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Inhibition of SLC7A11 by Sulfasalazine Enhances
Osteogenic Differentiation of Mesenchymal Stem Cells
by Modulating BMP2/4 Expression and Suppresses Bone
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ABSTRACT

An imbalance in osteogenesis and adipogenesis is a crucial pathological factor in the development of osteoporosis. Many attempts
have been made to develop drugs to prevent and treat this disease. In the present study, we investigated the phenomenon whereby
downregulation of SLC7A11 significantly enhanced the osteogenic differentiation of mesenchymal stem cells (MSCs) in vitro, and
promoted the bone formation in vivo. Sulfasalazine (SAS), an inhibitor of SLC7A11, increased the osteogenic potential effectively.
Mechanistically, inhibition of SLC7A11 by SAS treatment or knockdown of SLC7AT1 increased BMP2/4 expression dramatically. In
addition, we detected increased Sic7a1 expression in bone marrow MSCs of ovariectomized (OVX) mice. Remarkably, SAS treatment
attenuated bone loss in ovariectomized mice. Together, our data suggested that SAS could be used to treat osteoporosis by
enhancing osteogenic differentiation of MSCs. © 2016 American Society for Bone and Mineral Research.
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Introduction

ostmenopausal osteoporosis is caused primarily by estrogen
deficiency after cessation of ovarian function, leading to
architectural deterioration of bone structure, low bone mineral
density, increased fragility, and susceptibility to fracture.V
Previous studies suggested that these structural abnormalities
are attributable to dysfunctional osteogenic differentiation of
bone marrow-derived mesenchymal stem cells (MSCs), with a
shift in lineage commitment and bone loss being accompanied
by increased adipose tissues in the bone marrow.*™ The
commitment and differentiation of MSCs toward an adipogenic
or osteogenic cell fate depends on a variety of signaling and
transcription factors. Among them, bone morphogenetic pro-
teins (BMPs), especially BMP-2 and BMP-4, promote osteogenic
commitment and terminal osteogenic differentiation in MSCs.®
Small molecular compounds activating BMP2/4 expression might
represent potential drugs to treat osteoporosis.
Cystine-glutamate antiporters are plasma membrane protein
complexes that secrete glutamate and import cystine.”~'? The
functional core of these transporters is SLC7A11, also known

as xCT, a predicted 12-transmembrane protein required for
amino acid selectivity."''® SLC7A11 is required for normal
mammalian blood plasma redox homeostasis, skin pigmenta-
tion, immune system function, and memory formation.'4'®
Aberrant function of SLC7A11 is implicated in tumor growth and
survival, cancer stem cell maintenance, drug resistance, and
neurological dysfunction.”='? Recently, sulfasalazine (SAS) has
emerged as an effective, clinically approved inhibitor of
SLC7A11.29 Historically, SAS, a pharmacological agent compris-
ing a sulfa portion and a 5-ASA portion, was used based on the
hypothesis that the drug provided two critical elements in the
treatment of ulcerative colitis.?” SAS was also used to treat
rheumatoid arthritis long before it was used to treat patients
with ulcerative colitis.?*?® However, whether SLC7A11 and SAS
play roles in the osteogenic differentiation of human MSCs
(hMSCs) and osteoporosis treatment was unreported.

Herein, we report our investigation of the contribution of
SLC7A11 to the osteogenic potential of MSCs. Our data indicates
that SLC7A11 silencing significantly increased the osteogenic
potential of MSCs, both in vitro and in vivo. Moreover, we show
that pharmacological inhibition of SLC7A11 by SAS enhanced
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osteogenic differentiation efficiently. Mechanistically, SLC7A11
knockdown and SAS treatment increased BMP2/4 expression.
Notably, SAS treatment alleviated bone loss in ovariectomized
(OVX) mice effectively. These encouraging data suggested that
SAS is a promising therapeutic agent to prevent osteoporosis via
inhibition of SLC7A11.

Materials and Methods

Isolation and culture of MSCs

Primary human adipose-derived stem cells and bone marrow
MSCs were purchased from ScienCell Research Laboratories
(Carlsbad, CA, USA). Cells from three donors were used for the in
vitro and in vivo experiments. All cell-based in vitro experiments
were repeated in twice. To induce osteogenic differentiation,
MSCs were cultured in osteogenic media containing 100 nM
dexamethasone (Sigma-Aldrich, St. Louis, MO, USA), 0.2 mM
ascorbic acid (Sigma-Aldrich), and 10 mM B-glycerophosphate
(Sigma-Aldrich). To induce adipogenic differentiation, MSCs
were cultured in adipogenic medium containing 10 wM insulin
(Sigma-Aldrich), 100nM dexamethasone (Sigma-Aldrich),
0.5mM 3-isobutyl-1-methylxanthine  (Sigma-Aldrich), and
200 wM indomethacin (Sigma-Aldrich).

Mouse bone marrow mesenchymal stem cells (mMSCs)
samples were collected from SHAM and OVX mice by flushing
the femurs and tibias with complete medium containing
Dulbecco’s Modified Eagle’s Medium (DMEM) (Invitrogen,
Carlsbad, CA, USA), 10% fetal calf serum (FBS) (PAA Laboratories
GmbH, Linz, Austria), and penicillin/streptomycin (Invitrogen).
The bone marrow suspension was concentrated, washed twice
in DMEM and then cultured at 37°C in a 5% CO, atmosphere.
Cells were collected after 2 weeks when the mMSCs had
expanded.

Viral infection

Viral packaging and infection were performed as described.?
The shRNA target sequences were as follows:

scrambled non-target shRNA (NC), TTCTCCGAACGTGTCA
CGTTTG

SLC7A11sh#1, GCAGCTACTGCTGTGATATCC; and

SLC7A11sh#2, GCAGCTAATTAAAGGTCAAAC.

Alkaline phosphatase staining

MSCs were seeded in six-well plates and cultured for 7 days
under proliferation media (PM) or osteogenic media (OM). The
cells were then rinsed three times with phosphate-buffered
saline (PBS), fixed in 4% paraformaldehyde at room temperature
(RT) for 15min and washed three more times with PBS. For
staining, an alkaline phosphatase (ALP) substrate solution
(CWBIO, Beijing, China) was added to the fixed cells for 15 min
at room temperature. Cells were then washed three times with
distilled water, and images were scanned.

Quantification of ALP activity

The cells were washed three times with PBS and lysed with 1%
TritonX-100 (Sigma-Aldrich) for 10 min on ice. The cells were
then collected using a cell scraper and centrifuged at 13362 g for
30min at 4°C. The protein concentration of supernatants was
measured using a BCA protein assay kit (Prod#23225; Pierce

Thermo Scientificc, Waltham, MA, USA), according to the
manufacturer’s instructions. ALP activity was assayed using an
ALP assay kit (A059-2; Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) and calculated after normalization to
the total protein content.

Alizarin red S staining and quantification

Cells were washed three times with distilled water, fixed with 4%
paraformaldehyde for 10 min at room temperature, and washed
three times again with distilled water. The cells were then
stained with 2% Alizarin red S staining solution (pH 4.2; Sigma
Aldrich) for 30 min at room temperature. Images were recorded
with a scanner. For quantification of mineralization, the
staining was solubilized with 100 mM cetylpyridinium chloride
(Sigma-Aldrich) for 1 hour and measured spectrophotometrically
at 562 nm.

Oil red O staining

The cells were washed with PBS three times and fixed in 10%
formalin for 20min. The cells were then rinsed with 60%
isopropanol and stained for 60 min at room temperature with
filtered Oil red O (0.3%; Sigma-Aldrich). Finally, the cells were
washed with distilled water, examined under a microscope, and
photographed.

Determination of cellular glutathione

Glutathione (GSH) was measured using a GSH Assay kit (Nanjing
Jiancheng Bioengineering Institute) according to the manufac-
turer’s instructions. Briefly, cells were collected, sonicated, mixed
with Reagent 1, and then centrifuged at 1485 g for 10 min. The
supernatant was used as the substrate in a chromogenic
reaction and the reaction was measured spectrophotometrically
at 420 nm.

Real-time qPCR

Total RNA was extracted with TRIzol reagent (Invitrogen), and
the concentration and purity of the total RNA were determined
using a Nano Drop 8000 (Pierce Thermo Scientific). RNA with
optical density (OD) 260/280 nm ratios between 1.8 and 2.0 were
used for cDNA synthesis. Reverse transcription was conducted
with a PrimeScript RT Reagent Kit (Takara, Tokyo, Japan;
#RR037A). qPCR was performed with SYBR Green Master Mix
(Roche Applied Science, Mannheim, Germany) in combination
with a 7500 Real-Time PCR Detection System (Applied
Biosystems, Foster City, CA, USA) using GAPDH for normaliza-
tion. SLC7AT11, (F) TTCACAACCATTAGTGCCGAGG, (R) GCATTAT-
CATTGTCAAAGGGTG; ALP, (F) ATGGGATGGGTGTCTCCACA, (R)
CCACGAAGGGGAACTTGTC; RUNX2, (F) CCGCCTCAGTGATT-
TAGGGC, (R) GGGTCTGTAATCTGACTCTGTCC; osteocalcin
(OCN), (F) CACTCCTCGCCCTATTGGC, (R) CCCTCCTGCTTGGACA-
CAAAG; 0OSX, (F) AGCAGCAGTAGCAGAAGCA, (R) CAGCAGTCC-
CATAGGCATGC; human GAPDH, (F) GGTCACCAGGGCTGCTTTTA,
(R) GGTCGACCTTTAGGAGACCGCA; BMP2, (F) CCTTGCGCCAGG
TCCTTTGA, (R) GGTCGACCTTTAGGAGACCGCA; BMP4, (F)
CGTCCAAGCTATCTCGAGCCTG, (R) GAATGGCTCCATAGGTCCC
TGGC; BMPRIA, (F) TTCCCTGGGGTCCGGACTTA, (R) ACGACTCCTC-
CAAGATGTGGC; BMPR1B, (F) AGCCTGCCATAAGTGAGAAGCAAA,
(R) GGTGGTGGCATTTACAACGCA. Mouse Gapdh, (F) ACAGCAAC
TCCCACTCTTCCAC, (R) AGTTGGGATAGGGCCTCTCTTG; Mouse
Slc7all1, (F) ATCTCCCCCAAGGGCATACT, (R) GCATAGGACAGGG
CTCCAAA.
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Western blotting

MSCs were washed three times with cold PBS, and lysed in
radioimmunoprecipitation assay (RIPA) buffer supplemented
with protease inhibitor cocktail (Roche). After centrifugation
of the cell lysate at 13362¢g at 4°C for 30 min, supernatants
were transferred to new tubes, and their protein concentrations
were determined using the BCA protein assay (Thermo
Scientific). Total protein (25 g) of each sample was subjected
to 10% SDS-PAGE. After electrophoresis, proteins were trans-
ferred to a polyvinylidene fluoride membrane (Millipore,
Billerica, MA, USA) and the membrane was blocked with 5%
nonfat milk in Tris-buffered saline (TBS) and then incubated with
anti-SLC7A11 (Abcam, Cambridge, UK), anti-OCN (Abcam), anti-
BMP2 (Abcam), anti-BMP4 (Abcam), anti-p-Smad1/5/8 (Cell
Signaling Technology, Beverly, MA, USA), anti-Smad1 (Abcam),
anti-p-elF2a  (Cell Signaling Technology), anti-elF2a (Cell
Signaling Technology), or anti-GAPDH (Abcam) in TBS at 4°C
overnight. The membrane was washed with TBS-Tween 20
(TBST) buffer and subsequently incubated with goat anti-rabbit
1gG (Abcam) and then washed with TBST buffer again to remove
unbound antibody. The bands were visualized using an ECL
Western blot kit (CW0049C; CWBIO). The intensities of the bands
were quantified using ImagelJ software (NIH, Bethesda, MD, USA;
https://imagej.nih.gov/ij/).

Heterotopic bone formation assay in vivo

The human MSCs were collected and incubated with hydroxy-
apatite/tricalcium  phosphate (HA/TCP) carrier (Geistlich;
GEWO GmbH, Baden-Baden, Germany) scaffolds for 1 hour at
37°C, followed by centrifugation at 150g for 5min, and then
implanted subcutaneously on the backs of 6-week-old BALB/C
homozygous nude (nu/nu) mice (five mice per group). Sample
preparation and histomorphometric analysis were performed as
described.®® Briefly, the bone constructs were fixed in 4%
paraformaldehyde and then decalcified for 10 days in 10% EDTA
(pH 7.4). After decalcification, the specimens were dehydrated
and subsequently embedded in paraffin. Sections (5-p.m-thick)
were stained with hematoxylin and eosin (H&E) and Masson’s
trichrome stain. To quantify bone-like tissue, 10 images of each
sample were taken randomly (Olympus, Tokyo, Japan) and SPOT
4.0 software (Diagnostic Instruments, Sterling Heights, MI, USA)
was used to measure the area of new bone formation versus
total area. All animal experiments in this study were carried out
with the approval of Peking University Biomedical Ethics
Committee Experimental Animal Ethics Branch.

SAS treatment on transplants in vivo

Forty-five 6-week-old BALB/C homozygous nude mice (Vital Co,
Beijing, China) were divided into three groups (15 mice per group)
as follows: (1) cells and HA/TCP carriers without SAS; (2) cells
treated with 0.1 mM SAS for 1 week and then seeded on HA/TCP
carriers; and (3) cells incubated with SAS-infused HA/TCP carriers.
The cells were then implanted subcutaneously into the dorsal side
of the mice. Eight weeks later, the samples were obtained,
decalcified, and stained using immunohistochemistry (IHC) and
tartrate-resistant acid phosphatase (TRAP) staining.

Micro-computed tomography analysis of bones from
mice

BALB/C mice were obtained from Vital Co., and maintained in a
pathogen-free facility on a 12-hour light/dark cycle with water

and food provided ad libitum. Three-month-old mice were
sham-operated (SHAM) or OVX. Subsequently, the OVX mice
presented osteoporosis, as described.?® After 2 months of
ovariectomy surgery, mice were euthanized for the related
assays.

The proximal femur and tibia were thoroughly dissected free
of soft tissue and fixed with 4% paraformaldehyde for 24 hours
and subsequently washed with 10% sucrose solution. Twelve
hours later, micro-CT (uCT) images were scanned at a resolution
of 9.088 wm, with tube voltage of 60 kV, tube current of 220 p.A,
and exposure time of 800 ms in each of the 360 rotational steps.
A typical examination consisted of a scout view, selection of the
examination volume, automatic positioning, measurement,
offline reconstruction, and evaluation. Two-dimensional (2D)
images were used to generate three-dimensional (3D) recon-
structions using multimodal 3D visualization software (Inveon
Research Workplace; Siemens, Munich, Germany) supplied by
the pnCT system.

Parameters were calculated using an Inveon Research
Workplace (Siemens) as follows: bone volume/total volume
(BV/TV), trabecular thickness (Tb.Th), trabecular number (Th.N),
and trabecular separation (Tb.Sp) in the trabecular region (0.5 to
1 mm distal to the proximal epiphysis) according to guidelines
set by the American Society for Bone and Mineral Research
(ASBMR).?”

Implantation of the Alzet mini-osmotic pump

Female BALB/C mice (3 months old, weighing 25 to 30 g) were
purchased from Vital Co., and kept under specific pathogen-free
(SPF) conditions. Animals were randomized into four groups of
20 animals each. Group one was sham operated (SHAM), group
two was SHAM and treated with SAS (SHAM+SAS), group three
was ovariectomized (OVX), and group four was OVX and treated
with SAS (OVX-+SAS). Animals were anesthetized with 1%
sodium pentobarbital via intraperitoneal injection. Then, for
OVX mice, both ovaries were removed after performing a low
midline incision on the abdominal wall. Sham surgery was done
by simply opening the abdomen without performing ovariec-
tomy. One month after surgery, all animals were implanted with
an Alzet mini-pump (Alzet, Cupertino, CA, USA) under the skin of
the back. The Alzet pumps used were model 2004 pumps, which
could deliver 0.25 pL/hour, or a total of 200 pL over 4 weeks.
Alzet pumps were filled according to the manufacturer’s
instructions and put into physiological saline in the SHAM
and OVX groups. The other two groups were implanted with
Alzet pumps containing a 80-mg dose of SAS for 1 month of
continuous delivery. Ten mice from each group were euthanized
at weeks 4 and 8, respectively, after ALZET operation. Femurs
were harvested, cleaned free of soft tissues and fixed in 4%
paraformaldehyde for 24 hours. The femurs were scanned by
rCT, followed by H&E staining. Samples were prepared as
described.??

Statistical analysis

All statistical analyses were performed using the GraphPad
scientific software for Windows (San Diego, CA, USA). Compar-
isons between two groups were analyzed by independent two-
tailed Student’s t tests, and comparisons between more than
two groups were analyzed by one-way ANOVA, followed by a
Tukey’s post hoc test. Data were expressed as the mean £
standard deviation (SD) of three to 10 experiments per group.
Values of p < 0.05 were considered statistically significant.

B 510 JINETAL

Journal of Bone and Mineral Research


https://imagej.nih.gov/ij/

Results

Endogenous expression of SLC7A11 is significantly
downregulated in MSCs undergoing osteogenic
differentiation

First, we analyzed the endogenous expression profile of
SLC7A11 in MSCs after osteogenic differentiation. Interestingly,
real-time gPCR (RT-qPCR) showed that decreased expression of
SLC7A11 was accompanied by upregulation of osteogenic
markers RUNX2, OCN, and ALP (Fig. 1A-D). Western blotting
showed a similar pattern at the protein level, (Fig. 1E, F). In
addition, immunofluorescence staining revealed that the
percentage of SLC7A11-positive MSCs was lower in osteogenic
media than in proliferation media (Supporting Fig. S1). Taken
together, these results demonstrated that SLC7A11 expression
was inversely correlated with the expression of osteogenic
markers when MSCs differentiate along the osteogenic lineage.

Knockdown of SLC7A11 significantly enhanced the
osteogenic differentiation potential of MSCs in vitro

To investigate the impact of SLC7A11 on the osteogenic ability
of MSCs, we first generated a stable cell line with lentiviruses
expressing SLC7A11 shRNA. To rule out off-target effects, two
shRNA sequences against SLC7A11 were designed. Fluorescent
staining and Western blotting confirmed the efficiency of
knockdown (Supporting Fig. S2A, Fig. 2A). After culturing MSCs
in osteogenic media for 7 days, the ALP activity of differentiating
MSCs was significantly increased by SLC7A11 knockdown
(Fig. 2B, C). Moreover, extracellular matrix mineralization, as
shown by Alizarin red S staining and quantification at 2 weeks
after osteogenic induction, was also increased dramatically in
SLC7A11 shRNA-treated cells compared with control shRNA-
treated cells (Fig. 2D, E). To further confirm that SLC7A11
depletion promoted osteogenic differentiation of MSCs, we
assessed the mRNA expression of several osteogenic markers
after induction. As shown in Fig. 2F-H and Supporting Fig. S2B,
SLC7A11 knockdown significantly promoted the expressions of
RUNX2, OCN, ALP, and IBSP. Collectively, these results indicated
that SLC7A11 is a negative regulator of osteogenic differentia-
tion in vitro. To further explore the potential role of SLC7A11 in
regulating adipogenic differentiation of MSCs, SLC7A11 sh MSCs
and control cells were grown in adipogenic media. After 3 weeks
of culture, we performed Oil-Red-O staining to detect the lipid
droplets. As shown in Supporting Fig. S2C, we observed
decreased adipogenesis in SLC7A11 sh MSCs compared with
control cells. In addition, the depletion of SLC7A11 inhibited
the mRNA level of the master adipogenic transcription factor
PPAR-y, as shown in Supporting Fig. S2D.

SLC7A11 knockdown accelerated the osteogenic
differentiation of MSCs in vivo

H&E staining showed that MSCs/SLC7AT1sh#1 and MSCs/
SLC7AT11sh#2 cells formed much more bone tissues than
MSCs/NC cells (Fig. 3A). Quantitative measurement of
mineralized tissue areas revealed an increase of more than
50% in bone formation by MSCs/SLC7AT11sh#1 and MSCs/
SLC7A11sh#2 cells compared with MSCs/NC cells (Supporting
Fig. S3A). Consistently, Masson’s trichrome staining also
showed that bone-like tissues were markedly increased
for hybrids containing MSCs/SLC7A11sh#1 and MSCs/
SLC7A11sh#2 compared with control cells (Fig. 3B). Because

SLC7A11 is pivotal for the synthesis of GSH, we next
investigated intracellular GSH levels during osteogenesis.
The results showed that the levels of intracellular GSH
decreased during osteogenic differentiation in a time-
dependent manner (Supporting Fig. S3B). Moreover,
SLC7A11 knockdown and SAS treatment also reduced the
levels of GSH (Supporting Fig. S3C, D). Given that cystine is a
precursor for the synthesis of GSH, we examined the role of
cystine on osteogenic differentiation. We used DMEM with
100% cystine, 30% cystine, and 10% cystine to prepare
proliferation medium and osteogenic medium, respectively.
ALP staining and activity showed that osteogenic differenti-
ation was enhanced by cystine reduction, as shown in
Supporting Fig. S3E, F. Next, we treated cells with cystine
deprivation for 24 hours, and performed GSH assay,
the results showed that GSH levels decreased after cystine
deprivation (Supporting Fig. S4A). In addition, we discovered
that cystine deprivation induced BMP2 and BMP4 expression
in a time-dependent manner, as measured by RT-qPCR
(Supporting Fig. S4B, C). We also found cystine reduction
(DMEM with 100%, 70%, 50%, 30%, 10%, and 0% cystine,
respectively) increased BMP2 and BMP4 expression in a dose-
dependent manner (Supporting Fig. S4D, E). Western blotting
showed that cystine deprivation increased the protein
expression of BMP2, BMP4, and p-Smad1/5/8 (Supporting
Fig. S4F, G). These data indicated that GSH and cystine play
critical roles in SLC7AT11-regulated osteogenesis.

The SLC7A11 inhibitor SAS promoted osteogenic
differentiation effectively both in vitro and in vivo

To further confirm our results, we measured the osteogenic
differentiation potential of MSCs in the presence of SAS, a potent
and relatively selective competitive inhibitor of SLC7A11. As
shown in Supporting Fig. S5A-D, SAS treatment significantly
promoted the expressions of osteogenesis-associated genes
RUNX2, ALP, OCN, and OSX in a dose-dependent manner when
added at concentrations 0.05 mM and 0.1 mM. To further clarify
the potential role of SAS in osteogenic differentiation, MSCs with
or without SAS treatment were cultured in osteogenic media for
7 days; ALP activity found to be increased significantly in cells
treated with SAS (Fig. 4A, B). Moreover, Alizarin Red S staining
and quantification showed that extracellular matrix mineraliza-
tion was also increased by SAS treatment at 2 weeks after
osteogenic induction (Fig. 4C, D). Next, we examined the role of
SAS in vivo. Six-week-old BALB/C homozygous nude mice were
divided into three groups (15 mice per group), and then
implanted subcutaneously with either (1) cells and HA/TCP
carriers without SAS, (2) cells treated with 0.1 mM SAS for 1 week,
or (3) cells incubated with SAS-infused HA/TCP carriers. As
shown in (Fig. 4E, F), SAS treatment promoted bone formation in
vivo significantly. It was reported that the cystine/glutamate
antiporter could modulate osteoclastogenesis.”® We then
performed TRAP staining to examine the osteoclastogenesis
under SAS treatment. Supporting Fig. S5E shows that SAS
treatment reduce the number of osteoclasts, which correlated
with decreased SLC7A11 activity (Supporting Fig. S5F). To
determine whether SAS affects adipocyte differentiation,
adipogenic medium was supplemented with different concen-
trations of SAS. As shown in Supporting Fig. S6A, SAS treatment
significantly inhibited adipogenesis associated genes PPAR-y
expression in a dose-dependent manner. Oil red O staining
further validated these observations (Supporting Fig. S6B).
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Fig. 1. Endogenous SLC7A11 is downregulated during osteogenic differentiation of MSCs. (A-C) RT-qPCR analysis performed on MSCs undergoing to
osteogenesis revealed a significant upregulation of RUNX2 (A), OCN (B), and ALP (C) gene expression. Conversely, SLC7AT1 gene expression was significantly
downregulated upon osteogenic differentiation (D). (E) Western blotting analysis of SLC7A11 proteins performed using a specific anti-SLC7A11 antibody
confirmed the observed gene expression patterns. (F) Quantification of the SLC7A11 expression level obtained in E using Image J. All data are shown as the
mean + SD, n=3.*p < 0.05, **p < 0.01, and ***p < 0.001, compared with day 0 day. PM = proliferation media; OM = osteogenic media.

Knockdown of SLC7A11 or SAS treatment increased the
BMP2/4 expression

Next, to determine the mechanisms underlying the regulation of
osteogenic differentiation by SLC7A11, stable SLC7AT1 knock-
down cells were subjected to mRNA determination and protein

expression analysis for several key regulators of osteogenesis.
Surprisingly, a significant increase of BMP2 and BMP4 mRNA
expression was detected in SLC7A11 knockdown cells (Fig. 5A).
Furthermore, Western blotting and quantification of the
electrophoresis bands showed that downregulation of
SLC7A11 could promote BMP2/4 expression at the protein level
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(Fig. 5B, C). To compare the relative effects of knockdown of
SLC7A11 and SAS on BMP2/4 expression directly, we detected
BMP2/4 expression in the presence or absence of SAS. As
shown in Supporting Fig. S6C-E, 0.1 mM SAS treatment
enhanced both mRNA and protein levels of BMP2/4 significantly.
To explore the mechanism by which the BMP signaling
pathway is involved in the SLC7A11-mediated differentiation
of osteoblasts, we studied the downstream signaling molecules
p-Smad1/5/8 in SLC7A11 knockdown and SAS-treated cells:
the protein expression levels of p-Smad1/5/8 were increased
significantly in SLC7A11 knockdown cells (Fig. 5B, C; Supporting
Fig. S6D, E). To further verify that the BMP signaling is involved
in SLC7A11-regulated osteogenesis, we established SLC7AT1
and SMAD1 double knockdown cells. Western blotting experi-
ments were employed to detect the knockdown efficiency
(Supporting Fig. S6F, G). As shown in Fig. 5D, E, when cells
were treated with osteogenic media, the increase in osteogenic
differentiation conferred by SLC7A11 knockdown was effectively
reversed in the SLC7A11 and SMADT double knockdown cells,
as indicated by ALP staining and quantification. Moreover,
Alizarin Red S staining and quantification showed that
extracellular matrix mineralization was also decreased in
SLC7A11 and SMAD1 double knockdown cells compared with
SLC7A11 knockdown cells after osteogenic induction (Fig. 5F, G).
In addition, compared with the control cells, knockdown of
SLC7A11 and SMAD1 resulted in decreased mRNA expressions of

RUNX2 and ALP (Supporting Fig. S6H, I). Next, we detected the
effect of the BMP antagonist Noggin in SLC7A11 knockdown and
SAS-treated cells. As shown in Fig. 5H-1, Supporting Fig. S7A-F,
and Supporting Fig. S8A-D, Noggin treatment blocked the
increased osteogenic differentiation caused by SLC7A11 knock-
down or SAS treatment effectively.

Previous experimental evidence suggested that amino
acid limitation activated general control non-derepressible-2
(GCN2) protein kinase, which subsequently phosphorylated
the translation initiation factor elF2a.?® Hence we tested the
level of phosphorylation of elF2a in SLC7A11 knockdown cells,
and found that SLC7A11 knockdown increased the level of
phosphorylated elF2a (Supporting Fig. S8E, F).

SLC7A11 expression was increased in osteoporotic mice

MSCs in bone marrow can differentiate into either osteoblasts or
adipocytes, and there is an inverse relationship between
osteogenesis and adipogenesis in MSC differentiation.3%-3?
Our results suggested that the status of SLC7A11 may be a
critical factor that determines MSC fate in bone marrow. To test
this hypothesis, we established an OVX mouse model. uCT and
H&E staining showed that the trabecular bone was significantly
reduced in OVX mice compared with SHAM mice (Fig. 6A-D,
Supporting Fig. S8G-H). Next, we isolated MSCs from both
SHAM and OVX mice. RT-gqPCR revealed that the expression of
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Slc7a11 was increased in MSCs from OVX mice compared with
those from SHAM mice (Fig. 6E). In addition, Western blotting
demonstrated increased SLC7A11 expression in MSCs of OVX
mice (Fig. 6F, Q).

SAS treatment attenuates bone loss in OVX mice

To show the clinical significance of our findings, we explored
whether the SAS could treat osteoporosis effectively. Eighty
3-month-old female mice were divided into four groups of 20

mice: SHAM, SHAM+-SAS, OVX, and OVX+SAS. We first weighed
the mice and found that ovariectomy slightly increased the mice’s
body weight. However, there were no significant differences
between mice implanted with SAS or not (as shown in Supporting
Fig. S9A). As shown in Fig. 7A, nCT and H&E staining showed that
there was no significant difference between SHAM mice and
SHAM mice with SAS treatment, whereas trabecular bone loss was
effectively blocked in OVX mice treated with SAS for 4 weeks. In
addition, OVX mice treated with SAS at 8 weeks could also
significantly inhibit the bone loss (Fig. 7B). Moreover, compared

Journal of Bone and Mineral Research

SAS ENHANCES OSTEOGENIC DIFFERENTIATION AND SUPPRESSES OSTEOPOROSIS

517



4 weeks
A
Cross Longitudinal HE

SHAM
SHAM+SAS

ovX

OVX+SAS

c D

. SHAM & SHAM
SHAM+SAS SHAM+SAS
e OvX e OvX
OVX+SAS OVX+SAS
1500+ 104

Y 10001 €

?Un 1000 g

£ T

o =z

= 500 a8

m [

04

8 weeks

4 weeks

4 weeks

8 weeks

Longitudinal HE

Cross

Wl SHAM
SHAM+SAS

mn ovX
OVX+SAS

['

= T

T L
I T

4 weeks 8 weeks

8 weeks

Fig. 7. SAS suppressed bone loss in OVX mice. (A, B) Representative uCT images in SHAM mice, SHAM mice with SAS treatment, OVX mice, and OVX mice
with SAS treatment at 4 weeks (A) and 8 weeks (B). Scale bar =1 mm. H&E staining in SHAM mice, SHAM mice with SAS treatment, OVX mice, and OVX
mice with SAS treatment at 4 and 8 weeks. Scale bar =200 pwm. (C-E) OVX mice treated with SAS had different degrees of improvement of BMD (C),
trabecular number (D), and bone volume (E) compared with OVX mice. All data are shown as the mean 4 SD. *p < 0.05, **p < 0.01 compared with OVX.

with the SHAM mice, the bone mineral density (BMD) of OVX mice
was reduced significantly at the distal femur. However, SAS
treatment for the OVX mice partially reversed this bone loss
(Fig. 70). Meanwhile, we observed an increased trabecular
separation (Supporting Fig. S9B) and a reduction in trabecular
number (Fig. 7D), bone volume (Fig. 7E), and trabecular thickness
(Supporting Fig. S9C) in OVX mice, while these parameters were
improved to different degrees in the OVX mice treated with SAS.

In addition, TRAP staining indicated that the number of
osteoclasts increased in OVX group and reduced with SAS
treatment (Supporting Fig. 9D, E). To further explore the effect of
SAS treatment on mice, we evaluated the protein expression of
BMP2 and BMP4 in BMSCs from OVX mice treated with SAS. The
results showed that BMP2 and BMP4 decreased in the OVX group,
and the SAS-treated group showed significant increase of BMP2
and BMP4 (Supporting Fig. S9F, G).
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Discussion

In this study, we found that SLC7A11 expression dramatically
decreased during osteogenic differentiation of MSCs. We
also observed that SLC7A11 expression inversely correlated
with the expression osteogenic markers RUNX2 and OCN. These
results suggested that SLC7A11 might prevent MSCs from
differentiating toward the osteoblastic lineage. To test this
possibility, we downregulated its expression by using a shRNA
experimental approach. Upon SLC7A11 silencing, MSCs acquired
an increased ability to differentiate along the osteogenic
lineage in vitro. This finding is in agreement with a previous
study in which overexpression of SLC7A11 decreased osteo-
blastogenesis through downregulation of RUNX2 in MC3T3-E1
cells.®® However, our present work showed that knockdown of
SLC7A11 significantly accelerated bone formation accelerated
bone formation in a bone ossicle model. Most importantly,
we discovered that the SLC7A11 inhibitor SAS promoted
osteogenic differentiation successfully and suppressed bone
loss in OVX mice. Mechanistically, SLC7A11 knockdown or SAS
treatment increased BMP2/4 expression significantly. This study
provides valuable clues for the treatment of bone metabolic
disease such as osteoporosis.

BMPs play critical roles in the commitment of mesenchymal
cells into osteoblast and chondroblast lineages,®*** and
BMP2/4 enhance osteogenic differentiation of MSCs signifi-
cantly.®® Our results showed that knockdown of SLC7A11 or
inhibition of SLC7A11 by SAS treatment could significantly
enhance both the mRNA and protein levels of BMP2 and BMP4.
This is the first report of a relationship between SLC7A11 and
BMPs. The principal biological role of SLC7A11 is the import of
cystine, which is an essential precursor for the biosynthesis of
the cellular antioxidant GSH.®” Intracellular GSH plays a critical
role in redox regulation through S-glutathionylation of a variety
of transcription factors, including nuclear factor-kB (NF-«B), heat
shock proteins, and AP-1 components.®® Mass spectrometry
analysis identified a cysteine residue in the conserved catalytic
region of deacetylase sirtuin 1 as target for deglutathionyla-
tion.®? There is an elegant study that showed that glutamate
suppresses osteoblastogenesis through the cystine/glutamate
antiporter in MSCs.“? In the present study, we detected that
the level of intracellular GSH decreased during osteogenic
differentiation in a time-dependent manner. We also detected
decreased GSH in SLC7A11 knockdown cells or under SAS
treatment. Moreover, we found that cystine reduction promoted
osteogenic differentiation of MSCs. In addition, cystine deple-
tion induced decreased GSH levels and induced BMP2 and BMP4
expression in a time-dependent and dose-dependent manner.
These results suggested that SLC7A11 knockdown enhanced the
osteogenic differentiation of MSCs by modulating the GSH level.
However, the precise molecular mechanism remains unclear.
Further experiments will be needed to identify the mechanism
of the regulatory control of osteogenesis and BMPs by SLC7A11.
It is reasonable to postulate that intracellular GSH would induce
the glutathionylation of specific factors that regulate the
expression of BMP2/4 in MSCs.

Osteoporosis is associated with severe complications, such as
skeletal deformity and increased bone fractures; therefore,
efficient treatments for osteoporosis are required urgently.“"”
SAS promoted osteogenic differentiation of MSCs; therefore, it
was used to treat our osteoporotic OVX mice. To our surprise,
SAS treatment could alleviate the bone loss of OVX mice. We also
treated SHAM mice with SAS and found SAS did not affect the

BMD in normal mice. SAS is a US Food and Drug Administration
(FDA)-approved drug that is used widely to treat a number of
clinical diseases, for instance, inflammatory bowel diseases (IBD)
such as ulcerative colitis (UC) and Crohn’s disease (CD).“**?
Once digested, SAS is cleaved into sulfapyridine and 5-
aminosalicylic acid (5-ASA) by colonic bacteria. 5-ASA retains
most of the beneficial anti-inflammatory effects of SAS to treat
IBD. As an effective second-line drug in rheumatoid arthritis (RA),
SAS displays a wide range of anti-inflammatory and immuno-
suppressive actions, which may account for its mode of action in
RA. These include reduced numbers of monocytes, B lympho-
cytes, ¥ serum IgA and IgA-producing cells,** and inhibition of
leukotriene production.® In addition, SAS is effective antitumor
drug in a variety of cancers. Two groups used intraperitoneal
injection of SAS to inhibit tumor growth successfully. One
ascribed the effect of the drug to its inhibition of SLC7A11“7;
the other believed it acted by inhibiting the transcription factor,
NF-kB.“® In the present study, the OVX mice were implanted
with Alzet pumps containing SAS for continuous delivery; the
SAS was circulated to blood system through subcutaneous
tissue, and did not enter the gut to be digested. Note that in
clinical treatment, SAS might lead to a series of side effects,
including oligospermia, severe immune suppression, gastroin-
testinal effects, and weight loss. Further clinical investigations
are needed to ensure the safe use of SAS in osteoporotic
patients. Importantly, the present study indicated that SLC7A11
is a significant target for the treatment of osteoporosis.
Additional work will be needed to discover more secure clinical
medicines that act on SLC7A11.

It has been previously demonstrated that osteoporosis is
related to excessive osteoclast formation and activity.“® So we
also examined the role of SAS on osteoclasts in vivo and found
SAS treatment reduced the number of osteoclasts. A lot of
studies showed that NF-«B played an essential role for osteoclast
differentiation, and blockage of this signaling pathway could
inhibit osteoclast formation and function.®°? Other studies
discovered that SAS inhibited NF-kB expression and activa-
tion.®>*¥ Considering previous studies, it is possible to
postulate that SAS may attenuate osteoporosis of OVX via
inhibiting NF-kB activation. However, the function of SAS in vivo
is more complex than expected, the precise role and the
underlying mechanisms of SAS in regulating osteoblasts and
osteoclasts in vivo remain unexplored, further detailed research
needs to be done.

In summary, our work shed new light on the role of SAS in
osteogenesis and indicated that treatment with SAS is a
promising and novel therapeutic approach for osteoporosis.
SAS is already FDA-approved for the treatment of other diseases,
making a compelling case for further studies of its clinical benefit
to treat osteoporosis.
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