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Bevacizumab or fibronectin gene editing inhibits the
osteoclastogenic effects of fibroblasts derived from human
radicular cysts
Hai-cheng Wang1, Peng Wang2, Yuan-wei Chen3 and Yan Zhang1

Fibronectin (FN) is a main component of extracellular matrix (ECM) in most adult tissues. Under pathological conditions, particularly
inflammation, wound healing and tumors, an alternatively spliced exon extra domain A (EDA) is included in the FN protein
(EDA+FN), which facilitates cellular proliferation, motility, and aggressiveness in different lesions. In this study we investigated the
effects of EDA+FN on bone destruction in human radicular cysts and explored the possibility of editing FN gene or blocking the
related paracrine signaling pathway to inhibit the osteoclastogenesis. The specimens of radicular cysts were obtained from 20
patients. We showed that the vessel density was positively associated with both the lesion size (R= 0.49, P= 0.001) and EDA+FN
staining (R= 0.26, P= 0.022) in the specimens. We isolated fibroblasts from surgical specimens, and used the CRISPR/Cas system to
knockout the EDA exon, or used IST-9 antibody and bevacizumab to block EDA+FN and VEGF, respectively. Compared to control
fibroblasts, the fibroblasts from radicular cysts exhibited significantly more Trap+MNCs, the relative expression level of VEGF was
positively associated with both the ratio of EDA+FN/total FN (R= 0.271, P= 0.019) and with the number of Trap+MNCs (R= 0.331,
P= 0.008). The knockout of the EDA exon significantly decreased VEGF expression in the fibroblasts derived from radicular cysts,
leading to significantly decreased osteoclastogenesis; similar results were observed using bevacizumab to block VEGF, but block of
EDA+FN with IST-9 antibody had no effect. Furthermore, the inhibitory effects of gene editing on Trap+MNC development were
restored by exogenous VEGF. These results suggest that EDA+FN facilitates osteoclastogenesis in the fibrous capsule of radicular
cysts, through a mechanism mediated by VEGF via an autocrine effect on the fibroblasts. Bevacizumab inhibits osteoclastogenesis
in radicular cysts as effectively as the exclusion of the EDA exon by gene editing.
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INTRODUCTION
As the main component of the extracellular matrix (ECM), fibronectin
(FN) is important and is widely distributed in various tissues. Despite
its absence in most adult tissues, the alternatively spliced exon extra
domain A (EDA) is included in the FN protein (EDA+FN) under
pathological conditions, particularly inflammation, wound healing
and tumors [1, 2]. This protein facilitates cellular proliferation,
motility, and aggressiveness in different lesions [3, 4]. Although the
effects of EDA+FN on bone destruction remain unclear, the peptide
motif (CTYSSPEDGIHEC) within the EDA fragment exhibits affinity for
integrins [5] or Toll-like receptors (TLRs) [6] in preosteoclasts. In
addition, ligand–receptor interactions in stromal cells may lead to
paracrine induction of osteoclastogenesis-related genes, including
TNF-α, IL-6, IL-1β, and VEGF [6, 7].
In a previous study, the EDA exon maintained VEGF expression

and in turn ensured the vascularization and dissemination of
tumors, thereby contributing to tumor aggressiveness [2]. We

have previously investigated hyperplastic vessels in odontogenic
cysts [8] and the osteoclastogenesis induced by VEGF [9], since
this growth factor sometimes induces osteoclastogenesis as
a substitute for macrophage colony-stimulating factor (M-CSF)
[10, 11]. In the stroma of odontogenic cysts, signaling from
EDA+FN to VEGF may participate in subsequent osteoclastogen-
esis and further enhance the characteristic bone destruction. As
the most prevalent odontogenic cysts, radicular cysts comprise
approximately half of the incidence [12]; chronic inflammation in
the fibrous capsules surrounding the destroyed bone cavity tends
to promote EDA+FN expression [1, 13]. Then, VEGF expression is
induced to facilitate vascularization and the subsequent infiltra-
tion of osteoclast precursors [14].
Therefore, in the present study, the associations among EDA+FN,

vessels, and bone destruction in radicular cysts were investigated.
Bevacizumab [15] or the type II bacterial clustered, regularly
interspaced, palindromic repeats (CRISPR)-associated (Cas) system
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[2, 4] was used to block the effects of either VEGF or EDA+FN [16],
respectively, and inhibit osteoclastogenesis.

MATERIALS AND METHODS
The standard for selection of patients with radicular cysts
All patients were surgically treated at the Department of Oral and
Maxillofacial Surgery, TongJi University School of Stomatology,
from 2016 to 2017, and were diagnosed radicular cysts by the
Shanghai Fudan Clinical Diagnostic Pathology Center. Clinical
information, including age, gender, and radiographs, was col-
lected from case histories and follow-up data. The period between
acute periapical periodontitis and the first visit was no more than
one year. All patients provided written informed consent for the
use of their lesion samples for research purposes, as approved by
the Review Board of TongJi University.

Immunohistochemical (IHC) investigation of the specimens
The formalin-fixed, paraffin-embedded radicular cyst specimens
were obtained from the Shanghai Fudan Clinical Diagnostic
Pathology Center. The specimens were sectioned into 4-μm-thick
slices and stained with an IST-9 and anti-CD34 antibody (Abcam
Ltd., Cambridge, MA, USA) at 4 °C overnight to investigate EDA+FN
and the endothelia, respectively. Phosphate-buffered saline (PBS)
was used as the negative control. The slices were subsequently
incubated with a biotinylated secondary antibody (1:200) for 1 h.
Immunocomplexes were visualized with diaminobenzidine

(Zhongshan Golden Bridge Biological Technology Co., Ltd., Beijing,
China).
As described in a previous study [17], EDA+FN staining in the

stroma was quantified using a microscope (Olympus, Tokyo,
Japan) and the Image-Pro Plus ver. 6.0 software (Media
Cybernetics, Silver Spring, MD, USA). The optical density was
calibrated, and the area of interest was set as follows: hue, 0–30;
saturation, 0–255; and intensity, 0–255. Then, the median of the
integrated optical density (IOD) in the stromal area (IOD/μm2) was
used to demarcate the groups with high or low expression
(Fig. 1a). According to previous studies [8, 18], the areas
surrounded by the CD34+ vascular endothelia in the adjacent
connective tissue within a depth of 500 μm from the lining
epithelium were measured as microvessels, and the median area
(μm2) in each randomly selected high-power field (hpf: 400×
magnification) was used to demarcate the groups displaying a
high or low density (Fig. 1b).

Imaging and measurement of the panoramic radiograph
The digital panoramic radiographs were taken with the PM 2002
CC Proline (Planmeca OY, Helsinki, Finland) (filtration: 2.5 mm
AlEquiv) using Kodak T-MAT G/RA Dental Film (Eastman Kodak,
Rochester, NY, USA). The magnification factor varied from a
maximum of 1.30 in the incisor region to a minimum of 1.25 at the
condyle as described previously [19]. The borders of the lesions
were determined by an observer after tracing the outlines using
the Image-Pro Plus ver. 6.0 software. The median areas (mm2)

Fig. 1 a Evaluation of the immunohistochemical staining of EDA+FN in the stroma of radicular cysts, by demarcating high or low expression
groups (original magnification ×100; local magnification ×400). b Evaluation of the areas of microvessels by demarcating the groups of high or
low density (original magnification ×100; local magnification ×400). c Evaluation of the radiolucent areas of radicular cysts by demarcating the
groups of large or small areas
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were used to demarcate the groups with large or small radiolucent
areas (Fig. 1c).

Cell culture
Fresh specimens were obtained after surgery from all included
patients who were admitted to the TongJi University Hospital of
Stomatology under institutionally approved protocols after obtain-
ing informed consent. Fibroblasts were isolated from the stroma and
cultured in α-modified Eagle’s medium (α-MEM) (Gibco, Grand
Island, NY, USA), as described in our previous studies [9, 20]. Jaw
bone fibroblasts from 6 patients who underwent orthognathic
surgery were used as controls.
The Raw264.7 murine osteoclast precursor cell line was

routinely cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco). The medium contained 1% antibiotics (100 U/mL of
penicillin and 100 g/mL of streptomycin), 2 mM L-glutamine, and
10% fetal bovine serum (FBS). All cells were routinely cultured at
37 °C with 95% humidity and a 5% CO2 atmosphere.

Collection of conditioned medium from fibroblasts and induction
of osteoclastogenesis
Fibroblasts were seeded onto 100-mm dishes and grown to
70%–80% confluence. Then, the medium was replaced with
serum-free α-MEM and maintained for 7 days without change. As
described previously [20], the supernatant was collected, centri-
fuged at 550 × g for 10min, aliquoted, and stored at 20 °C. Then, a
mixture comprising 50% supernatant, 40% fresh α-MEM (GIBCO),
10% FBS and 12 ng/µL of recombinant murine RANKL (R&D
Systems, Minneapolis, MN, USA) was prepared to generate
conditioned medium and induce osteoclasts in vitro.
Raw264.7 cells were seeded into 24-well plates at a density

of 1000 cells/well and cultured with the conditioned medium.
The medium was replaced every 2 days for 10 days. The cells
were stained for tartrate-resistant acid phosphatase (Trap)
(Trap kit; Sigma, St. Louis, MO, USA) according to the
manufacturer’s protocol. Trap-positive cells containing no
fewer than three nuclei (Trap+MNCs) were counted as
osteoclast-like cells.

Knockout of the EDA exon and modulation of the conditioned
medium
As described in our previous studies [2, 4], two sgRNAs were
designed to complement the upstream (sgRNA-upstream) or
downstream (sgRNA-downstream) region of the EDA exon at sites
with a PAM sequence; oligo DNA sequences encoding sgRNAs were
individually annealed and cloned into the CRISPR/Cas9 plasmid
PX330. Then, the two sgRNA-guided CRISPR/Cas9 plasmids were
confirmed by DNA sequencing. The medium was replaced with
serum-free medium, and the cells were incubated for 6 h until they
reached ∼70%–90% confluence. The two sgRNA-guided CRISPR/
Cas9 plasmids were cotransfected with Lipofectamine 2000 (Life
Technologies, Carlsbad, CA, USA). Thirty-six hours later, the medium

was replaced with medium containing puromycin and incubated for
at least 24 h. After replacement with fresh medium and culture for
an additional 24 h, the surviving cells were collected and transferred
to new dishes. When the confluence was >50%, the supernatant
was collected for the conditioned medium as described above.
Genomic DNA was extracted to assess the efficiency of the EDA
knockout using PCR, and the EDA-negative FN gene was confirmed
by DNA sequencing. The sequences of the confirmation primers and
sgRNAs are identical to those described in our previous study [4]
(Table 1).
The IST-9 antibody (Abcam) and bevacizumab (Genentech Inc.,

South San Francisco, CA, USA), which were designed to
specifically block EDA+FN [21] and VEGF [22, 23], respectively,
and recombinant human VEGF (R&D Systems, Minneapolis, MN,
USA) were added to the conditioned medium according to the
VEGF protein levels in the conditioned medium. An enzyme-
linked immunosorbent assay (ELISA) kit (Boster Biological
Technology, Wuhan, China) was used to measure the VEGF
protein levels in the supernatant according to the manufacturer’s
instructions.

RNA extraction, reverse transcription, and PCR amplification
Total RNA was isolated from all cells with the TRIzol Reagent
(Life Technologies). First, 2 μg of total RNA was reverse-
transcribed into cDNA using the Superscript First-Strand
Synthesis System (Life Technologies) according to the manu-
facturer’s instructions. The reactions were conducted in a 20-μL
reaction mixture with the LightCycler Real-Time PCR System
(Roche Diagnostics Ltd., Shanghai, China), including an initial
incubation at 95 °C for 10 min, followed by 40 cycles
of annealing/extension at 60 °C for 1 min and denaturation at
95 °C for 15 s [9]. The expression of the FN isoforms and genes
related to osteoclastogenesis was normalized to human β-actin
expression as described previously [4]. The primers are
described in Table 2.

Statistics
The Chi-square test was used to evaluate EDA+FN staining in the
different groups stratified by clinical characteristics. The associa-
tions among the IOD, areas, Trap+MNCs and relative gene
expression were analyzed with univariate logistic regression and
Spearman’s rank correlation analyses. Quantitative data were
presented as the means ± standard deviations (SDs) and were
analyzed using Student’s t-test to determine differences between
paired groups. Statistical significance was set to P < 0.05. Each
experiment was performed in triplicate.

RESULTS
Histological and radiographic investigations of radicular cysts
The specimens exhibited a stratified squamous epithelial lining
surrounded by fibrous capsules (Fig. 1a, b), which was consistent

Table 1. Sequences of CRISPR sgRNA and confirming primers used in this study

Name sgRNA sequence (5′-3′) PAM sequences (5′-3′) DSB site in fibronectin (FN) genome (ref|NC_018913.2|)

sgRNA upstream-F GTTACAGACATTGATCGCCCTAA AGG 216251686

sgRNA upstream-R AACTTAGGGCGATCAATGTCTGT

sgRNA downstream-F GTTCTGATTGGAACCCAGTCCAC AGG 216251434

sgRNA downstream-R AACGTGGA CTGGGTTCCAATCAG

Primers Product containing EDA Product without EDA

Primer-down atagtgggttaattggact 675 bp 400 bp

Primer-up agggtaatcacagggag
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with the histological characteristics of radicular cysts [24]. The
radiolucent areas surrounding the apex of the tooth in the
panoramic radiograph exhibiting defined borders were selected
for this study (Fig. 1c).
Consistent with the total FN staining [25], immunohistochemical

staining for EDA+FN exhibited a diffuse pattern in both the fibrous
capsule and the epithelial lining (Fig. 1a), and the microvessel
areas were surrounded by CD34-stained vascular endothelia as
described previously [2] (Fig. 1b). EDA+FN staining in the fibrous
capsule tended to appear in patients with large lesions (Table 3)
(Fig. 1c). In the adjacent connective tissue within a depth of 500
μm from the epithelium [8, 18], the vessel density (μm2, vessel
areas per hpf) was positively associated with both the radiolucent
areas (n= 20, R= 0.490, P= 0.001) and EDA+FN staining (n= 20,
R= 0.260, P= 0.022), which was consistent with the Spearman’s
rank correlation analysis results (P= 0.015 and P= 0.050, respec-
tively) (Fig. 2a, b). These results suggest that EDA+FN exerts effects
on VEGF, since VEGF mainly contributes to vascularization [26].

The relationships among the EDA+FN/total FN ratio, VEGF
expression, and osteoclastogenesis
The EDA+FN and VEGF mRNA levels were assessed in fibroblasts
obtained from cysts and control tissues. Although the differences
in the relative expression of VEGF were not significant, the
fibroblasts from the cysts displayed a significantly higher EDA+FN/
total FN ratio (P= 0.003) (Fig. 2c). This ratio was also positively
associated with relative VEGF expression, as illustrated by the
univariate logistic regression analysis (n= 20, R= 0.271, P= 0.019)
(Fig. 2d) and Spearman’s rank correlation analysis (P < 0.001).

Consistently, the fibroblasts from the cysts induced
significantly more Trap+MNCs than the control fibroblasts
(12.075 ± 7.50 vs 5.29 ± 2.17, P= 0.041) (Fig. 2e, f), and the
relative VEGF expression in the fibroblasts from the cysts was
positively associated with the Trap+MNC numbers (n= 20, R=
0.331, P= 0.008) (Fig. 2g). Spearman’s rank correlation analysis
also suggested a positive correlation (P= 0.001). Thus, osteo-
clastogenesis induced by fibroblasts derived from cysts might
be attributed to not only EDA+FN itself but also to paracrine
VEGF signaling through a mechanism dependent on alternative
splicing of the EDA exon [2].

The effect of exclusion of the alternatively spliced EDA exon
The EDA exon was specifically knocked out from the FN gene in
fibroblasts from cysts using the CRISPR/Cas system. PCR products
lacking the EDA exon were observed as a 415 base pair (bp) band,
whereas the EDA-containing product had a length of 675 bp; both
bands were observed in the EDA-knockout lane, suggesting
exclusion of the EDA exon in some cells (Fig. 3a). According to the
DNA sequencing data, the double-strand breaks (DSBs) were
repaired by non-homologous end-joining (NHEJ) (Fig. 4b), which
was consistent with the results from a previous study [4]. Although
the total FN level remained stable, the EDA+FN protein level was
noticeably decreased compared with that of the untreated cells
(Fig. 3c); in addition, significant decreases in both the VEGF
protein and mRNA levels (0.00797 ± 0.00503 vs 0.00251 ± 0.00126,
P= 0.027) were observed in cells lacking the EDA exon (Fig. 3c, d)
(Table 4).

The effects of EDA blockade on osteoclastogenesis
In addition to the EDA-knockout group, IST-9 was used to block
the interaction between EDA+FN and preosteoclasts (EDA+FN
blocked group), and bevacizumab was used to block the effects
of VEGF (bevacizumab group). Conversely, exogenous recombi-
nant human VEGF (rhVEGF) was used to restore the osteoclasto-
genic effects of the EDA-knockout cells (EDA knockout group
and EDA knockout+rhVEGF group). Conditioned medium from
untreated fibroblasts from cysts was used as a control (Fig. 4a).
The numbers of Trap+MNCs that developed in the untreated

and EDA+FN blocked group were not significantly different (n= 6,
8.792 ± 1.833 vs 9.292 ± 1.933, P= 0.656), suggesting that EDA+FN
and preosteoclasts were not directly correlated. In contrast to the
untreated controls, the number of Trap+MNCs was significantly
decreased to approximately similar levels in the EDA knockout
(n= 6, 6.083 ± 2.217, P= 0.011) and bevacizumab groups (n= 6,
6.375 ± 1.438, P= 0.029). However, in the EDA-knockout cells,
rhVEGF treatment significantly restored the number of Trap+MNCs
(n= 6, 8.500 ± 1.304, P= 0.044) to a significantly greater number
than that in the bevacizumab group (n= 6, P= 0.023); the value
was similar to that of the untreated controls (Fig. 4b). Thus, VEGF
was primarily responsible for the osteoclastogenesis induced by
EDA+FN in fibroblasts from radicular cysts.

DISCUSSION
A radicular cyst is a typical odontogenic cyst that results from
chronic periapical periodontitis [24]. The inflammatory stroma

Table 3. Correlation between EDA+FN expression and clinical
parameters

Parameters Low EDA+FN
expression

High EDA+FN
expression

χ2 value P-value

Age (year)

≤ 50 4(40%) 6(60%) 0.8 0.371

> 50 6(60%) 4(40%)

Gender

Male 5(45.5%) 6(54.5%) 0.202 0.653

Female 5(55.6%) 4(44.4%)

The size of lesion (mm2)

≤150 8(80.0%) 2(20.0%) 7.2 *0.023

>150 2(20.0%) 8(80.0%)

Period (month)

≤ 5.5 4(40%) 6(60%) 0.8 0.371

> 5.5 6(60%) 4(40%)

Region

Maxillary 2(33.3%) 4(66.7%) 0.952 0.329

Mandible 8(57.1%) 6(42.9%)

*P<0.05

Table 2. The primers used for real-time PCR

Fibronectin isoforms (NM_212482) Forward primers (5′-3′) Reverse primers (5′-3′) Sites of amplification

EDA+FN (NM_212482) AGGACTGGCATTCACTGATGTG GTCACCCTGTACCTGGAAACTTG 5447–5533

Total FN (NM_212482) GTGCCACTTCCCCTTCCTAT ATCCCACTGATCTCCAATGC 1523–1721

VEGF (NM_001171623.1) TTATGCGGATCAAACCTCACC GAAGCTCATCTCTCCTATGTGC 1355–1404
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Fig. 2 a The positive association between the radiolucent areas and vessel areas per high-power field (hpf) (n= 20, γ= 0.490, P= 0.001).
b The positive association between the staining of EDA+FN and vessel areas/hpf in the stroma of radicular cysts (n= 20, γ= 0.260, P= 0.022). c
The comparison of the ratio of EDA+FN/total FN as well as the relative expression of VEGF, between the fibroblasts isolated from cysts or the
jaw bone (control). d The positive association of the ratio of EDA+FN/total FN with the relative expression of VEGF, in the fibroblasts isolated
from cysts (n= 20, γ= 0.271, P= 0.019). e The Trap+MNCs developed from the conditioned medium (original magnification ×200, scale bar:
50 μm). f The comparison of the Trap+MNCs developed in the conditioned medium made from fibroblasts from cysts or controls. g The
positive association between the relative expression of VEGF in the fibroblasts from cysts, as well as the Trap+MNCs developed in the
conditioned medium (n= 20, γ= 0.331, P= 0.008) (*P < 0.05)
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consists of ECM, cytokines and metabolic products that are
involved in the progression of lesions according to our previous
studies [8, 20]. As investigated in the present study, EDA+FN
staining in the fibrous capsule of radicular cysts was positively
associated with the radiolucent areas, which were linearly related
to the volume of the odontogenic cysts in the jaw bone [27].
Based on this finding, EDA+FN exerts osteoclastogenic effects,
since the specific peptide motif within the EDA fragment exhibits
affinity for receptors located in either preosteoclasts or other
stromal cells [3, 5, 6], leading to direct or indirect effects on
osteoclast formation.
According to our investigation, the vessel areas in the fibrous

capsules of each hpf were positively associated with both
EDA+FN staining and the radiolucent area of the cysts. This
finding suggested that VEGF expression was induced in the
stroma of radicular cysts and perhaps mediated the indirect
effects of EDA+FN on osteoclastogenesis, since VEGF is a crucial
contributor to vascularization [26] and may serve a substitute for
M-CSF during osteoclastogenesis [10, 11]. Consistent with these
findings, relative VEGF expression in fibroblasts from radicular
cysts was positively associated with the EDA+FN/total FN ratio,
further suggesting an autocrine effect of EDA+FN on fibroblasts
[3] that subsequently resulted in VEGF production [2]. In contrast
to the controls, the EDA+FN/total FN ratio was higher in the
fibroblasts from the cysts, which was consistent with their
increased induction of Trap+MNCs. The effects of EDA+FN on
osteoclastogenesis might also be at least partially attributed to
VEGF [9], because the positive association between VEGF
expression and Trap+MNCs was also observed in fibroblasts
from radicular cysts.
In addition, the CRISPR/Cas system was used to knockout the

EDA exon in cells from cysts and to elucidate the effects of
EDA+FN on VEGF expression. As described previously [4], the EDA
exon was excluded in some cells, which led to an obvious
decrease in EDA+FN expression but almost unchanged total FN
expression. Simultaneously, the decreased VEGF protein and
mRNA levels suggested that its expression depended on the

EDA exon. These findings were consistent with a previous study
[2] in which EDA knockout inhibited VEGF expression and
subsequent vascularization. Therefore, the specific antibody IST-9
or bevacizumab was added to conditioned medium from cyst
fibroblasts to block the interaction between the preosteoclasts
and EDA+FN or VEGF, respectively [15, 21]. As illustrated in this
study, only bevacizumab inhibited the formation of Trap+MNCs to
the same extent as the EDA knockout; moreover, this inhibitory
effect was almost completely reversed by exogenous rhVEGF.
Thus, the effects of EDA+FN on osteoclastogenesis were indirectly
mediated by VEGF instead of by a direct interaction between
EDA+FN and preosteoclasts, since the group in which EDA+FN
was blocked by IST-9 exhibited little inhibitory effect on
osteoclastogenesis.
In the present study, EDA+FN in the stroma of radicular cysts

was positively associated with bone destruction and vascular-
ization, suggesting contributions of EDA and VEGF to osteoclas-
togenesis. Furthermore, knockout of the EDA exon in the FN
gene inhibited VEGF expression in fibroblasts. Therefore,
blockade of VEGF by bevacizumab inhibited osteoclastogenesis
to the same extent as gene editing of the EDA exon despite
the observation that bevacizumab might lead to osteonecrosis
[28, 29].
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