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Reduced expression of semaphorin 3A in osteoclasts causes lymphatic
expansion in a Gorham-Stout disease (GSD) mouse model
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Abstract: Gorham-Stout disease (GSD) is a sporadic chronic disease characterized by progressive bone dissolution, absorption,
and disappearance along with lymphatic vessel infiltration in bone-marrow cavities. Although the osteolytic mechanism of GSD
has been widely studied, the cause of lymphatic hyperplasia in GSD is rarely investigated. In this study, by comparing the RNA
expression profile of osteoclasts (OCs) with that of OC precursors (OCPs) by RNA sequencing, we identified a new factor,
semaphorin 3A (Sema3A), which is an osteoprotective factor involved in the lymphatic expansion of GSD. Compared to OCPs,
OCs enhanced the growth, migration, and tube formation of lymphatic endothelial cells (LECs), in which the expression of
Sema3A is low compared to that in OCPs. In the presence of recombinant Sema3A, the growth, migration, and tube formation
of LECs were inhibited, further confirming the inhibitory effect of Sema3A on LECs in vitro. Using an LEC-induced GSD
mouse model, the effect of Sema3 A was examined by injecting lentivirus-expressing Sema3A into the tibiae in vivo. We found
that the overexpression of Sema3A in tibiae suppressed the expansion of LECs and alleviated bone loss, whereas the injection of
lentivirus expressing Sema3A short hairpin RNA (shRNA) into the tibiae caused GSD-like phenotypes. Histological staining
further demonstrated that OCs decreased and osteocalcin increased after Sema3A lentiviral treatment, compared with the
control. Based on the above results, we propose that reduced Sema3A in OCs is one of the mechanisms contributing to the
pathogeneses of GSD and that expressing Sema3A represents a new approach for the treatment of GSD.
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1 Introduction

Gorham-Stout disease (GSD) is a rare primary
idiopathic syndrome, also known as disappearing
bone disease (Gorham and Stout, 1955; Bruch-Gerharz
et al.,, 2007; Paez Codeso et al., 2017). It is mainly
characterized by osteolysis with excessive production
of lymphatic vessels in bone tissue (Franco-Barrera
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et al., 2017). To date, only approximately 300 cases
of GSD have been reported (Dellinger et al., 2014).
Since GSD is rare and sporadic, the etiology and
pathogenesis are poorly understood. Much evidence
strongly supports the hypothesis that increased num-
bers or activity of osteoclasts (OCs), as found in path-
ological samples, may be the cause of osteolysis; this
idea was demonstrated by several different groups
(Moller et al., 1999; Hominick et al., 2018). Recent
studies have identified a somatic activating hotspot mu-
tation in Kirsten rat sarcoma viral oncogene homolog
(KRAS) in tissues from a patient with GSD and dem-
onstrated that expression of an active form of KRAS
(p-G12D) in murine lymphatics led to the develop-
ment of lymphatics in bone, suggesting that mutations
in KRAS are involved in the pathogenesis of GSD



(Nozawa et al., 2020; Homayun-Sepehr et al., 2021).
It has also been demonstrated that vascular endothelial
growth factor-C (VEGF-C) stimulated by receptor acti-
vator of nuclear factor-xB (NF-kB) ligand (RANKL)
in OCs and OC precursors (OCPs) enhanced bone re-
sorption by OCs, but not OC differentiation (Zhang
et al., 2008). Hominick et al. (2018) found that over-
expression of VEGF-C in VEGF-C conditionally trans-
genic mice resulted in the development of lymphatic
vessels in bone and osteolysis, which resembles GSD;
but VEGF-C was not found to have a direct effect on
OC formation. However, under normal conditions,
the level of VEGF-C is not sufficient for lymphangio-
genesis in bone marrow, suggesting that there are other
factors involved in bone loss in GSD (Hu et al., 2022;
Li et al., 2022). Although the above studies partially
revealed the mechanism by which lymphatic endo-
thelial cells (LECs) cause bone erosion, whether bone
cells impact LEC properties such as growth or survival
remains unclear; this information is crucial for under-
standing the pathogenesis of GSD.

Currently, there are no targeted pharmacological
therapeutics or standardized effective treatments for
GSD (Dellinger and McCormack, 2020; Monroy et al.,
2020). Commonly used clinical therapies include in-
terferon therapy, calcitonin and bisphosphonate anti-
absorption therapy, and radiation therapy. Liu et al.
(2018a, 2018b) found that treatment by bone cement
reconstruction combined with interferon-a-2b, zole-
dronic acid, and calcitriol in the spine and femur
could continuously relieve pain in GSD and stabilize
the spine and femur. Qu et al. (2018) treated GSD with
alendronate, which significantly improved the condi-
tion. Zoledronic acid combined with thalidomide has
also been reported to have significant efficacy in treat-
ing GSD (Mao et al., 2018). In addition, Sirolimus is
used as a long-term treatment agent for GSD (Ricci
et al., 2019; al Baroudi et al., 2020). Although these
various agents have certain therapeutic effects on GSD,
they have less effect on the recovery of eroded bone.
Thus, it is necessary to explore novel treatments for
GSD.

Semaphorin 3A (Sema3A), a secreted protein,
was originally identified as being involved in axonal
guidance in neurogenesis (Lee et al., 2017; van der
Klaauw et al., 2019). Recent studies have shown that
Sema3A has osteoprotective effects. The direct inter-
action between OCs and osteoblasts (OBs) allows for
bidirectional transduction of activation signals through
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Sema3A-neuropilin 1 (Nrpl) to stimulate OB bone
formation and suppress osteoclastic bone resorption.
Furthermore, administration of recombinant Sema3A
suppresses bone loss in mouse models of osteoporosis
(Hayashi et al., 2012; Fukuda et al., 2013; Hayashi
et al., 2019; Kim et al., 2020). Sema3A is also in-
volved in angiogenesis and lymphangiogenesis, al-
though it is dispensable for vascular development in
mice. Sema3A or Sema3A-Nrpl signaling contributes
to vascular remodeling (Gu et al., 2003; Serini et al.,
2003; Raimondi and Ruhrberg, 2013). Sema3A pre-
vents tumor-induced angiogenesis in vivo and modu-
lates endothelial-cell migration and survival in vitro
(Guttmann-Raviv et al., 2007; Maione et al., 2009);
furthermore, overexpression of Sema3A inhibits vas-
cular smooth-muscle-cell proliferation and migration
and suppresses neointimal hyperplasia after vascular
injury in vivo (Wu et al., 2019). Vascular-endothelial-
cell (VEC)-derived Sema3A also inhibits filo podia
formation in vascular tip cells (Ochsenbein et al.,
2016). Blocking the interaction of Sema3A and Nrpl
leads to aberrant lymphatic vessels and valve morphol-
ogy and reduces drainage of lymphatic vessels (Jurisic
et al., 2012; Ochsenbein et al., 2014). VEGF-C/VEGF
receptor 3 (VEGFR3)-mediated lymph angiogene-
sis is blocked by inhibiting the coreceptor Nrp2 of
Sema3A and Sema3F (Bussolino et al., 2013). There-
fore, Sema3A has a wide range of effects in both
bone-associated cells and endothelial cells, but the
effects of bone-cell-derived Sema3A on LECs have
not been discussed.

In this study, we investigated the effects of OCs
and OBs on LECs and found that expression of
Seme3A was decreased in OCs, which enhanced
the growth, migration, and tube formation of LECs
in vitro and provided a new direction for the treatment
of GSD. Overexpressing Sema3A in bone marrow al-
leviated osteolysis induced by LECs and inhibited the
growth of LECs. Our results indicate that Sema3A is
a potential target for GSD treatment.

2 Results

2.1 Effects of OC, but not OCP, conditioned media
on LEC function

We treated LECs with conditioned media (CM)
from OBs or OCs and examined the effects of the
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media on the growth, migration, and tube formation
of LECs. We found that OC CM significantly pro-
moted LEC growth compared with OCP CM (Fig. 1a).
The LEC migration assay showed that LEC migration
roughly doubled under OC CM treatment compared
with OCP CM treatment through the basement mem-
brane, indicating that OC CM also promoted LEC mi-
gration (Fig. 1b). This result was verified by a wound-
healing assay. After 12-h of OC CM treatment, the
scratch distance in cells treated with OC CM was
only approximately 30%—40% of that for OCP CM
treatment at the 12-h time point (Fig. 1c). OC CM
also promoted LEC tube formation compared with
OCP CM (Fig. 1d). In contrast to OC CM, OB CM
had no significant impact on the growth, migration, or
tube formation of LECs (Fig. S1). These results indi-
cate that OCs either produce LEC stimulators or lack
LEC inhibitors.

2.2 Lower Sema3A levels expressed by OCs than
by OCPs

To determine the factors by which OCs act dif-
ferently on LECs than OCPs, we performed RNA
sequencing (RNA-seq) of OCPs and OCs, along with
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a correlation analysis that tested the reliability of the
samples. The sample selection was reasonable (correla-
tion coefficient (R*)>0.92 indicates good reliability)
(Fig. S2a). Moreover, there were 2950 differentially
expressed genes (DEGs) in OCs compared to OCPs,
including 1911 upregulated and 1039 downregulated
DEGs (|log,(fold change)|>0.585 and P-value<0.05)
(Fig. 2a). Among these, expression of Sema3A4 was
significantly reduced in OCs, while expression levels
of Nip2, VEGF-C, and VEGFR3 genes that are closely
related to Sema3A function were not significantly
changed (Table S1). Enriched Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways of the 2950
DEGs showed that the DEGs were involved in metab-
olism, organismal systems, cellular processes, genetic
information processing, environmental information pro-
cessing, and human diseases (Fig. S2b). The top 30
KEGG pathway results indicated that enriched path-
ways played important roles in the immune system, such
as antigen processing and presentation and hematopoi-
etic cell lineage, while five main signal-transduction
pathways, including hypoxia-inducible factor-1 (HIF-1),
NF-«B, Toll-like receptor, interleukin-17 (IL-17), and
tumor necrosis factor (TNF) signaling pathways, were
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Fig. 1 Effects of OC (but not OCP) CM on LEC growth, migration, and lymphatic vessel formation in vitro. (a) CCK-8
assays were performed to evaluate the cellular growth curves of LECs using OCP CM and OC CM. (b) Transwell assays
for the migration of LECs using OCP CM or OC CM were used for quantitative analysis of the cells. (c) Representative
images showing the migration ability of LECs at 6 and 12 h by wound-healing assay and quantitative analysis of the migration
rate of LECs. (d) Representative Matrigel tube-formation assay images and quantitative analysis of cumulative tube
length with cultures of OCP CM or OC CM. Data are shown as meantstandard deviation (SD) of three independent
experiments performed in triplicate. * P<0.05, ” P<0.01, vs. OCP CM. OC: osteoclast; OCP: OC precursor; CM: conditioned
media; LEC: lymphatic endothelial cell; CCK-8: cell counting kit-8; OD,,: optical density at 450 nm.
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Fig. 2 Decreased expression of Sema3A in OCs than in OCPs by RNA sequencing (RNA-seq). (a) Volcano plot of DEGs
(llog,(fold change)|>0.585 and P-value<0.05). (b) The 30 most significantly enriched KEGG pathways. (¢) Comparison of
RNA-seq data with qPCR results for Bmp3, Igf1, 1l-1b, Inhba, Sppl, Tnf, Tnn, and Wnt6 between OCPs and OCs.
Correlation analysis of the above eight DEGs by qPCR and RNA-seq showed that the qPCR results were positively
correlated with the RNA-seq results (R’=0.7176). (d, e¢) Expression of Sema3A in OCs and OCPs was measured by qPCR
and western blotting. Sema3A expression is lower in OCs than in OCPs. Data are shown as meantstandard deviation
(SD) of three independent experiments. * P<0.01, vs. OCP. Sema3A: semaphorin 3A; OC: osteoclast; OCP: OC precursor;
DEG: differentially expressed gene; KEGG: Kyoto Encyclopedia of Genes and Genomes; qPCR: quantitative real-time
polymerase chain reaction; Bmp3: bone morphogenetic protein 3; IgfI: insulin like growth factor 1; //-1b: interleukin-1p;
Inhba: inhibin subunit beta A; Spp1: secreted phosphoprotein 1; 7nf: tumor necrosis factor; Tnn: tenascin N; Wnt6: Wnt

family member 6.

also identified as KEGG-enrichment pathways (Fig. 2b).
The expression patterns of eight DEGs that were
randomly selected were confirmed by quantitative real-
time polymerase chain reaction (QPCR) (Fig. 2c).
Pearson’s bivariate correlation analysis revealed a
high correlation between qPCR and RNA-seq data
(R*=0.7176, P<0.001), demonstrating the accuracy and
reliability of the RNA-seq results obtained in this study
(Fig. 2¢, Table S1). gPCR and western blotting showed
that Sema3A expression in OCs was much lower than
that in OCPs (Figs. 2d and 2e¢). These data reveal
that Sema3A may represent as an OC-produced LEC
inhibitor.

2.3 Inhibition of LEC growth, migration, and tube
formation by Sema3A

To determine the effect of Sema3A on LECs, we
examined the effect of recombinant Sema3A (0, 0.1,
0.5, and 1.0 pg/mL) on the growth of LECs with a cell

counting kit-8 (CCK-8) assay, and found that Sema3A
dose-dependently inhibited LEC growth (Fig. 3a). We
also performed wound-healing and Transwell assays
to examine the effect of Sema3A on LEC migration.
In the presence of Sema3A, gap healing was much
slower, and the number of LECs migrating through
the Transwell membrane was obviously lower than
that without Sema3A (Figs. 3b and 3c¢). Furthermore,
Sema3A was shown to suppress tube formation com-
pared with the samples without Sema3A (Fig. 3d).
Therefore, the data indicate that Sema3A acts as an
LEC inhibitor.

2.4 Sema3A expression in GSD mice, and effects
of Sema3A on GSD bone lesions and LECs

To determine whether Sema3A expression is al-
tered in osteolytic bone, we examined Seme3A pro-
tein levels in bone on Day 14 after LEC injection by
enzyme-linked immunosorbent assay (ELISA). The
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Fig. 3 Suppression of the growth, migration, and tube formation of LECs by Sema3A. (a) After treatment with 0, 0.1,
0.5, and 1.0 pg/mL Sema3A, CCK-8 assays were performed to evaluate LEC growth. (b) Transwell assays for migration
of LECs in the presence of 1.0 pg/mL Sema3A and quantitative analysis of the migrated cells. PBS was used as a control.
(c) Representative images showing the migration ability of LECs in the control and Sema3A groups at 6 and 12 h by
wound-healing assay and quantitative analysis of the migration rate of LECs. (d) Representative Matrigel tube-formation
assay images and quantitative analysis of cumulative tube length in the control and Sema3A groups. Data are shown as
meantstandard deviation (SD) of three independent experiments. * P<0.05, ™ P<0.01, vs. Ctrl. Sema3A: semaphorin 3A;
LEC: lymphatic endothelial cell; CCK-8: cell counting kit-8; PBS: phosphate-buffered saline; OD,,: optical density at

450 nm; ns: not significant; Ctrl: control.

results showed that levels of Sema3A were lower in
bone marrow extracted from osteolytic bone (Fig. 4a).
To determine whether Sema3A suppresses osteolytic
lesions, we administered lentivirus expressing Sema3A
(LV-Sema3A) or empty lentivirus (packaged vector
without insert as a negative control, LV-NC) 2 d after
mice received intratibial injection of LECs. The mice
were euthanized after 14 d, and tibial samples were
analyzed by micro-computed tomography (micro-CT)
and histology. Micro-CT scans showed less bone de-
struction in mice that received LV-Sema3A than in
mice that received LV-NC (Fig. 4b). The analysis of
bone parameters revealed that LV-Sema3A increased
the trabecular bone volume fraction (Tb. BV/TV) and
trabecular number (Tb. N), while reducing trabecular
separation (Tb. Sp); LV-Sema3A had no effect on tra-
becular thickness (Tb. Th) (Fig. 4c). Hematoxylin-
eosin (H&E)- and tartrate-resistant acid phosphatase
(TRAP)-stained paraffin sections showed that osteoly-
sis and TRAP" OCs were decreased in the tibia after
LV-Sema3A injection (Figs. 4d and 4e). Osteocalcin

(OCN) is a protein secreted by OBs. Immunostaining
of OCN from tibial sections showed that LV-Sema3A
significantly increased OCN in trabecular bone and cor-
tical bone (Fig. 4f). ELISA showed that LV-Sema3A
significantly increased the protein levels of OCN in
the bone-marrow supernatant (Fig. 4g). The Sema3A
levels in the tibia injected with LV-Sema3A also in-
creased (Fig. 4h). Flow cytometry showed that the
ratio of LECs in the bone cavity with LV-Sema3A
was lower than that in the LV-NC group (Fig. 4i, Q1+
Q2+Q3). These data suggest that intratibial adminis-
tration of Sema3A virus reduces GSD bone patho-
genesis, which is associated with decreased OCs, in-
creased OBs, and reduced LEC expansion.

2.5 Effects of Sema3A shRNA on GSD bone lesions
and LEC expansion

The above results suggested that Sema3A effec-
tively alleviated the occurrence of GSD-like osteoly-
sis and LEC expansion, so we proposed the hypothesis
that a reduction in Sema3A would aggravate osteolysis
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Fig. 4 Sema3A expression in GSD mice, and the effects of Sema3A on GSD bone lesions and LECs. Eight-week-old C57BL/6
mice received intratibial injection of LECs to establish the GSD mouse model. (a) Sema3A levels in bone marrow (BM)
extracted 14 d post LEC injection by ELISA. (b, ¢) GSD mice 2 d post LEC injection received intratibial administration
of negative control lentivirus (LV-NC, control group) and lentivirus expressing Sema3A (LV-Sema3A, experimental
group). Mice were examined 14 d post injection. Representative micro-CT images and quantification of trabecular bone
volume fraction (Tb. BV/TV), trabecular number (Tb. N), trabecular thickness (Tb. Th), and trabecular separation (Tb. Sp).
(d, €) Representative images of H&E- and TRAP-stained images and quantification analyses of the number of TRAP'
osteoclast cells (TRAP™ OC No.) per bone. (f) Representative images of immunostaining of osteocalcin (red) and quantification
of osteocalcin® cell numbers on trabecular bone (TB) and periosteal bone (PB) surfaces. Dashed lines outline the bone
surface. DAPI was used to stain nuclei (blue). CB, cortical bone; P, periosteum; BM, bone marrow. (g) Osteocalcin
concentrations in BM extracted by ELISA. (h) Sema3A levels in BM extracted by ELISA. (i) PDPN’ (up area) and
LYVE-1" (right area) cells in tibial BM as shown by flow cytometry. Data are shown as meanzstandard deviation (SD) of
three independent experiments (n=5 per group). ~ P<0.05, " P<0.01, vs. PBS or LV-NC. Sema3A: semaphorin 3A;
GSD: Gorham-Stout disease; LEC: lymphatic endothelial cell; ELISA: enzyme-linked immunosorbent assay; Micro-CT:
micro-computed tomography; H&E: hematoxylin-eosin; TRAP: tartrate-resistant acid phosphatase; DAPI: 4, 6-diamino-2-
phenyl indole; PDPN: podoplanin; LYVE-1: lymphatic vessel endothelial receptor-1.
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and lymphangiogenesis. To confirm this, we constructed
and packaged LV-Sema3A short hairpin RNA (shRNA)
(LV-shSema3A) and control shRNA (LV-shNC). We
first used specific small interfering RNAs (siRNAs) to
knockdown Sema3A expression in vivo. LV-shSema3A
and LV-shNC were injected into the left and right
tibia, respectively. The in vivo ELISA analyses showed
that the protein levels of Sema3A were significantly
decreased (Fig. 5a), and the same was true for west-
ern blotting analyses of LECs (Fig. S3). The change

of TRAP" OCs (Figs. 5d and 5¢). Podoplanin-positive
(PDPN") and lymphatic vessel endothelial receptor-1-
positive (LYVE-1") cells in bone marrow were ana-
lyzed by flow cytometry, and the results showed
that PDPN" and LYVE-1" cells in bone marrow were
higher in the LV-shSema3A group than in the LV-
shNC group (Fig. 5f, Q1+Q2+Q3). The results indi-
cate that intratibial administration of Sema3A shRNA
virus promotes GSD bone pathogenesis, which is
associated with increased OCs and LEC expansion

in the tibia was examined by micro-CT and histology.  in vivo.
Micro-CT scanning and analysis showed that LV-
shSema3A caused decreased trabecular bone volume
and trabecular number and an increase in trabecular
bone separation, although no change in trabecular
bone thickness was observed (Figs. 5b and 5c¢). Par-
affin section staining with H&E showed substantial
bone loss and cortical bone erosion in the tibia after

LV-shSema3A injection, along with an increased number

2.6 Reduction of GSD bone phenotype in LECs
by the overexpression of Sema3A

Both the gain- and loss-of-function approaches
described in Figs. 4 and 5 indicate that bone local de-
livery of Sema3A has a beneficial role in GSD pathol-
ogy, while Sema3A inhibition has the opposite effect.
However, since these experiments used a nonspecific
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Fig. 5 Effects of Sema3A shRNA on GSD bone lesions and LEC expansion. A lentiviral vector expressing Sema3A
shRNA was constructed (LV-shSema3A) and packaged into the virus along with an empty vector (LV-shNC). LV-shNC
and LV-shSema3A lentivirus were injected into the right and left tibiae of eight-week-old mice, respectively, n=5 per
group. (a) ELISA was used to detect the protein level of Sema3A in mice, and the Sema3A knockdown editing activity of
LV-shSema3A 1 and LV-shSema3A 2 in vivo was 48.87% and 66.93%, respectively. (b) Representative reconstituted
micro-CT images showing bone loss in an LV-shSema3A-injected tibia. (¢) Quantification of trabecular bone volume
fraction (Tb. BV/TV), trabecular number (Tb. N), trabecular thickness (Tb. Th), and trabecular separation (Tb. Sp).
(d) H&E- and TRAP-stained images showing bone erosion in an LV-shSema3A-injected tibia associated with increased TRAP"
OC:s (yellow arrows). (e) Quantification analyses of the number of TRAP" OCs (N. TRAP") in bone. (f) PDPN/LYVE-1"
cells in tibial bone marrow were detected by flow cytometry. Data are shown as meantstandard deviation (SD) of four
independent experiments performed in triplicate. ” P<0.01, vs. LV-shNC. Sema3A: semaphorin 3A; shRNA: short hairpin
RNA; GSD: Gorham-Stout disease; LEC: lymphatic endothelial cell; ELISA: enzyme-linked immunosorbent assay;
H&E: hematoxylin-eosin; TRAP: tartrate-resistant acid phosphatase; OC: osteoclast; PDPN: podoplanin; LYVE-1:
lymphatic vessel endothelial receptor-1; Micro-CT: micro-computed tomography.



delivery method and Sema3A can act on all cell types
in the bone marrow, it is important to determine spe-
cific cell types that may mediate the effect of Sema3A
on GSD pathogenesis. Because Sema3A inhibits LEC
function (Fig. 3), we hypothesize that overexpression
of Sema3A in LECs will reduce their capacity to
cause GSD lesions following intratibial administra-
tion. Thus, we generated LEC cell lines overexpress-
ing Sema3A (Sema3A-LEC) and control cell lines
(NC-LEC) (Fig. 6a). Sema3A affects the growth, cell
cycle, and apoptosis of LECs in vitro (Fig. S4). Tb. Sp
was significantly decreased in the tibias injected with
Sema3A-LECs compared with those injected with
NC-LECs, but there was no significant decrease in
Tb. Th (Figs. 6b and 6c). H&E- and TRAP-stained
paraffin sections showed that TRAP" OCs in the
Sema3A-LEC group were decreased compared with
those in the NC-LEC group (Figs. 6d and 6¢). Flow
cytometry analysis indicated that LYVE-1" and PDPN"
cells in bone marrow were much lower in the Sema3A-
LEC group than in the NC-LEC group (Fig. 6f, Q1+
Q2+Q3). These results suggest that overexpression of
Sema3A in LECs has the capacity to alleviate GSD
lesions.

3 Discussion

Lymphatic hyperplasia associated with osteoly-
sis is an important pathological feature of GSD (Del-
linger et al., 2014; Franco-Barrera et al., 2017). Al-
though lymphatic vessels were not present in normal
bones in the past (Edwards et al., 2008), it has recently
been reported that lymphatic vessels exist in normal
bone (Biswas et al., 2023). We proposed before begin-
ning our study that LECs interact with bone cells.
Most previous studies have focused on the mech-
anism of osteolysis in GSD. Several cytokines, such
as IL-1P, IL-6, macrophage colony-stimulating factor
(M-CSF), and receptor activator of NF-xB ligand
(RANL), have been reported to be related to GSD be-
cause they stimulate OC formation (Hirayama et al.,
2001; Dellinger et al., 2014). Our group previously es-
tablished a GSD mouse model by injecting LECs into
the bone-marrow cavity and found that LECs signifi-
cantly promoted OC formation in vitro and in vivo.
We demonstrated that LECs enhanced osteolysis by
stimulating OC formation through secreting M-CSF
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(Wang et al., 2017), but it is still unclear whether
bone cells affect the expansion of lymphatic vessels.
In this study, we explored the effects of bone cells
such as OBs and OCs on LECs and found that OC
CM promoted LEC growth, migration, and tube for-
mation (Fig. 1), although OB CM had little effect on
LECs (Fig. S1); further studies revealed that this ef-
fect was related to reduced Sema3A expression in
OCs (Fig. 2). It has been demonstrated that OB lin-
eage cell-derived Sema3A is involved in reducing os-
teoclastic bone resorption and increasing osteoblastic
bone formation (Hayashi et al., 2012; Yamashita et al.,
2022). However, although the function of Sema3A in
maintaining bone metabolism balance has been well
studied, the effect of Sema3A on LECs has not been
explored. In this study, we found that either recombi-
nant or overexpressed Sema3A inhibited the growth,
migration, and tube formation of LECs in vitro (Figs. 3
and 6). Injection of Sema3A-expressing lentiviruses
into the tibia also inhibited LEC expansion in vivo.
These results indicate that Sema3A plays a role in
LECs, one similar to their role in VECs. Defects in
Sema3A signaling impacted vascular and lymphatic
vessels during development (Bussolino et al., 2013).
Previous studies showed that Sema3 A inhibited tumor
growth by suppressing angiogenesis and contributed
to vascular regression in noncancer diseases such as
early diabetic retinopathy (Casazza et al., 2011; Joyal
et al., 2011). It has been demonstrated that prolifera-
tion of LECs in bone leads to bone erosion by stimu-
lating OC formation (Wang et al., 2017), so we pro-
pose that low expression of Sema3A in OCs enhances
OC formation by stimulating LEC expansion, thereby
resulting in the occurrence of GSD.

We also investigated the mechanism by which
Sema3A inhibits LEC growth. Maione et al. (2009)
analyzed the effect of Sema3A in inhibiting tumor pro-
gression and found that Sema3A blocked tumor growth
by inducing VEC apoptosis. Here, we analyzed the
means by which Sema3A inhibited the growth of LECs.
Our data showed that the effect of Sema3A on the cell
cycle was minor, although there was a significant
change. The apoptosis induced by Sema3A led to more
cell death (Fig. S4). Therefore, apoptosis appears to
be one of the major mechanisms by which Sema3A
inhibits LEC growth.

In addition to Sema3A, VEGF-C, which appears
to be increased in the serum of GSD patients, also
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stimulates lymphangiogenesis. Although we found no
difference in VEGF-C expression between OCPs and
OCs by RNA-seq, this may be due to differences in
the mouse model established by LEC injection com-
pared to other models. Hominick et al. (2018) showed
that mice conditionally overexpressing VEGF-C de-
veloped GSD-like pathological features. High expres-
sion of VEGF-C is considered to be the cause of GSD.
However, VEGF-C does not stimulate OC formation,
so there must be other factors responsible for enhanc-
ing OC formation. It has been reported that Sema3A,
which binds to Nrpl as a competitor of VEGF-A165,
inhibits endothelial cell migration and sprouting.
Thus, we propose that excessive VEGF-C blocks the
Sema3A signal pathway through competitive binding
with Nrpl to promote OC formation. Another recep-
tor of Sema3A, Nrp2, interacts with VEGF-A and
VEGF-C to promote endothelial cell survival and mi-
gration (Favier et al., 2006). Therefore, Sema3A is
thought to compete for Nrp2 binding with VEGF-C,
thus decreasing LEC survival and migration (Staton,
2011; Sakurai et al., 2012; Toledano et al., 2019; Jiao
et al., 2021). It has also been reported that excessive
Sema3A does not affect binding of VEGF-C to Nrp2
but rather reduces binding of VEGF-C to VEGFR3,
which would indicate that inhibition of LEC growth
by Sema3A may occur through regulation of the
VEGFR3 signaling pathway (Bernatchez et al., 2002).
The relationship between Sema3A and VEGF-C in
GSD needs to be further studied.

Traditional treatment regimens for GSD primarily
involve bisphosphonates and interferon-o (INF-a),
though there are other options such as VEGF-A anti-
bodies and hormones (Dellinger et al., 2014). Because
VEGEF-C is involved in the pathogenesis of GSD, sup-
pressing VEGF-C expression or using VEGFR3 anti-
bodies has been shown to effectively inhibit GSD pro-
gression and partially restore osteolysis (Hominick
et al., 2018). Because of its action in promoting OB
differentiation and inhibiting OC formation, Sema3A
has been demonstrated to alleviate osteoporosis in a
mouse model (Hayashi et al., 2012; Yang et al., 2018).
Here, we tried to inhibit or alleviate GSD develop-
ment with Sema3A. Consistent with our expectations,
overexpression of Sema3A significantly inhibited os-
teolysis induced by LECs and suppressed LEC expan-
sion in vitro and in vivo. Sema3A thus provides a new
therapeutic approach for GSD.
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The rarity of GSD makes research on the disease
difficult, and establishing a GSD mouse model can be
of great assistance with this. In this study, we found
that the tibia of mice injected with LV-shSema3A
clearly exhibited osteolysis and LEC expansion in vivo.
Sema3A knockdown clearly resulted in GSD-like phe-
notypes. Knockdown of a gene can cause major de-
fects compared with the knockout of the gene (Wilkin-
son, 2019). We think that reducing Sema3A in bone is
another approach to establishing a mouse model of
GSD. The level of Sema3A in our GSD mouse model
was significantly decreased (Figs. 4a and 5a). Interest-
ingly, Hayashi et al. (2019) showed that serum levels
of Sema3A decreased with age or after menopause in
humans. However, whether Sema3A is involved in
GSD needs to be verified in humans as well.

In conclusion, we demonstrated that LEC expan-
sion is caused by reduced Sema3A expression in OCs.
The occurrence of GSD is a result of positive feedback
between LECs and OCs. Expansion of intraosseous
LECs stimulates OC formation by secreting M-CSF,
disrupting the balance between OCs and OBs and
leading to osteolysis, while increased OC reduces
Sema3A levels, weakening control of LECs and lead-
ing to their excessive growth. Overexpression of
Sema3A effectively alleviates the development of os-
teolysis, inhibits LEC expansion, and provides a new
treatment option for GSD.

4 Conclusions

Our study revealed that reduced Sema3A in OCs
enhances LEC growth, migration, and tube formation.
Overexpression of Sema3A effectively alleviates de-
velopment of osteolysis and inhibits LEC expansion,
which may offer a new therapeutic target for the treat-
ment of GSD. In addition, knockdown of Sema3A in
bone marrow is a new approach for establishing a
GSD mouse model.

Materials and methods
Detailed methods are provided in the electronic supple-
mentary materials of this paper.
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cluded in this published article and its supplementary infor-
mation files.
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