ASIAN SPINE JOURNAL —

Asian Spine ] 2019;13(5):705-712 « https://doi.org/10.31616/as}.2018.0257

Basic Study
APSS-AS] Best Basic Science Award

Comparison of Transforming Growth Factor-Betal
and Lovastatin on Differentiating Mesenchymal
Stem Cells toward Nucleus Pulposus-like
Phenotype: An In Vitro Cell Culture Study

Shu-Hua Yangl, Kai-Chiang Yangz, Chih-Wei Chen’, Ting-Chun Huang4, Yuan-Hui Sun’, Ming-Hsiao Hu'

'Department of Orthopedics, National Taiwan University Hospital, National Taiwan University College of Medicine, Taipei, Taiwan
“Department of Dental Technology, College of Oral Medicine, Taipei Medical University, Taipei, Taiwan
3Department of Orthopedics, National Taiwan University Hospital Hsin Chu Branch, Hsin Chu, Taiwan
*Department of Orthopedics, National Taiwan University Hospital Chu Tung Branch, Hsin Chu, Taiwan

Study Design: /n vitro cell culture study.

Purpose: This study aims to investigate the impact of transforming growth factor-betal (TGF-B1) and lovastatin on differentiating hu-
man mesenchymal stem cells (MSCs) toward nucleus pulposus (NP)-like phenotype.

Overview of Literature: MSCs offer a cell source to the cell-based therapy for intervertebral disc degeneration. TGF-1 is used to
induce MSCs to differentiate into NP-like cells; however, an undesired expression of collagen type I has been reported. Statins report-
edly stimulate expression of bone marphogenetic protein-2 (BMP-2) and promote the chondrogenic phenotype to NP cells. However,
the effects of statins with or without TGF-1 on the differentiation of MSCs into NP-like cells remain unclear.

Methods: Human MSCs were treated with TGF-B1 alone, lovastatin alone, and simultaneous or sequential treatment with TGF-p1
and lovastatin. After the proposed stimulation, the total RNA was extracted to assess the expression profile of NP cells-specific
genes. Hematoxylin—eosin staining was used for examining the microscopic morphology. Furthermore, we detected the syntheses of
S-100 protein, aggrecan, and collagen type I/ in the extracellular matrix using immunohistochemical staining.

Results: Simultaneous or sequential treatment of TGF-B1 and lovastatin could further augment the BVP-2 overexpression compared
with lovastatin-alone treatment. However, the mRNA expression of aggrecan and collagen type I/ was not compatible with the
expression level of BMP-2. Immunohistochemical studies revealed compatible production of aggrecan, collagen type I/, and S-100
protein in all three groups treated with lovastatin. Cells in groups treated with lovastatin were less populated than that in the group
treated with TGF-B1 alone.

Conclusions: This study demonstrates a promising role of lovastatin in inducing human MSCs into NP-like cells. However, further
optimization of cell density before lovastatin treatment, treatment duration, and combination with TGF-B1 are warranted to attain
better stimulatory effects.
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Introduction

The intervertebral disc (IVD) comprises hydrated and
gelatinous nucleus pulposus (NP) core, surrounding mul-
tilaminar annulus fibrosus, and cartilaginous endplates
[1]. IVD degeneration correlates with genetic, aging, and
traumatic effects, causing different spinal disorders that
are leading causes of chronic low back pain and high
health costs [2]. The extracellular matrix (ECM) of NP
comprises water, proteoglycans, and collagen that provide
bearing capacity of IVD to resist the mechanical load [3].
The pathophysiological evidence demonstrates that IVD
degeneration initiates from the NP, where the contents of
collagen type II (Col2) and proteoglycan reduce with an
abnormally increasing synthesis in collagen type I (Coll)
[4]. As the NP loses the cellularity and matrix integrity
and becomes fibrotic, the process becomes irreversible.
The degenerated IVD cannot transmit intervertebral
forces optimally, and various degenerative processes occur
subsequently.

At present, no cure exists for IVD degeneration. Thus,
cell-based interventions for tissue regeneration in the ear-
ly stages of degeneration could theoretically delay or even
reverse the degenerative process and, perhaps, restore the
biological and mechanical function of IVD. One potential
cell-based therapy is the transplantation of autologous
IVD cells [5,6]. Clinically, the most applicable source of
cells is surgically harvested IVD tissue to treat lumbar
disc herniation and degenerative disc disease; however,
these cells could display potentially pathological changes
with a phenotype of cellular senescence [7]. Alternatively,
the overexpression of catabolic cytokines and degenera-
tive enzymes [8], as well as the declined production of
matrix components, has also been reported in isolated NP
cells [9]. Moreover, using autologous NP cells harvested
from adjacent healthy IVDs is unfeasible; however, this
approach could initiate donor IVDs degeneration [10].
Furthermore, restricted availability and suboptimal regen-
erative potential are major concerns to autologous differ-
entiated NP cells [11].

Recently, uncommitted mesenchymal stem cells (MSCs)
have garnered special attention in cell-based therapy for
IVD degeneration. Reportedly, the use of autologous
MSCs could alleviate the lack of autologous grafts, pos-
sible donor-site morbidity, allogeneic immunogenicity,
and potential infection transmissions of xenogeneic cells
[12]. To date, several approaches have been tested, includ-
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ing transplanting MSCs into IVDs [13,14], coculturing
MSCs and IVD cells [15,16], and differentiating MSCs
toward NP-like cells by various growth factors [14,17].
Transforming growth factor-betal (TGF-B1) could induce
MSCs differentiate into NP-like cells [17,18]. However, we
previously reported that TGF-B1-treated MSCs displayed
an enhanced synthesis of both Co/2 and ColI [16]. The
overexpression of Col! signifies the fibrotic characteristics
of the regenerated matrix that should be further enhanced
for the NP regeneration. Statins, highly effective drugs to
lower cholesterol levels, are extensively used to decrease
the coronary artery disease-related morbidity [19]. Studies
have reported statins to stimulate the bone morphogenetic
protein-2 (BMP-2) expression and promote the expres-
sion of chondrogenic phenotype in rat chondrocytes as
well as IVD cells [20,21]. In an in vitro study, we revealed
that lovastatin upregulated genes encoding Col2, BMP-2,
and transcription factor SOX9 in human degenerative NP
cells, whereas the ColI expression was suppressed [22].
The subsequent animal study illustrated that the intradis-
cal administration of lovastatin solution enhanced BMP-
2 and SOX9 expressions and promoted chondrogenesis of
rat caudal discs after the discography-simulated procedure
[23,24]. Per the chondrogenic effects of BMP-2 and SOX9,
lovastatin could induce the differentiation of MSCs into
NP-like cells.

Hence, this study aims to examine the differences
between the effects of TGF-p1 and lovastatin on the dif-
ferentiation of MSCs toward the NP-like cell phenotype.
Different settings including exceptional, simultaneous,
or sequential treatments with TGF-p1 or lovastatin were
tested.

Materials and Methods

We expanded commercially available human MSCs (Poi-
etics; Lonza, Basel, Switzerland) as monolayers in tissue
culture flasks in 5% CO, at 37°C in the MSC medium
(Lonza) for later use of experiments. To mimic the native
microenvironment of NP cells, all MSC cultivations were
conducted in a hypoxia working station (US Autoflow
NU-4950; NuAire, Plymouth, MN, USA) with a mixture
of 5% O,, 5% CO,, and 91.5% N2; this O, concentra-
tion fulfills the requirements for a hypoxic culture that
does not consume large amounts of nitrogen [25]. The
basal growth medium for the following experiments was
DMEM/F-12 medium containing 10% fetal bovine se-
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rum (Gibco; Life Technologies, Grand Island, NY, USA),
100 nM dexamethasone, 50 U/mL penicillin, 50 mg/mL
streptomycin, 100 mg/mL neomycin (Sigma-Aldrich, St.
Louis, MO, USA), and 25 mg/mL L-ascorbic acid (Sigma-
Aldrich).

1. Quantitative real-time polymerase chain reaction

Upon reaching 80% confluence, one of the four proposed
treatments was given to the MSCs. As the TGF-B1 stimu-
lation in the first 3 days of culture is crucial for MSCs to
express a chondrogenic phenotype [26], we treated MSCs
with TGF-f1 for 72 hours in TGF-p-treated groups as fol-
lows: (1) group T: 10 ng/mL TGF-p1 (PeproTech, Rocky
Hill, NJ, USA) for 72 hours; (2) group L: 5 mM lovastatin
(Sigma-Aldrich) for 72 hours (according to our previous
study [23]): (3) group T+L: simultaneous treatment with
10 ng/mL TGF-B1 and 5 mM lovastatin for 72 hours;
and (4) group T/L: sequential treatment with 10 ng/mL
TGEF-B1 for 72 hours then 5 mM lovastatin for 72 hours.
Then, RNA was extracted using a PureLink Mini RNA
kit (Invitrogen, Carlsbad, CA, USA). During the extrac-
tion process, the RNA was treated with RNase-free DNase
(Qiagen, Chatsworth, CA, USA) to eliminate the influence
of DNA on the reverse transcription polymerase chain
reaction (PCR). The RNA content was determined with a
spectrophotometer (NanoDrop 2000 UV-Vis Spectropho-
tometer; Thermo Fisher Scientific, Waltham, MA, USA)
at OD,,. The complement DNA was synthesized from the
extracted RNA using the High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems, Foster City, CA,
USA). DNA synthesized from 20 ng of RNA was used for
each PCR primer. To reverse transcribe the RNA, we used
random hexamers from the TagMan RT Reagents and RT
reaction mix (Applied Biosystems). For the PCR step, Taq-
Man Universal PCR Master Mix and Assays-on-Demand
Gene Expression probes (ABI PRISM 7900HT Fast Real-
Time PCR System, Applied Biosystems) were used. Genes
examined included those for glyceraldehydes-3-phosphate
dehydrogenase (GAPDH), aggrecan (AGC), Coll, Col2,
SOX9, matrix metalloproteinase (MMUP)-13, and BMP-
2. Relative expressions were calculated by using 2,
where CT is the cycle threshold. Of note, the RNA expres-
sion of each target gene was normalized to that of the
housekeeping gene GAPDH. Then, DCT was evaluated by
subtracting CT for GAPDH from CT for each target gene.
The relative expression of each target gene was evaluated

using the expression of 27**“" by paired comparison of
DCT values obtained from MSCs treated with 10 ng/mL
TGF-B1. Notably, expressions of target genes were evalu-
ated 6 times in each group.

2. Histological and immunohistochemical studies

MSCs (4x10°) were seeded into a well of a 48-well glass
chamber slide (Nunc Lab-Tek II, Thermo Fisher Scientif-
ic) and then cultivated with proposed treatment regimens
for 2 weeks: (1) group T: 10 ng/mL TGF-B1 (PeproTech);
(2) group L: 5 mM lovastatin (Sigma-Aldrich); (3) group
T+L: simultaneous treatment with 10 ng/mL TGF-p1 and
5 mM lovastatin; and (4) group T/L: sequential treatment
with 10 ng/mL TGF-B1 for 72 hours then 5 mM lovastatin
for 11 days.

After 2-week cultivation, chamber slides were fixed with
10% neutral buffered formaldehyde solution (Sigma-Al-
drich) and prepared for histological inspections. The cells
were stained with hematoxylin and eosin for examination
of microscopic morphology.

For the immunohistochemical staining, chamber slides
were immersed in a solution of methanol with 3% H,O,
for 10 minutes to quench the endogenous peroxidase
activity and then incubated in a serum-blocking solu-
tion for 30 minutes to block nonspecific binding. Next,
the cells were labeled with streptavidin-biotin (85-8943,
Histostain-Plus; Invitrogen), followed by overnight incu-
bation of the slides with primary antibody against AGC,
Col2, or S-100 protein (Abcam, Cambridge, MA, USA).
The presence of antigens was detected by a brown color
after staining with 3,30-diaminobenzidine (Invitrogen).
All cells were further counterstained with hematoxylin.
Finally, negative controls were sectioned and subjected to
identical staining procedure; however, the first antibody
was replaced by isotype immunoglobulin G.

3. Statistical analysis

In this study, data obtained from each group are expressed
as meantstandard error. Analysis of variance with post-
hoc Dunnett’s multiple comparison tests was used to ana-
lyze the differences among groups. A difference of p<0.05
was considered as statistically significant.
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Results

1. The mRNA expression of mesenchymal stem cells

Fig. 1 shows the relative expression levels of AGC, Coll,
Col2, §OX9, and MMP-13 genes in each group. Lovas-
tatin-treated MSCs exhibited the highest AGC expres-
sion (4.483+0.381-fold) and the lowest Co/7 expression

Relative expression (folds)

AGC Col1 Col2 SOX9
Genes

Fig. 1. Relative expressions of selected genes in each group. Group T:
10 ng/mL TGF-B1; group L: 5 mM lovastatin; group T+L: simultaneous
treatment with 10 ng/mL TGF-B1 and 5 UM lovastatin; and group T/
L: sequential treatment with 10 ng/mL TGF-B1 for 72 hours then 5 1
M lovastatin for 11 days. AGC, aggrecan, Col1, collagen type I; Col2,
collagen type ll; MMP-13, matrix metalloproteinase-13; TGF-B1, trans-
forming growth factor-betal.
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Fig. 2. Relative expressions of BMP-2. Group T: 10 ng/mL TGF-p1;
group L: 5 UM lovastatin; group T+L: simultaneous treatment with 10
ng/mL TGF-B1 and 5 UM lovastatin; and group T/L: sequential treat-
ment with 10 ng/mL TGF-B1 for 72 hours then 5 mM lovastatin for 11
days. BMP-2, bone morphogenetic protein-2; TGF-B1, transforming
growth factor-betal.
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(0.119+0.005-fold) among groups (p<0.01). Otherwise,
no significant difference was noted in the mRNA ex-
pression for AGC and Coll among the T, T+L, and T/L
groups. However, Col2 and SOX9 expressions were high-
est in the T/L group (1.968+0.408-fold and 1.414+0.212-
fold, respectively), followed by the lovastatin group
(1.510+0.397-fold and 1.212+0.039-fold, respectively). All
three groups with lovastatin treatment exhibited signifi-
cantly lower expression levels of MMP-13 compared with
the group treated with TGF-f1 exclusively (p<0.01). Fig.
2 presents the relative expression levels of BMP-Z genes in
each group. BMP-2 expression was significantly higher
in all three groups with lovastatin treatment (group L,
10.214+1.169-fold; group T+L, 25.275+2.682-fold; group
T/L, 24.350+1.742-fold), and the T+L and T/L groups ex-
hibited a significantly higher BMP-2 expression than that
of the L group (p<0.05).

2. Hematoxylin-eosin staining

In this study, TGF-p1-treated MSCs displayed a cobble-
stone-like shape, a high nuclear-cytoplasmic ratio, and a
relatively higher cell density compared with other groups
(Fig. 3). In addition, the T/L group exhibited a high cell
density, whereas cells in the L, T+L, and T/L groups dis-
played a marginally extending cytoplasm.

A.T/L.}t i’

Fig. 3. (A-D) Hematoxylin—eosin staining (x100). Mesenchymal stem
cells treated with TGF-B1 (group T) display a cobblestone-like shape
and a higher cell density. Cells in the L, T+L, and T/L groups display a
slightly extending cytoplasm (arrow). Group T: 10 ng/mL TGF-B1; group
L: 5 UM lovastatin; group T+L: simultaneous treatment with 10 ng/
mL TGF-B1 and 5 UM lovastatin; and group T/L: sequential treatment
with 10 ng/mL TGF-B1 for 72 hours then 5 1M lovastatin for 11 days.
TGF-p1, transforming growth factor-beta1.
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3. Immunohistochemical study

All treated MSCs were positive to the immunohistochemi-
cal staining against AGC (Fig. 4) and Col2 (Fig. 5), where-
as the staining to S-100 protein was relatively weak (Fig.

Fig. 4. (A-D) Immunochemical staining of AGC (x100).Pronounced
staining is found in lovastatin-treated groups (arrows). However,
cells treated with TGF-B1 produce AGC weakly. The T+L group exhibit
relatively stronger AGC staining than the T/L group. Group T: 10 ng/mL
TGF-B1; group L: 5 UM lovastatin; group T+L: simultaneous treatment
with 10 ng/mL TGF-B1 and 5 mM lovastatin; and group T/L: sequential
treatment with 10 ng/mL TGF-B1 for 72 hours then 5 UM lovastatin for
11 days. AGC, aggrecan; TGF-B1, transforming growth factor-beta?.

Fig. 5. (A-D) Immunochemical staining of Co/2(x100). Pronounced stain-
ing is found in lovastatin-treated groups (arrow). However, cells treated
with TGF-B1 produce Co/Z weakly. The T+L group exhibit relatively stron-
ger Col2 staining than the T/L group. Group T: 10 ng/mL TGF-B1; group
L: 5 mM lovastatin; group T+L: simultaneous treatment with 10 ng/mL
TGF-B1 and 5 pM lovastatin; and group T/L: sequential treatment with
10 ng/mL TGF-B1 for 72 hours then 5 UM lovastatin for 11 days. Co/Z,
collagen type II; TGF-1, transforming growth factor-betal.

6). However, TGF-B1-treated cells also produced AGC
and Col2 weakly. In addition, we found more pronounced
staining of AGC (Fig. 4) and Col2 (Fig. 5) in lovastatin-
treated groups. Furthermore, the T+L group had relatively
stronger AGC and Col2 staining relative to the T/L group.

Discussion

Cell-based therapy offers a cure to regenerated IVDs, and
a reliable cell source plays a vital role in this approach.
Compared with unhealthy NP cells isolated from surgi-
cally excised IVD tissues, autologous MSCs serve as an
alternative cell source. Although TGF-p is used to dif-
ferentiate MSCs into NP-like cells, the high expression of
Coll in these cells needs improvement [16-18]. Statins, a
traditional class of drugs used to treat hypercholesterol-
emia, decrease the coronary artery disease-related mor-
bidity [19]. Besides the cardioprotective effects, statins
reportedly maintain NP cells, a functional phenotype, and
enhance ECM synthesis in rats [21-23]. Hence, we pro-
posed that statins could improve NP-like cells induction
and be useful in IVD regeneration.

A study reported that statins could suppress the nuclear
factor-kB and mitogen-activated protein kinase pathways
to inhibit cell apoptosis and matrix degradation in NP
cells [22]. In addition, our in vitro study further estab-
lished that lovastatin upregulated Col2 and SOX9 but

87 S Ly i ; 2

Fig. 6. (A-D) Immunohist 0 protein (x100).
Pronounced staining is found in lovastatin-treated groups (arrow) but
not in the TGF-B1 group. Group T: 10 ng/mL TGF-B1; group L: 5 pM
lovastatin; group T+L: simultaneous treatment with 10 ng/mL TGF-B1
and 5 UM lovastatin; and group T/L: sequential treatment with 10 ng/
mL TGF-B1 for 72 hours then 5 UM lovastatin for 11 days. TGF-B1,
transforming growth factor-betal.
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downregulated Coll expressions in human degenerative
NP cells [23]. Reportedly, the mechanism of statins for
promoting chondrogenesis of IVD cells is partly mediated
by upregulated BMP-2 through the mevalonate pathway
inhibition [21,22,24]. The treatment of IVD cells with
BMP-2 enhances the proteoglycan synthesis and the ex-
pression of Col2 [23,24,27]. This study demonstrated that
the expression of BMP-2 in human MSCs treated only
with lovastatin was 10-fold higher than that treated with
TGF-pB1. In addition, simultaneous or sequential treat-
ments of TGF-PB1 and lovastatin could further enhance
the BMP-2 expression in human MSCs. Nevertheless, the
expression levels of key ECM elements, such as Col2 and
proteoglycans, were not compatible as BMP-2. These find-
ings further corroborated our previous observations that
the impact of lovastatin on NP cells or IVDs might not be
entirely attributed to the BMP-2 cascade [24].

For the mRNA profiles of treated MSCs, the upregu-
lation in AGC and the suppression in Col2 were most
significant in the group treated with lovastatin only. Con-
versely, simultaneous or sequential treatments of TGF-p1
and lovastatin exhibited fewer effects. However, the
modulation of the Col2 expression was most prominent
in the group with the sequential treatment of TGF-p1 and
lovastatin; this promotional phenomenon was compatible
with enhancements of the SOX9 expression. In the im-
munohistochemical studies, productions of AGC, Col2,
and S-100 protein were compatible in all three groups
treated with lovastatin. The discrepancy between mRNA
expressions and immunohistochemical studies could be
attributed to the treatment duration or other mechanisms.
Hence, further studies are warranted to optimize the ef-
fects of lovastatin on human MSCs.

In histological studies, the cells in lovastatin-treated
groups were less populated than those in the group treated
with only TGF-B1. Reportedly, TGF-B1 can induce human
MSCs proliferation through the Smad3-dependent nuclear
translocation of f-catenin [28]. Likewise, TGF-P1 can also
stimulate the NP cell proliferation in a dose- and time-
dependent manner [29]. Conversely, lovastatin reportedly
decreases the proliferation of human NP cells [23]; this
finding was also evident in human MSCs when treated
with lovastatin. Notably, this effect might not be desirable,
especially when a larger population of cells is anticipated
to produce adequate ECM to restore NP tissues. At pres-
ent, a few modifications to current experimental settings,
including higher cell density before lovastatin treatment
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or shorter time of lovastatin stimulation, are under way.

Conclusions

In this study, lovastatin demonstrated a promising role
in inducing human MSCs into NP-like cells. Among all
groups, lovastatin-treated MSCs exhibited the highest
AGC expression and the lowest ColI expression. Simulta-
neous or sequential treatments of TGF-B1 and lovastatin
could enhance the BMP-2 overexpression compared with
lovastatin-alone treatment. However, the mRNA expres-
sions of AGC and Col2 were not compatible with the
BMP-2 expression level. In addition, immunohistochemi-
cal studies exhibited compatible productions of AGC,
Col2, and S-100 protein in all three groups treated with
lovastatin. However, cells in lovastatin-treated groups
were less populated than those in the group treated with
TGF-P1 alone. Nevertheless, further optimization of treat-
ment duration and combination is essential to achieve
better results.
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