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ABSTRACT: Ligamentum flavum hypertrophy (LFH) is the most important component of lumbar spinal canal stenosis. Although the
pathophysiology of LFH has been extensively studied, no method has been proposed to prevent or treat it. Since the transforming growth
factor‐β (TGF‐β) pathway is known to be critical in LFH pathology, we investigated whether LFH could be prevented by blocking or
modulating the TGF‐β mechanism. Human LF cells were used for the experiments. First, we created TGF‐β receptor 1 (TGFBR1) knock
out (KO) cells with CRISPR (clustered regularly interspaced short palindromic repeats)/Cas9 biotechnology and treated them with TGF‐
β1 to determine the effects of blocking the TGF‐β pathway. Subsequently, we studied the effect of CCN5, which has recently been proposed
to modulate the TGF‐β pathway. To assess the predisposition toward fibrosis, α‐smooth muscle actin (αSMA), fibronectin, collagen‐1,
collagen‐3, and CCN2 were evaluated with quantitative real‐time polymerase chain reaction, western blotting, and im-
munocytochemistry. The TGFBR1 KO LF cells were successfully constructed with high KO efficiency. In wild‐type (WT) cells, treatment
with TGF‐β1 resulted in the overexpression of the messenger RNA (mRNA) of fibrosis‐related factors. However, in KO cells, the responses
to TGF‐β1 stimulation were significantly lower. In addition, CCN5 and TGF‐β1 co‐treatment caused a notable reduction in mRNA
expression levels compared with TGF‐β1 stimulation only. The αSMA protein expression increased with TGF‐β1 but decreased with
CCN5 treatment. TGF‐β1 induced LF cell transdifferentiation from fibroblasts to myofibroblasts. However, this cell transition dra-
matically decreased in the presence of CCN5. In conclusion, CCN5 could prevent LFH by modulating the TGF‐β pathway. © 2019
Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res 37:2634–2644, 2019
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More than 70% of the general population experiences
chronic back pain at least once during their lifetime.1

Among the many possible diseases that could cause
chronic back pain, lumbar spinal canal stenosis (LSCS)
has shown increased occurrence in the elderly pop-
ulation, and it is expected to become more common with
the increase in lifespan.2 LSCS is associated with
chronic back pain and radiculopathy in the legs; it also
commonly causes neurogenic claudication, which greatly
affects the quality of daily life of elderly patients.

In addition to bulging discs and facet joint hyper-
trophy, ligamentum flavum hypertrophy (LFH) is a key
contributing factor to LSCS. Research on the patho-
physiology of LFH has been of great interest to spine
specialists, and the majority of specialists have sug-
gested that tissue inflammation, angiogenesis, and
fibrosis lead to LFH.3–5 Although the development of
LFH cannot be described by a single pathway or a
single biomechanical change, the relationships between
LFH and several key factors, including transforming
growth factor‐β1 (TGF‐β1), angiopoietin‐like protein 2
(ANGPTL2), vascular endothelial growth factor
(VEGF), and several other cytokines have been inves-
tigated.3–13 It is widely known that among these cyto-
kines, TGF‐β1 is the main component of LFH that leads
to LSCS. Several studies have elucidated the key links
of TGF‐β to inflammation,11–13 angiogenesis,4,5 ex-
tracellular matrix (ECM) regulation,9,10 and myofibro-
blast transdifferentiation3 leading to LFH. However,
convincing evidence is still lacking regarding whether
inhibition of the TGF‐β pathway can actually prevent
LFH. More importantly, to date, no method has been
reported to prevent or reverse the development of LFH.

The association of the TGF‐β pathway and in-
flammation is present beyond LFH, and recent studies
have found that the CCN family proteins (CCN1–6),
which are involved in ECM regulation and therefore
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called matricellular proteins, are important regulators
of inflammation.14–16 Although some CCNs, such as
CCN2, are pro‐hypertrophic and pro‐fibrotic, CCN5 has
been shown to be anti‐fibrotic and anti‐hypertrophic in
cardiac tissue.17,18 CCN5 levels were recently found to
be reduced in hypertrophied myocardial tissue, and
treatment of myocardial tissue with CCN5 showed
anti‐hypertrophic effects and inhibited the transition of
fibroblasts to myofibroblasts.17 Although there are no
previous studies on the effects of CCNs on LF, we con-
sidered the influence of CCNs on the myofibroblast
transition in LFH as well as other previous findings on
the effects of CCNs on the myocardium, and we hy-
pothesized that CCN5 could potentially modulate the
pathophysiology of LFH via the TGF‐β pathway.

In this study, we sought to investigate the relationship
between LFH and TGF‐β using CRISPR (clustered regu-
larly interspaced short palindromic repeats) gene editing
technology, which is an innovative biotechnology but has
not been effectively applied in spine research. To this end,
we used CRISPR gene editing to block the TGF‐β pathway
by knocking out transforming growth factor‐β receptor 1
(TGFBR1) and investigated the effects of the TGF‐β
pathway blockade on the fibroblast transition and regu-
lation of the LF ECM. Next, we sought to assess the po-
tential anti‐fibrotic effect of CCN5 on LF by comparing the
experimental outcomes after TGF‐β1 treatment. In con-
clusion, we believe that CCN5, by targeting the TGF‐β
pathway, is a potential anti‐hypertrophic treatment
for LFH.

METHODS
Human LF Tissue Harvest and Cell Culture
This study was conducted after approval from the In-
stitutional Review Board of our institute. A total of four
LF tissues were collected during lumbar spine surgery. As
the assay was designed to verify the mechanism from the
early stage of fibrosis, fresh and young LF cells were re-
quired. We used non‐hypertrophied LFs (<3mm thick-
ness) obtained from disc herniation patients (not LSCS
patients), age under 40. After a phosphate‐buffered saline
(PBS; Welgene, Gyeongsan‐si, Korea) wash, tissues were
minced and incubated for 1 h at 37°C in Dulbecco’s
modified Eagle’s medium (DMEM; Welgene, Gyeongsan‐
si, Korea) with 0.2% collagenase type I (Gibco, Life
Technologies, Grand Island, NY). We filtered the sus-
pension with a 100‐μm mesh cell strainer (Falcon BD,
Franklin Lakes, NJ) and centrifuged at 300 rcf for 5min.
The pellet was resuspended, seeded on to a cell culture
plate (Costar, Corning, NY), and incubated with DMEM
containing 10% fetal bovine serum (FBS; Welgene). Sub-
sequent experiments were conducted using cells from the
second passage. All experiments were conducted twice
per single patient’s cell and total two patients’ cells were
tested (total four experiments per single assay) to verify
the results. Two samples were used for CRISPR KO assay
and two samples were used for CCN5 assay. In CRISPR
KO assay, WT and KO cells were derived from identical
tissues, and paired experiments were performed, and the

same experiment was repeated with a different sample to
verify the reproducibility.

CRISPR/Cas9‐Mediated TGFBR1 KO Cell Construction
SpCas9 and single guide RNA (sgRNA) vector lipofection
SpCas9 (Streptococcus pyogenes cas9), which is known
to be the most efficient gene editing tool of CRISPR/
Cas9, was used in this experiment. The CMV promotor‐
driven SpCas9 expression vector was used for the ex-
periment. A total of seven target sites were selected
from TGFBR1 exon 3, which included the 5ʹ‐NGG‐3ʹ
protospacer adjacent motif (PAM), using an open source
bioinformatics tool (http://www.rgenome.net/). The sites
were cloned in to the pRG vector, in which sgRNA is
transcribed under the U6 promoter (Figs. 1 and 2A and
Table 1). Lipofection was conducted with Lipofectamine
2000 (Life Technologies, Carlsbad, CA) for 1 × 105 cells/
well in 24‐well plates according to the manufacturer’s
instructions and incubated for 48 h.

Purification of the recombinant SpCas9 protein
The recombinant SpCas9 protein was purified from Es-
cherichia coli BL21 (DE3) cells cultured in Luria‐Bertani
(LB) medium at 18°C overnight after induction with
0.5mM isopropyl β‐D‐1‐thiogalactopyranoside (IPTG).
Harvested cells were resuspended in a lysis buffer (50mM
NaH2PO4 [pH 8], 300mM NaCl, 10mM imidazole) and
lysed via ultrasonication. After centrifugation for 30min
at 15,000g, the supernatant was applied to Ni‐NTA
agarose beads (Qiagen Inc., Valencia, CA) to bind SpCas9.
The Ni NTA agarose beads were washed with wash buffer
(50mM NaH2PO4 [pH 8], 300mM NaCl, 20mM imida-
zole) and eluted with elution buffer (50mMNaH2PO4 [pH
8], 300mM NaCl, 250mM imidazole). The purified
SpCas9 was dialyzed against a buffer of 20mM 4‐(2‐hy-
droxyethyl)‐1‐piperazineethanesulfonic acid (HEPES) (pH
7.5), 300mM NaCl, 1mM dithiothreitol (DTT), and 20%
(vol/vol) glycerol.

Ribonucleoprotein (RNP) electroporation
Seven sgRNAs were synthesized by in vitro tran-
scription. The sgRNAs were transcribed by T7 RNA
polymerase in 40mM Tris‐HCl (pH 7.9), 6mM MgCl2,
10mM DTT, 10mMNaCl, 2mM spermidine, NTPs, and
an RNase inhibitor. The reaction mixture was in-
cubated at 37°C for 8 h. The sgRNAs were purified
using PCR purification kits (GeneAll, Seoul, Korea) and
quantified using a NanoDrop spectrophotometer. An
Amaxa Nucleofector machine (Amaxa/Lonza, Cologne,
Germany) and a Neon Transfection System (Invitrogen,
Basel, Switzerland) were used for electroporation. CMV
promoter‐driven green fluorescent protein (GFP)
(Amaxa/Lonza) was pre‐tested to optimize the electro-
poration conditions for human LF cells.

Optimization of human LF cell CRISPR/Cas9 KO
As there were no references on the subject of human LF
cell CRISPR/Cas9 KO, we optimized the entire process.
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The conventional SpCas9 and sgRNA vector lipofection
method produced extremely low indel rates for all seven
targets (<1%); therefore, we decided to establish more
effective methods. To this end, we tested 30 electro-
poration conditions with GFP: 6 conditions with the
Amaxa and 24 conditions with the Neon. Of the con-
ditions, IMR‐90 for the Amaxa and 1,100 voltage/30
width/1 pulse for the Neon was best suited to the
human primary LF cells regarding both cell viability
and transfection efficiency. Among serial RNP

concentrations, 10 μg of SpCas9 protein with 6.5 μg of
sgRNA per 1 × 105 cells was the most optimal condition.

Analysis of KO efficiency
After 48 h incubation after transfection, DNA was iso-
lated from the cells with a DNeasy Blood & Tissue Kit
(Qiagen) according to the manufacturer’s instructions.
Serial PCRs were performed for targeted deep sequencing
(Figure 2A and Table 1). A Miniseq sequencing system
(Illumina, San Diego, CA) was used for next generation
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Figure 1. Overall scheme of the experiments. Ligamentum flavum (LF) tissue was harvested from patients and cultured to cells.
Transforming growth factor‐β receptor 1 (TGFBR1) CRISPR knock out (KO) cells were created and the TGF‐β1 stimulation assay was
conducted. CCN5 was added and the effect was validated with quantitative real‐time polymerase chain reaction (qRT‐PCR), western
blotting, and immunocytochemistry. [Color figure can be viewed at wileyonlinelibrary.com].
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Figure 2. Sequence information of transforming growth factor‐β receptor 1 (TGFBR1) knock out (KO) target sites and polymerase
chain reaction (PCR) primers are indicated (A). Target #5 showed the highest indel rate (88.2–89%) (B). The four major indel patterns (ID
1, 2, 4, and 5) and the wild‐type pattern (ID 3) are shown (C). [Color figure can be viewed at wileyonlinelibrary.com].
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sequencing (NGS), and fastq files were analyzed with an
open source bioinformatics tool (http://www.rgenome.net/)
to determine the insertion/deletion (indel) rate, which is a
direct measure of the KO efficiency.

Wild type (WT) and TGFBR1 KO cell assay with
exogeneous TGF‐β1‐conditioned medium
WT and KO cells were sub‐cultured in 24‐well plates
at a density of 1 × 105 cells/well. After 24 h, the culture
medium was replaced to DMEM with 1% FBS. For the
both cell types, exogenous recombinant human TGF‐
β1 (Peprotech, Rocky Hill, NJ) was added to a 10 ng/ml
final concentration in the TGF‐β1 groups, and an
equal amount of PBS was added in the control groups.
The exogeneous TGF‐β1 concentration was de-
termined based on previously published12 and our
Supplementary Data (Supplementary Fig. S1). After
48 h of incubation, the cells were harvested for
qRT‐PCR.

Exogeneous CCN5‐ and TGF‐β1‐conditioned medium
assay
CCN5 was purchased from the company (Peprotech).
WT cells were divided into three groups (control, TGF‐
β1, and TGF‐β1 + CCN5) and sub‐cultured in 24‐well
plates at a density of 1 × 105 cells/well. After 24 h, the
culture medium was replaced with DMEM with 1%
FBS; TGF‐β1 (10 ng/ml) and CCN5 (200 ng/ml) were
added to the relevant groups. The exogeneous CCN5
concentration was determined based on previously
published17 and our Supplementary Data (Supple-
mentary Fig. S2). After 48 h of incubation, cells were
prepared for qRT‐PCR, western blotting, and im-
munocytochemistry.

Gene Expression Analysis Using qRT‐PCR
Total RNAwas extracted from the cells with an RNeasy
mini kit (Qiagen) according to the manufacturer’s in-
structions. Extracted RNA was reverse transcribed to
complementary DNA (cDNA) with a Transcriptor First
Strand cDNA Synthesis Kit (Roche, Basel, Switzer-
land). RT‐PCR was performed with a LightCycler 480 II

and a LightCycler480 SYBR Green I Master (Roche).
The relative expression levels of the target mRNAs,
α‐smooth muscle actin (αSMA), fibronectin, collagen‐1,
collagen‐3, and CCN2 were internally standardized
using glyceraldehyde 3‐phosphate dehydrogenase
(GAPDH) expression and then compared with the con-
trol group. αSMA, which expresses at the cell mem-
brane, was used as a representative marker of
myofibroblasts. CCN2 is well a known pro‐fibrotic
marker, and fibronectin/collagen‐1/‐3 are representa-
tive fibrosis products.17,18 Target mRNA primer se-
quences are provided in the Supplementary Data
(Supplementary Table S1). Results are shown as fold
changes compared with the control group using the
mean± standard error of the mean (SEM).

αSMA western blot
LF cells were lysed with radioimmunoprecipitation
assay buffer (Biosesang, Seongnam‐si, Korea). After
centrifuging at 13,000 rpm for 15min at 4°C, the su-
pernatant was collected, and protein concentration
was measured by the Bradford method using a Pierce
BCA Protein Assay Kit (Thermo Scientific, Pierce Bi-
otechnology, Rockford, IL). A total of 20 μg of protein
per sample was separated by sodium dodecyl sulfate‐
polyacrylamide gel electrophoresis and transferred to
a 0.2‐μm nitrocellulose membrane. The membrane was
then blocked for 1 h with 5% blocking solution at room
temperature (RT) and then incubated at 4°C overnight
with the following primary antibodies: anti‐αSMA
(Sigma‐Aldrich, St. Louis, MO) and anti‐GAPDH
(Santa Cruz Biotechnology, Santa Cruz, CA). The
membranes were then exposed to the following
secondary antibodies: anti‐mouse immunoglobulin G
(IgG) and anti‐rabbit IgG (Jackson ImmunoResearch
Labs, West Grove, PA). The signal was detected by
adding SuperSignal West Pico Chemiluminescent
Substrate and SuperSignal West Femto Maximum
Sensitivity Substrate (Thermo Scientific, Pierce Bio-
technology, Rockford, IL) to the membrane and ex-
posing to X‐ray film.
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Table 1. TGFBR1 Target Sequences With Protospacer Adjacent Motif (PAM) and Primer Sequences For Targeted Deep
Sequencing

Names Sequence

TGFbR1 sgRNA target #5 TAAAAGGGCGATCTAATGAAGGG
TGFbR1 sgRNA target #1 GAACTGGCAGCTGTCATTGCTGG
TGFbR1 sgRNA target #2 GAGATGCAGACGAAGCACACTGG
TGFbR1 sgRNA target #3 CCATCGAGTGCCAAATGAAGAGG
TGFbR1 sgRNA target #4 CCTCTTCATTTGGCACTCGATGG
TGFbR1 sgRNA target #6 AGATCGCCCTTTTATTTCAGAGG
TGFbR1 sgRNA target #7 GATCGCCCTTTTATTTCAGAGGG
First primer_forward TTATTTCACTCGAGGCCCTTTTTCAGTAAA
First primer_reverse GGGTTAGCTGCAGATCATGTGAATATC
Deep seq primer_forward TTATTTCACTCGAGGCCCTTTTTCAGTAAA
Deep seq primer_reverse CAGAACCTGACGTTGTCATATCATAAATTA

2638 YE ET AL.
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Transdifferentiation Detection Using
Immunocytochemistry
αSMA and vimentin were detected. Vimentin is a cy-
toskeletal component of mesenchymal cells and widely
used as a marker to identify fibroblasts (including
myofibroblasts). Cultured cells were fixed with 4%
paraformaldehyde (PFA) for 15min in a 35‐mm glass
bottom culture dish (MakTek, Ashland, MA) and
blocked with 5% normal goat serum for 1 h at RT. As
primary antibodies, mouse anti‐αSMA and rabbit anti‐
vimentin were incubated overnight at 4°C. Goat anti‐
mouse Alexa Fluor 488 and Goat anti‐rabbit Alexa
Fluor 594 conjugates were stained for 1 h at RT, and
nuclei were counterstained with 4′,6‐diamidino‐2‐phe-
nylindole (DAPI) for 10min at RT, and then mounted.
Samples were examined using a light microscope
(DMI4000B, Leica, Wetzlar, Germany).

Statistical analyses
For statistical analyses, Mann–Whitney tests were
used and p< 0.05 was taken to indicate statistical sig-
nificance. Data are shown as mean± SEM.

RESULTS
CRISPR KO cells of the LF
Construction of TGFBR1 KO cells with high indel
frequency
We sought to investigate the function of TGF‐β pathway
in the fibrosis of LF. To this end, we conducted CRISPR‐
mediated KO of TGFBR1 gene in LF cells. In brief, we
tested seven different CRISPR RNP complexes that
target TGFBR1 genes with 30 electroporation con-
ditions. After optimization of the type of CRISPR RNP
and the electroporation condition, we first attempted to
isolate a single‐cell colon. However, the attempt failed
because of cell growth limitations of human primary LF
cell. Under standard culture conditions, the LF fibro-
blasts naturally undergo transition to myofibroblasts at
passage 5–6, and cell division stops due to senescence.
Pure KO cell line is technically impossible to purify in
such short passages with the traditional method.
Therefore, we attempted to use the Cas9‐GFP vector for
FACS sorting. However, the LF cells died after sorting
because the primary cells were weak, and they grew
weaker after transfection due to harsh conditions such
as mechanical cell sorting. Therefore, we maximized
the indel frequency so that the cell would mimic the KO
cell line. After meticulous optimization for the complete
process, we constructed two KO cell lines with high and
consistent indel rates: 88.2% and 89% (Fig. 2B). Major
indel patterns were one or two base pair deletions, in-
dicating that successful frameshift mutations had oc-
curred (Fig. 2C).

Fibrosis is Blocked With the TGFBR1 KO
TGF‐β1 upregulates fibrosis‐related mRNA expression in
WT cells
In the WT cell experiment, the TGF‐β1‐conditioned me-
dium group showed a 4.39± 2.70‐fold overexpression of

αSMA mRNA levels compared with the control. As αSMA
is a myofibroblast marker, this result indicates that the
LF cells were forced to transition from fibroblasts to
myofibroblasts upon TGF‐β1 stimulation. Furthermore,
fibronectin (10.20± 6.76), collagen‐1 (6.72± 4.49), and
collagen‐3 (6.16± 2.56) mRNA expression levels were
also overexpressed in the TGF‐β1‐treated group (Fig. 3,
Supplementary Fig. S1). These results indicate that TGF‐
β1 stimulated the fibroblast to myofibroblast transition,
and ultimately promoted fibrosis by over‐producing the
ECM components listed above. These results are con-
sistent with our previous study3.

Overexpression of mRNAs stimulated by TGF‐β1 is
significantly interrupted in KO cells
Both WT and KO experiments were conducted with
identical tissue‐derived cells in the same passage. Du-
plicate experiments were conducted with additional
cells in the same manner. Therefore, KO cell mRNA
expression levels were standardized with the WT con-
trol group. The αSMA (0.91± 0.55), fibronectin
(0.94± 0.44), collagen‐1 (0.10± 0.10), and collagen‐3
(0.41± 0.16) mRNA expression changes in the KO
control group were similar or even lower than those of
the WT control group. This suggests that the TGFBR1
was not functional in KO cells, and not only the ex-
trinsic but also intrinsic TGF‐β1 was blocked; therefore,
the baseline expression levels of αSMA, fibronectin,
collagen‐1, and collagen‐3, which are related to TGF‐β
pathway, were reduced. Comparison of the KO TGF‐β1
group with the WT TGF‐β1 group indicates that αSMA
(1.43± 0.68), fibronectin (2.33± 0.56), collagen‐1
(0.42± 0.26), and collagen‐3 (1.07± 0.21) mRNA ex-
pression levels were significantly lower in the KO TGF‐
β1 group. This indicates that blocking TGFBR1 can
significantly suppress the downstream mRNA ex-
pression of the TGF‐β pathway. Data are shown in
Figure 3 and Supplementary Figure S2.
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Figure 3. Transforming growth factor‐β receptor 1 (TGFBR1)
knock out (KO) assay. TGF‐β1 stimulated α‐smooth muscle actin
(αSMA), fibronectin, collagen‐1 and ‐3, and messenger RNA
(mRNA) expression. TGFBR1 KO cell shows low αSMA,
fibronectin, collagen‐1, and ‐3 expression levels with and without
TGF‐β1.
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Fibrosis Initiated by TGF‐β1 is Inhibited With CCN5
CCN5 inhibits the overexpression of fibrosis‐related
mRNA levels stimulated by TGF‐β1
In CCN5 experiments, the TGF‐β1‐stimulated group
showed higher mRNA expression levels for αSMA
(3.00± 0.29), fibronectin (3.77± 0.39), collagen‐1
(5.65± 0.75), collagen‐3 (2.52± 0.45), and CCN2
(5.84± 0.40) compared with the control. Interestingly, this
fold change decreased for αSMA (1.45± 0.18), fibronectin
(2.43± 0.04), collagen‐1 (2.54± 0.07), collagen‐3
(1.01± 0.01), and CCN2 (3.62± 0.13) after CCN5 co‐
treatment with TGF‐β1 (Fig. 4). We found that the pro‐
fibrotic and fibrotic mRNA expression levels were reduced
consistently, although the scale of the reduction was less
dramatic than in the TGFBR1 KO group. This result
suggests that CCN5 has the potential to potently reduce
fibrosis, which is the mechanism underlying LFH.

Protein levels of αSMA are reduced after CCN5 stimulation
Of the genes that were assessed by qRT‐PCR, αSMA
was the only cell membrane protein that could be reli-
ably detected from the cell at the protein level. There-
fore, we assessed the αSMA protein levels from cell
lysates. Consistent with the mRNA results, the TGF‐
β1‐stimulated cells had higher αSMA protein levels.
Interestingly, after CCN5 co‐treatment with TGF‐β1,
αSMA levels were notably reduced. This result sug-
gests, indirectly, that CCN5 could prevent the fibro-
blast to myofibroblast transdifferentiation (Fig. 5).

CCN5 inhibits the fibroblast to myofibroblast
transdifferentiation
Next, we assayed on the cell scale whether CCN5 could
block the transition of fibroblasts to myofibroblasts. In
the control group, LF cells appeared to be typically
elongated and spindle‐shaped fibroblasts. We con-
ducted vimentin staining to confirm that the cells were
fibroblasts from LF tissue and not a result of con-
tamination. αSMA staining was weak, which suggests
that the cells had not transdifferentiated to myofibro-
blasts (Fig. 6A). After TGF‐β1 stimulation, this cell
morphology changed dramatically to a plump stellate
shape, and the cytoplasmic component expanded and

showed a strong vimentin stain signal. Furthermore,
the αSMA stain became prominent, indicating the
transdifferentiation of fibroblasts to myofibroblasts
(Fig. 6B). In the CCN5 + TGF‐β1 co‐treatment group,
αSMA and vimentin stain signals were remarkably
reduced, and the cell morphology was almost identical
to the control group (Fig. 6C). We conclude that the
results were consistent with the hypothesis that CCN5
could reduce fibrosis via downregulation of the TGF‐β
signaling pathway.

DISCUSSION
To understand the pathophysiologic process of LSCS
and discover a possible therapeutic strategy for this
degenerative disease, it is necessary to elucidate the
biological mechanism of LFH. Accompanied with me-
chanical stress, inflammation/angiogenesis, and fib-
rosis of the LF have been considered the hallmark of
LFH development in the literature. Sairyo et al.6 pro-
posed a mechanical stress‐induced inflammation cas-
cade leading to LFH via LF scar formation, and Hur
et al.4 emphasized the role of angiogenesis as a key link
coupling mechanical stress and LFH.

Although we still do not fully understand the patho-
physiologic process of LFH, it is widely accepted that the
TGF‐β signaling pathway is the core of the problem. TGF‐
β1 triggers TGF‐β1/2 receptor activation and regulates
the downstream molecular events, inducing the transi-
tional change of fibroblasts to myofibroblasts.19,20 The
transition of fibroblasts to myofibroblasts is found in
many cell types, and it is especially well documented in
the field of cardiology as a key pathway leading to cardiac
failure via myocardial hypertrophy and fibrosis.17,18 Hur
et al.3 for the first time, introduced the concept of fibrosis/
hypertrophy pathomechanism into the field of LF and
proposed that the myofibroblast transition induced by
TGF‐β1 might be a key link between inflammation and
LFH. The study showed the presence of myofibroblasts,
which have contractile and ECM secretory functions, in
the LF of LSCS patients by detecting αSMA. This study
introduced the possibility that the transition of LF fi-
broblasts to myofibroblasts via TGF‐β pathway could be
an initiating step of LFH development. Although there is
growing evidence that the TGF‐β pathway plays a key
role in the development of LFH, there are no published
studies showing that KO of the TGF‐β pathway could
actually inhibit the LFH process. In this current ex-
perimental study, by using the emerging biotechnology
CRISPR gene editing tool, we successfully knocked out
TGFBR1 and created a TGF‐β pathway KO LF cell model.
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Figure 4. CCN5 assay. Transforming growth factor‐β1 (TGF‐β1)
upregulated α‐smooth muscle actin (αSMA), fibronectin, collagen‐
1, ‐3, and CCN2. CCN5 co‐treatment reduced the effect of TGF‐β1.

Figure 5. Intracellular protein analysis. Transforming growth
factor‐β1 (TGF‐β1) stimulated α‐smooth muscle actin (αSMA)
levels and CCN5 co‐treatment reduced αSMA levels. [Color figure
can be viewed at wileyonlinelibrary.com].
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Figure 6. Immunocytochemistry: 4′,6‐diamidino‐2‐phenylindole (DAPI) (blue), vimentin (red), α‐smooth muscle actin (αSMA) (green).
Ligamentum flavum shows fibroblast‐like morphology with vimentin stain (A). The transforming growth factor‐β1 (TGF‐β1)‐stimulated
group shows myofibroblast‐like morphology with αSMA stain (B). The CCN5 + TGF‐β1 group shows similar cell morphology and stain
characteristics to control rather than the TGF‐β1 group. [Color figure can be viewed at wileyonlinelibrary.com]
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CRISPR is a hallmark of the bacterial immune system
that actively destroys foreign viral or phage DNA.
Modern biotechnology has made it possible to apply
CRISPR to the genome editing of human cells. Various
classes/types of CRISPRs are found in numerous bacteria.
Of these CRISPRs, class 2/type II is most widely used
because it contains a target binding module and a
cleavage module in a single protein, Cas9, and the system
is referred to as CRISPR/Cas9. SpCas9 is the most com-
monly used CRISPR/Cas9 because it is efficient. Accord-
ingly, we conducted our experiments with SpCas9.
Generally, the CRISPR/Cas9 experiments are very sen-
sitive and extensive optimization of experimental con-
ditions is required. Optimization conditions are well
known for widely used cell lines such as HEK 293T and
Hela. However, to our knowledge, CRISPR experiments
using primary cultures of LF cells have not been reported.
Therefore, it was necessary to optimize all experimental
conditions to obtain reliable results.

In this study, we successfully optimized the CRISPR/
Cas9 KO conditions for human primary cultured LF
cells. Therefore, it is of great significance that our study
has brought this new technique into the field of spine
research. By stimulating the TGFBR1 KO LF cells with

TGF‐β, we discovered that blocking the TGF‐β pathway
inhibited the expression of αSMA, which indicates the
transdifferentiation of fibroblasts to myofibroblasts.
End‐product proteins, especially ECM components, in-
cluding fibronectin, collagen‐1, and ‐3, showed sig-
nificantly decreased expression after TGF‐β1
stimulation when comparing the TGF‐β1 KO cells with
wild‐type cells. This is important because it is the first
experimental evidence that blocking TGFBR1 in LF
cells can inhibit the TGF‐β pathway, indicating a po-
tential target for LFH treatment via disruption of the
fibroblast to myofibroblast transdifferentiation process.

Although we found that the progression of LFH
represented by the fibroblast transition to myofibro-
blasts can be blocked by knocking out TGFBR1, there
are still great obstacles to overcome in using these
findings in a clinical setting, or even conducting an in
vivo study. TGF‐β1 is a polypeptide that controls cell
growth/proliferation and differentiation, and this role is
not limited to certain cell types.21,22 Knocking out
TGFBR1 can be lethal to a host by affecting the host
systemically. Therefore, we sought an alternative
method to downregulate the LFH mechanism in a safer
way by assessing CCN5 as a candidate molecule. As
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Figure 7. Amodel of how CCN5 may intervene fibrosis via transforming growth factor‐β (TGF‐β) pathway. Exogeneous TGF‐β1 induces
fibroblast to myofibroblast transdifferentiation. Knock out (KO) of transforming growth factor‐β receptor 1 (TGFBR1), reduces the effect
of TGF‐β1. Treatment of CCN5 decreases the transdifferentiation of fibroblast to myofibroblast by exogenous TGF‐β1. [Color figure can be
viewed at wileyonlinelibrary.com]
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explained in the introduction, CCNs (sometimes called
matricellular proteins) are involved in cell‐to‐cell sig-
naling and play important roles in ECM regu-
lation.14–16 CCN5 is unique because it lacks a C‐
terminal repeat domain and acts as a negative regu-
lator of other CCNs, especially CCN2.23,24 Several re-
cent studies have established the anti‐fibrotic and anti‐
hypertrophic effects of CCN5, and the majority of them
have shown that CCN5 may modulate the TGF‐β
pathway when acting on fibroblasts.17,18,24

In our experiments, the presence of myofibroblasts
in LF cells was confirmed by detecting the expression of
αSMA. Treatment of LF cells with TGF‐β1 led to sig-
nificant increases in mRNA expression of αSMA as well
as end‐product ECM proteins. When TGF‐β1 treatment
was accompanied with CCN5, not only αSMA levels but
also fibronectin, collangen‐1, and ‐3 expression levels
were significantly reduced. CCN2, which is a pro‐fi-
brotic and pro‐hypertrophic CCN protein, was also
found to show the same significance, suggesting that
CCN5 has a significant anti‐fibrotic and anti‐hyper-
trophic effect on LF cells. Not limited to the level of
mRNA expression, we assayed whether intracellular
protein level of αSMA was reduced after CCN5 treat-
ment. Furthermore, to confirm whether the trans-
differentiation of fibroblasts to myofibroblasts was
inhibited by CCN5 on the cell phenotype, we performed
immunocytochemical staining for αSMA and vimentin.
Although the transdifferentiation of fibroblasts was
significant in cells stimulated with TGF‐β1 (shown by
significantly enhanced expression of αSMA), the ex-
pression of αSMA was almost equivalent to the control
cells when CCN5 was added with TGF‐β1 stimulation.
The bright field cell morphology changes also showed
identical results. Taken together, the data suggest that
CCN5 is capable of inhibiting the transdifferentiation
of fibroblasts to myofibroblasts.

The application of CCN5 for anti‐hypertrophic purpose
is still at its early phase of medical research as possible
therapeutics for fibrosis. Previous studies, in the field of
cardiology, suggested that CCN5 could be delivered by
adeno associated virus via intravenous route for clinical
application.17,18 However, the assessment of safety and
efficacy of the methods require extensive further studies.
In case of LSCS, we anticipate that it will be important,
in the subsequent studies, to construct a LSCS animal
model to test diverse delivery methods such as direct
protein delivery with local needle puncture and AAV‐
mediated intravenous delivery. The efficacy and side ef-
fects of CCN5 due to delivery methods has to be inves-
tigated in conjunction to the toxicology.

In conclusion, we successfully generated an in vitro
model of TGF‐β pathway blocking by constructing
TGFBR1 KO cells with CRISPR genome editing tool.
Using this model, we found that the TGF‐β pathway
blockage led to the suppression of fibroblast to myofibro-
blast transdifferentiation. CCN5, a recently discovered
member of the CCN family, showed significant anti‐fibrotic
and anti‐hypertrophic effects on the LF cells stimulated by

TGF‐β1 and inhibited LF myofibroblast trans-
differentiation at the cell level (Fig. 7). We conclude that
the results strongly suggest that CCN5 is a possible can-
didate for the clinical treatment of LFH and LSCS, and
further in vivo experiments should provide more insight to
harness the potential of CCN5 for medical applications.
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