y and CD36.
In conclusion, Rspo2 was found to have a negative regulatory
effect during oxLDL-induced macrophage apoptosis by regu-
lating lipid uptake.
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Introduction

Atherosclerosis is a chronic inflammatory disease, which is
associated with several types of infiltrating inflammatory cell
and contributes to mortality rates worldwide (1,2). Foam cells,
which are formed as a result of oxidized low-density lipo-
protein (oxLDL) uptake by macrophage colony-stimulating
factor- or granulocyte-macrophage colony-stimulating
factor-differentiated macrophages, contribute primarily to the
formation of a necrotic core in plaques and thus accelerate
the development of atherosclerosis (3,4). The oxLDL-induced
apoptosis of macrophages is also important in the process
of atherosclerosis (5). It has been shown that treatment with
oxLDL at a high concentration (100 pg/ml) promotes macro-
phage apoptosis in vitro by inducing endoplasmic reticulum
(ER) stress (6-9). In addition, high concentrations of oxLDL
result in the activation of other signaling pathways, including
c-Jun N-terminal kinase, peroxisome proliferator-activated
receptor (PPAR)-v, p38 and p53, which subsequently contribute
to the apoptosis of macrophages (7,10,11). This suggests that
oxLDL-induced macrophage apoptosis is a complex and
multi-factorial process.

R-spondins are secreted proteins, which have a throm-
bospondin type I repeat in their structure and are involved
in activation of the Wnt signaling pathway (12). There are
four members in this group, Rspol, Rspo2, Rspo3 and Rspo4,
each of which is ~35 Kd in size, and all of which have been
shown to be involved in the regulation of various diseases and
biological processes, including osteoporosis pseudoglioma,
skeletal myogenesis, keratinocyte proliferation, mammary
epithelial cell invasiveness and colorectal cancer (13-17).
Preliminary data have suggested that Rspo2 is the most
abundant of the four R-spondins, which is expressed in the
THP-1 macrophage-like cell line. The activation of Wnt
signaling has been implicated in the protection from apop-
tosis in pre-adipocytes (18) and, as R-spondins have been
linked with the activation of Wnt signaling, the present
study hypothesized that Rspo2, due to being abundantly
expressed and activating the Wnt pathway, may be involved
in oxLDL-induced macrophage apoptosis. Therefore, in the
present study, the monocytic THP1 cell line was used to
confirm the role of Rspo2 in the ox-LDL-induced apoptosis
of macrophages.
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Materials and methods

Cell culture. The THP-1 cells (American Type Culture
Collection, Manassas, VA, USA) were cultured in RPMI 1640
medium (Gibco; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) containing 10% fetal calf serum (Sigma-Aldrich,
St. Louis, MO, USA). Prior to any treatments, the THP-1
monocytic cells were treated with phorbol myristate acetate
(Sigma-Aldrich) at a concentration of 100 nmol/l for 24 h at
37°C to differentiate the cells into macrophages-like sticky
cells. The differentiated macrophages (1x10°) were treated with
40 ug/ml oxLDL (Guangzhou Yiyuan Biological Technology
Co., Ltd., Guangzhou, China) or thapsigargin (Tg; 1 uM;
Sigma-Aldrich) for 24 h at 37°C in subsequent experiments.

Transfection. According to the manufacturer's protocol, 2 ul
of small interfering (si)RNA (50 nM) or 2 pg plasmid were
mixed with 5 ul P3000 reagent (Life Technologies, Grand
Island, NY, USA) in 100 gl of opti-MEM (Gibco; Thermo
Fisher Scientific, Inc.) medium. Separately, 3.75 1 of lipo 3000
(Life Technologies) was added to another 100 pl of opti-MEM
medium. After 5 min of incubation at room temperature, the
opti-MEM medium was mixed and added to 1x10° cells in a
complete medium for 24 h at 37°C. The siRNA knockdown
or plasmid overexpression efficiencies were analyzed by
detecting the mRNA levels of Rspo2.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR). Total RNA was isolated using a total
mRNA isolation kit (Tiangen Biotech Co., Ltd., Beijing,
China), according to the manufacturer's instructions. cDNAs
were generated using a PrimeScript RT reagent kit (Takara
Biotechnology Co., Ltd., Dalian, China). Briefly, 500 ng total
mRNA was mixed with 2 pl PrimeScript RT reagent and
added ddH,O0 to a total volume of 10 ul. The RT reaction was
performed at 37°C for 15 min. gPCR was conducted using
SYBR-Green Premix Ex Taq (Takara Biotechnology Co.,
Ltd.) and detected by ABI PRISM 7500 Sequence Detection
System (Applied Biosystems; Thermo Fisher Scientific, Inc.).
The cycling condition were 95°C for 15 sec and 60°C for 34 sec,
for 40 cycles. The primer sequences used for Rspo2 were:
Forward, 5'-GTCTCCCTCTGAGTCCTCCC-3"; and reverse,
5-CGTCTCCATCGGTTGCCTT-3" Analysis of relative gene
expression was perfomed using the 2444 method (19).

Apoptosis assays. The apoptotic rates were measured using
annexin V (BD Biosciences, Franklin Lakes, NJ, USA) and
propidium iodide (PI; BD Biosciences,) staining kits, as previ-
ously described (20). Briefly the treated macrophage cells were
incubated with annexin V staining for 15 min at room tempera-
ture, following which the PI solution was added and the cells
were incubated in the dark for another 15 min at room tempera-
ture. Finally, the cells were analyzed using flow cytometry.

Western blotting. Following treatment, the differentiated
THP-1 cells were lysed using RIPA lysis buffer (Beyotime
Institute of Biotechnology, Shanghai, China) to extract the total
proteins. Following extraction, 40 ug protein of each sample
were separated by electrophoresis on a 10% polyacrylamide
SDS gel and then transferred onto a PVDF membrane (EMD
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Millipore, Billerica, MA, USA). The membrane was then incu-
bated with monoclonal rabbit anti-Rspo2 antibody (1:1,000;
cat. no. ab73761; Abcam, Cambridge, MA, USA), monoclonal
rabbit anti-GAPDH antibody (1:1,000; cat. no. AG019;
Beyotime Institute of Biotechnology, Beijing, China), mono-
clonal mouse anti-protein kinase RNA-like ER kinase (PERK)
antibody (1:1,000; cat. no. 12185; Cell Signaling Technology,
Inc., Danvers, MA, USA), monoclonal rabbit anti lectin-like
LDL receptor-1 (LOX-1) antibody (1:1,000; cat. no. ab60178;
Abcam), monoclonal mouse anti-scavenger receptor A (SRA)
antibody (1:1,000; cat. no. ab36625; Abcam), rabbit anti-CD36
antibody (1:1,000; cat. no. ab78054; Abcam) and mono-
clonal rabbit anti-PPAR-y antibody (1:1,000; cat. no. 2435;
Cell Signaling Technology, Inc.) at 4°C overnight. The
next day, the membranes were washed using Tris-buffered
saline/Tween (TBST) for 15 min, and further incubated
with goat anti-rabbit (cat. no. CW0103M) or goat anti-mouse
(cat. no. CW0102M) specific antibodies (1:5,000; Beijing
Kangwei Biological Technology Co., Ltd., Beijing, China)
for 1 h at room temperature. Finally, following washing with
TBST, the protein signals were detected using ECL reagent
(Pierce, Bonn, Germany). Quantification of western blot
analysis was performed using Image J2x software (National
Institutes of Health, Bethesda, MD, USA).

ROS measurement. ROS measurement was performed using
2,7-dichlorofluorescein diacetate dye, according to the manufac-
turer's protocol (Beyotime Institute of Biotechnology). The cells
were incubated with this dye (10 xM) for 30 min to enable its
uptake by the cells, following which the cells were washed with
phosphate-buffered saline (PBS) three times. The dye inside the
cells emitted a fluorescent signal on meeting free radicals, and
images of the fluorescent signal were captured using an Olympus
fluorescence microscope (Olympus Corporation, Tokyo, Japan).

Detection of liquid uptake. For examining Dil-oxLDL uptake,
the cells were washed twice with RPMI 1640 medium and
then incubated with Dil-oxLLDL (10 #g/ml; Guangzhou Yiyuan
Biological Technology Co., Ltd.) for 3 h at 37°C in the dark,
according to the manufacturer's instructions. Subsequently,
the cells were washed with PBS for 15 min in the dark and
were observed under an Olympus fluorescence microscope.

Immunofluorescence staining. Following treatment, the
cultured cells were fixed with 4% paraformaldehyde solution
and then permeabilized with 0.5% TritonX-100 solution. The
cells were then incubated with monoclonal rabbit anti-PPAR-y
antibody (1:100; cat. no. 2435; Cell Signaling Technology, Inc.)
at 37°C for 2 h and washed with PBS. This was followed by
incubation with goat anti-rabbit secondary antibody (1:200;
cat. no. CW0103M; Beijing Kangwei Biological Technology
Co.,Ltd.) for another 1 h at 37°C. The cells were then incubated
with DAPI (Guangzhou Yiyuan Biological Technology Co.,
Ltd.), and were observed under a Zeiss confocal microscope
(Carl Zeiss, Inc., Oberkochen, Germany) for visualization of
the staining signal.

Chromatin immunoprecipitation (ChIP) assay. ChIP assays
were performed using a kit (Cell Signaling Technology,
Inc.), as described previously (21). In brief, the cells were
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Figure 1. Rspo2 negatively regulates oxLDL-induced THP-1 cell apoptosis under ER stress. (A) THP-1 cells were analyzed for the expression of Rspol,
Rspo2, Rspo3 and Rspo4 using reverse transcription-polymerase chain reaction analysis. The expression of 18S, a ribosomal gene, was used as an endogenous
control for normalization. (B) THP-1 cells, either alone or transfected with NC or Rspo2 siRNA, were incubated for 24 h with the indicated concentrations of
oxLDL alone or in combination with Tg. Subsequently, apoptosis was assessed and the percentage of apoptotic cells were determined. (C) THP-1 cells alone or
overexpressing either the vector (pc-basic) or Rspo2 plasmid (pc-rspo2), were incubated for 24 h with oxLDL (80 pg/ml) alone or in combination with Tg. The
apoptotic rate was assessed and presented as a bar graph. Values are expressed as the mean + standard deviation. "P<0.05, comparison indicated by brackets.
siRNA, small interfering RNA; oxLLDL, oxidized low density lipoprotein; Rspo, R-spondin; Tg, thapsigargin.

harvested and fixed using 4% formaldehyde for 10 min.
Following chromosome shearing with nuclease, smaller
DNA fragments were obtained. Following this, the PPAR-y
protein was immunoprecipitated using rabbit anti-PPAR-y
antibody and the complex was incubated with NaCl (5 M)
solution at 65°C to reverse crosslinking, following which
the DNA was purified using a DNA purification kit (Cell
Signaling Technology, Inc.). The purified DNA was used for
PCR (ABI PRISM 7500 sequence detection system; Applied
Biosystems; Thermo Fisher Scientific, Inc.) to detect the
relative expression of target fragments. SYBR Premix Ex
Taq (Takara Biotechnology Co., Ltd.) was used to amplify
the DNA (500 ng) with incubation at 95°C for 30 sec, and
40 cycles of 95°C for 5 sec and 60°C for 30 sec. The results
were quantified using the 224 method. The specific primers
used to amplify the binding site of PPAR-y to the CD36
promoter were as follows: Forward 5-GCGATATCGAGT
TATTCCG-3' and reverse 3'-ACTACAGGTGTGCGCCAC
CATG-5".

Statistical analysis. The statistical significance of differences
between groups were calculated with unpaired #-tests using

SPSS software (version 17; SPSS, Inc., Chicago, IL, USA). The
values are expressed as the mean + standard deviation. P<0.05
was considered to indicate a statistically significant difference.

Results

Rspo2 inhibits oxLDL-induced apoptosis under ER stress in
macrophages. The present study first compared the expression
of four R-spondinsin THP-1 cells using gPCR. As shown in
Fig. 1A, the mRNA expression of Rspo2 was the highest among
all the R-spondins. To identify whether the high expression
level of Rspo2 had any functional role in the oxLDL-induced
apoptosis of macrophages, the expression of Rspo2 was simul-
taneously inhibited by siRNA and overexpressed by ectopic
expression, and the apoptotic rates were assessed. As shown in
Fig. 1B, neither treatment with oxLDL at two concentrations or
with the ER stress activator, Tg, alone resulted in the induction
of macrophages apoptosis. However, the combined treatment
of the differentiated THP-1 cells with Tg and oxLDL signifi-
cantly induced apoptosis. Notably, following Rspo2 ablation
by siRNA in the differentiated THP-1 cells, oxLDL treatment
alone was able to induce the apoptosis of macrophages. In
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Figure 2. Rspo2 suppresses oxLDL-induced ER stress and ROS production. (A) Expression of the ER stress marker, PERK, was assessed using western
blotting in THP-1 cells incubated with the indicated concentrations of oxLDL (0-100 pg/ml) for 24 h. The expression of GAPDH was used as a loading
control. (B) Expression of PERK was assessed in THP-1 cells alone or in those transfected with pc-basic or pc-rspo2, and treated with or without oxLDL
(100 pg/ml) for 24 h. The expression of GAPDH served as a loading control. (C) THP-1 cells transfected with pc-basic or pc-rspo2 and treated with or
without oxLDL (100 pg/ml) for 24 h, were labeled with 2,7-dichlorofluorescein diacetate dye to assess the production of ROS. The labeled cells produced
fluorescent signal proportional to the ROS levels, and this signal was recorded using an Olympus fluorescence microscope. “P<0.05, comparison indicated
by brackets. oxLDL, oxidized low density lipoprotein; Rspo, R-spondin; ER, endoplasmic reticulum; ROS, reactive oxygen species; PERK, protein kinase

RNA-like ER kinase; siRNA, small interfering RNA.

addition, when the Rspo2-ablated THP-1 cells were treated
with a combination of oxLDL and Tg, an additional increase in
the rate of macrophage apoptosis was observed. Furthermore,
the ectopic overexpression of Rspo2 was able to reverse the
induction of apoptosis by oxLDL and Tg in the differentiated
THP-1 cells, as shown in Fig. 1C.

Rspo2 suppresses ER stress and ROS production in oxLDL
treatment. As it was observed that oxLDL only induced macro-
phage apoptosis in the presence of Tg, which increases ER
stress, or under Rspo2 ablation, the present study investigated
whether the expression of Rspo2 is involved in modulating ER
stress. The protein expression of PERK, which is described as
an ER stress marker (22), was determined by treating the THP-1
cells with increasing concentrations of oxLDL. As shown in
Fig. 2A, the expression of PERK increased in a dose-dependent

manner with increasing concentrations of oxLDL. However, the
ectopic expression of Rspo2 in THP-1 cells treated with oxLDL,
resulted in a significant reduction in the expression of PERK
(Fig. 2B). These results suggested that the overexpression of
Rspo2 inhibited ER stress. The present study also measured the
production of ROS in the THP-1 cells. As shown in Fig. 2C, the
data revealed that oxLDL treatment induced ROS production,
shown as increased fluorescent signal under the microscope.
Similarly, the overexpression of Rspo2 significantly reduced this
signal, thus supporting the hypothesis that Rspo2 contributes to
reductions in ER stress and ROS production.

Rspo2 negatively regulates lipid uptake and the expression of
scavenger receptor, CD36. As oxLDL-induced macrophage
apoptosis is a later process and is preceded by its uptake by
macrophages, the present study investigated whether Rspo2 is
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Figure 3. Rspo2 negatively regulates lipid uptake and the expression of CD36. (A) THP-1 cells were transfected with pc-basic, pc-rspo2, NC, or si-rspo2 for
24 h. The cells from the different transfection conditions were then treated with Dil-oxLDL (10 pg/ml) for 3 h, following which the fluorescent signal was
recorded under a microscope. (B) THP-1 cells were transfected with NC, si-rspo2, pc-basic or pc-rspo2 for 24 h. The total proteins extracted from these dif-
ferent groups were blotted to detect the protein expression of Rspo2, CD36, LOX-1 and SRA. The expression of GAPDH was used as a loading control. "P<0.05,
comparison indicated by brackets. Rspo, R-spondin; pc-basic, empty plasmid pCMV; pc-rspo2, Rspo2 plasmid; si-rspo2, Rspo2-specific siRNA; NC, negative
control; CD36, cluster of differentiation 36; LOX-1, lectin-like LDL receptor-1; SRA, scavenger receptor A.

involved in oxLDL uptake. To determine this, the differentiated
THP-1 cells with Rspo2 ablation or overexpression were treated
with Dil-oxLDL. It was observed that the Rspo2-ablated cells
had increased uptake of Dil-oxLDL, whereas the cells over-
expressing Rspo2 had markedly lower levels of lipid uptake,
as shown in Fig. 3A. The present study also analyzed the
regulation of three types of scavenger receptor, CD36, SRA
and LOX-1, which are predominantly involved in lipid uptake
by macrophages (23). Of note, it was observed that Rspo2
negatively regulated the protein expression of CD36, but had
no effect on the expression levels of SRA or LOX-1, as shown in
Fig. 3B. The overexpression of Rspo2 inhibited the expression
of CD36, whereas the ablation of Rspo2 marginally increased
the expression of CD36, compared with the respective controls.

Rspo2 decreases the expression of CD36 through inhibiting
PPAR-y.In order to understand how Rspo2 mediates the regula-
tion of the expression of CD36, the present study investigated the
transcription factor, PPAR-y, which has been previously demon-
strated to regulate the expression of CD36 in macrophages (24).
The expression of PPAR-y was analyzed in THP-1 cells
transfected with either the vector or Rspo2 plasmid and treated

with oxXLDL. As shown in Fig. 4A, the Rspo2-overexpressing
cells treated with oxLDL had reduced expression of PPAR-y.
This was consistent with the above-mentioned reduced expres-
sion of CD36 in the Rspo2-overexpressing cells. The nuclear
translocation of PPAR-y was further examined by analyzing its
expression using immunoflorescence staining. It was observed
that oxLLDL led to the translocation of PPAR-y into the nucleus,
however, the overexpression of Rspo2 reduced its nuclear
translocation in THP-1 cells, as seen in Fig. 4B. Finally, the
binding activity of PPAR-y to the CD36 promoter was analyzed
by ChIP analysis. As seen in Fig. 4C, the binding activity of
PPAR-y and CD36 increased following oxLDL treatment, but
was significantly reduced in the cells overexpressing Rspo2.
This suggested that PPAR-y was bound to the CD36 promoter
in the presence of ox-LDL, and that the overexpression of
Rspo2 somehow reduced its binding to the CD36 promoter, and
thus reduced its expression.

Discussion

The present study was performed to understand the role of
Rspo2 in the oxLDL-induced apoptosis of macrophages.
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Figure 4. Rspo2 inhibits the expression of PPAR-y, and the nuclear translocation and transcriptional activity of PPAR-vy. (A) Expression of PPAR-y was
assessed in THP-1 cells alone or transfected with pc-basic or pc-rspo2, and treated with or without oxLDL (100 gg/ml) for 24 h. GAPDH served as a loading
control. (B) THP-1 cells alone or transfected with pc-rspo2 were treated with or without oxLDL (100 pg/ml) for 24 h. PPAR-y immunostaining was then
performed to assess its localization and images were captured under a Zeiss confocal microscope. (C) THP-1 cells (a) alone, (b) transfected with pc-basic or
(c) transfected with pc-rspo2, were treated with oxLDL (100 pg/ml) for 24 h. Chromatin immunoprecipitation assays were performed using antibodies against
PPAR-v and the expression of CD36 was analyzed using polymerase chain reaction analysis. Total chromatin gathered prior to immunoprecipitation served as
an input control. Values are expressed as the mean * standard deviation. "P<0.05, comparison indicated by brackets. PPAR-y, peroxisome proliferator-activated
receptor; Rspo, R-spondin; pc-basic, empty plasmid pCMV; pc-rspo2, Rspo2 plasmid; si-rspo2, Rspo2-specific siRNA; NC, negative control; CD36, cluster
of differentiation 36.

It was demonstrated that Rspo2 had a functional role in  regulation of macrophage biology, particularly apoptosis.
oxLDL-mediated macrophage apoptosis and is the first In another study, Rspo2 knockdown has been linked with
report, to the best of our knowledge, linking Rspo2 to the reduced cell viability of human Schwann tumors, however,



this involved the regulation of Wnt signaling (25). Until now,
the majority of studies have suggested that the functional
activity of R-spondin proteins has been via the regula-
tion of Wnt signaling in all biological pathways, including
cancer (16,26). However, the present study is the first to
establish the role of R-spondin proteins in the regulation of
atherosclerosis.

According to previous literature, lipid uptake in macro-
phages is a key factor during the process of cardiovascular
disease (5). Of note, the present study found that Rspo2
protein negatively regulated the uptake of oxLDL by macro-
phages and that this was mediated through regulation of the
expression of the scavenger receptor protein, CD36, which
is involved in liquid uptake by macrophages. The effect of
Rspo2 on CD36 was mediated through regulation of the
nuclear translocation of PPAR-y. This particular observation
has an implication in preventing oxLDL uptake by macro-
phages if Rspo2 is overexpressed, ultimately leading to the
inhibition of foam cell formation and finally reducing the
overall ability of necrotic plaque formation in atherosclerosis.

The scavenger receptor, CD36, is predominantly distrib-
uted on different immune cell subsets, including macrophages
and dendritic cells, and other cell types, including platelets,
endothelial cells, adipocytes and muscle cells, and has been
shown to be important in fatty acid metabolism (27), heart
disease (28) and the processing of dietary fat (29). Thus, it
has implications in glucose tolerance, hypertension, diabetes,
cardiovascular problems, Alzheimer's disease and lipoprotein
endocytosis in macrophages (23,30). In this context, the data
obtained in the present study, which suggested that Rspo2 has
the ability to regulate the expression of CD36, indicates the
potential of Rspo2 as a suitable target for other diseases, which
requires investigation.

Our previous study showed that Wnt pathway positively
regulated the expression of CD36 (21), whereas Rspo2,
a recognized Wnt pathway activator, was observed to inhibit
the expression of CD36. At present, this differential effect
remains to be fully elucidated, however, it may be that Rspo2
inhibited PPAR-y nuclear translocation through another
mechanism in the macrophages. In addition, there are further
questions remaining, including whether oxLDL can also regu-
late the expression of Rspo2, and whether Rspo2 is involved
in the regulation of liquid outflow from the macrophages.
Further investigations are required to address these questions
of interest.

In conclusion, the present study showed that the Rspo2
protein protected against the oxLDL-induced apoptosis of
macrophages through negative regulation of the expression
of the scavenger receptor protein, CD36. In addition Rspo2
decreased oxLDL-induced ER stress and ROS production in
the differentiated macrophages. The findings of the current
study provide novel insight on lipid overload-associated
disease, including atherosclerosis, and may be aid the develop-
ment of improved therapies.
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