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Abstract

Aberrant variations in angiogenesis have been observed in tumor tissues with abnormal stiffness of extracellular matrix
(ECM). However, it remains largely unclear how ECM stiffness influences tumor angiogenesis. Numerous studies have
reported that vascular endothelial growth factor-A (VEGF-A) released from tumor cells plays crucial roles in angiogenesis.
Hence, we demonstrated the role of ECM stiffness in VEGF-A release from neuroblastoma (NB) cells and the underlying
mechanisms. Based on 17 NB clinical samples, a negative correlation was observed between the length of blood vessels
and stiffness of NB tissues. In vitro, an ECM stiffness of 30 kPa repressed the secretion of VEGF s from NB cells which
subsequently inhibited the tube formation of human umbilical vein endothelial cells (HUVECs). Knocked down VEGF ;5
in NB cells or blocked VEGF, (5 with neutralizing antibodies both repressed the tube formation of HUVECs. Specifically,
30 kPa ECM stiffness repressed the expression and nuclear accumulation of Yes-associated protein (YAP) to regulate the
expression of Serine/Arginine Splicing Factor 1 (SRSF1) via Runt-related transcription factor 2 (RUNX2), which may then
subsequently induce the expression and secretion of VEGF 45 in NB tumor cells. Through implantation of 3D col-Tgels with
different stiffness into nude mice, the inhibitory effect of 30 kPa on NB angiogenesis was confirmed in vivo. Furthermore,
we found that the inhibitory effect of 30 kPa stiffness on NB angiogenesis was reversed by YAP overexpression, suggesting
the important role of YAP in NB angiogenesis regulated by ECM stiffness. Overall, our work not only showed a regulatory
effect of ECM stiffness on NB angiogenesis, but also revealed a new signaling axis, YAP-RUNX2-SRSF1, that mediates
angiogenesis by regulating the expression and secretion of VEGF 45 from NB cells. ECM stiffness and the potential molecules
revealed in the present study may be new therapeutic targets for NB angiogenesis.
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Introduction

Neuroblastoma (NB) is one of the most common solid malig-
nancy in children that arises from the neural crest. Despite
the most advanced multidisciplinary treatments, more than
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15% of pediatric cancer patients die of NB [1]. Deep insights
into the mechanism of NB pathogenesis are imperative for
developing more effective therapeutics. Analysis of The
Cancer Genome Atlas (TCGA) showed that the original sites
of NB are distributed throughout the body (Supplemental
Table S1). The stiffness of the predisposing original sites,
such as the predisposing adrenal gland, retroperitoneum, and
peritoneum, is less than 10 kPa, while a limited number of
NBs originate from stiffer tissues such as bones, joints and
articular cartilage, the stiffness of which ranges from 30 kPa
to 2 GPa [2]. Accumulating studies have shown that stiff-
ness contributes to the proliferation and metastasis of solid
tumors, but the role of tumor stiffness in the malignancy and
prognosis of NB is still unclear.

Studies have revealed that changes in solid tumor stiff-
ness are mainly caused by extracellular matrix (ECM)
remodeling [3]. The ECM is a complex network of proteins,
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proteoglycans and glycoproteins that forms the cell micro-
environment. Early studies of ECM stiffness focused on the
differentiation of stem cells by seeding cells adherent to
polyacrylamide (PAA) gels with variable stiffnesses. Engler
et al. found that soft polyacrylamide gels (0.1-1 kPa) pro-
mote mesenchymal stem cell (MSC) differentiation toward
neurogenesis, intermediate stiffness gels (~ 10 kPa) promote
myogenesis, and stiff gels (~30 kPa) promote osteogenesis
[4]. Recently, an increasing number of studies have focused
on the effects of ECM stiffness on tumor pathogenesis. Dur-
ing tumor progression, an imbalance in ECM stiffness has
a profound impact on tumor growth [5]. Studies based on
xenografts in nude mice have shown that compared with a
soft ECM (0.4 kPa), a stiff ECM (9 kPa) promotes tumor
formation by MCF7 breast cancer cells [6]. Furthermore,
lung cancer cells [7], glioma cells [8], and breast cancer
cells [9] exhibit higher level of cell viability-related activi-
ties, including proliferation and migration, when seeded on
stiffer PAA gels (5.7-120 kPa) compared with softer gels
(0.15-0.5 kPa). However, the NB tumor cell line SK-N-DZ
showed repression of proliferation as the stiffness of the
PAA gels increased from 1 to 300 kPa [10].

Multiple studies have demonstrated the important role of
ECM stiffness in regulating tumor angiogenesis. Francois
et al. showed that reducing the stiffness of the breast cancer
tumors reduces the extent of angiogenesis within the tumor
in vivo [11]. Furthermore, ECM from colon tumor is stiffer
than normal human colon tissue and promotes vascular net-
work formation during tumor growth in vivo [12]. In liver
cancer, inhibiting ECM deposition, which decreased ECM
stiffness, increased the antiangiogenic effects of the antitu-
mor drug bevacizumab [13].

It is well established that tumor angiogenesis requires
communication between tumor cells and endothelial cells
(ECs). Studies have shown that coculture of melanoma cells
and ECs promotes the recruitment of mature ECs and the
formation of capillary-like structures in vitro [14]. Prior
studies have demonstrated that osteosarcoma cells secret
VEGF-A, a proangiogenic factor, to promote tube formation
of ECs, which may participate in angiogenesis [15]. In NB,
VEGF-A is also the most common pro-angiogenic factor and
its expression correlated with disease stage [16]. Evidence
has shown that inhibiting PI3K/mTOR activation could sup-
press the paracrine release of VEGF-A from NB cells and
reduce the angiogenic capacity of ECs [17]. Many clinical
studies have used anti-VEGF-A agents, such as bevacizumab
to inhibit tumor angiogenesis including NB [18]. VEGF-
A has different isoforms that are regulated by alternative
splicing. The major isoforms are VEGF,¢5, VEGF, g9 and
VEGF,,,, among which VEGF¢; is the most potent initia-
tor of angiogenesis [19]. However, whether ECM stiffness
influences the paracrine release of VEGF 45 from tumor cells
and the tube formation capacity of ECs are largely unknown.
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In the present study, we hypothesized that ECM stiff-
ness regulates NB angiogenesis by modulating the inter-
cellular communication between NB tumor cells and
ECs. Analysis of clinical NB samples showed a potential
correlation between ECM stiffness and angiogenesis. In
addition, in vitro studies demonstrated the roles of ECM
stiffness in VEGF,¢5 secretion from NB tumor cells and
the subsequent effect on EC tube formation capacity. A
3D culture system in nude mice, which more accurately
recapitulates the native environment, was further adopted
to better understand the effects of ECM stiffness on NB
angiogenesis. Our research revealed the regulatory mecha-
nism of ECM stiffness on NB angiogenesis and may pro-
vide potential targets for the evaluation of NB malignan-
cies and also for their clinical therapy.

Methods
Human NB samples

Human clinical NB samples were obtained from patients
in Shanghai Xinhua Hospital. All samples were obtained
with the agreement of the patients and approval from the
Medical Ethics Committee of Xinhua Hospital Affiliated
with Shanghai Jiao Tong University School of Medicine.
The study was strictly carried out in accordance with the
Declaration of Helsinki and International Ethical Guidelines
for Health-related Research Involving Humans. Hematoxy-
lin & Eosin (H&E) staining, immunofluorescence staining,
and stiffness measurements were carried out on the human
samples in accordance with the approved guidelines. The
basic information of all 17 NB patients was provided in Sup-
plemental Table S2.

Measurement of the stiffness of NB clinical sample
tissues

The stiffness of NB clinical sample tissues were measured
by Piuma Nanoindenter (Optics11). As previously described
[20], fiber-optical Fabry-Perot interferometry combined with
a monolithical cantilever-based probe was used to examine
local micro-elasticity with high accuracy and precision. We
used the probe with a 0.18 N/m spring constant and a 9 pm
spherical indentation tip. We fixed the sample tissues onto
the bottom of a Petri dish and then submerged them in buffer
at room temperature with the nanoindenter tip remaining
well below the surface of buffer at all times. The indents
were depth controlled (10 pm) and the loading and unload-
ing period was set to be 2 s. The stiffness was calculated
using the Hertz spherical indentation model.
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3D Col-Tgel culture and tumor induction in nude
mice

Nude mice were purchased from Vital River Labora-
tory Animal Technology Company. The animal care and
experimental protocols were performed in accordance with
the Animal Management Rules of China (55, 2001, Min-
istry of Health, China), and the study was approved by
the Animal Research Committee of Shanghai Jiao Tong
University.

SK-N-SH cells were trypsinized with 0.125% trypsin and
then 1 x 10° cells were mixed with 100 uL Col-Tgels of dif-
ferent stiffness which were prepared according to manufac-
turer’s instructions (Hong Rong Micro Re, P1720). Then
Col-Tgels with SK-N-SH cells were injected into subcutane-
ous abdomen of 5-week-old male nude mice after anesthe-
tizing with isoflurane. Col-Tgels were excised after 7 days.

H&E staining and immunofluorescence staining

For H&E and immunofluorescence staining, tissue slides
were fixed in 4% paraformaldehyde, dehydrated in 30%
sucrose solution, and then cut into 6-pum sections. H&E
staining were performed as manufacturer’s instructions
(Beyotime, C0105S).

For immunofluorescence staining, cells and tissue slides
were fixed in 4% paraformaldehyde. Tissue slides were per-
formed for antigen retrieval with citrate buffer (pH 6.0) at
95 °C for 15 min. Slides were blocked with 10% goat serum
for 1 h and then immunostained with specific antibodies
against YAP (1:100, Cell Signaling Technology), SRSF1
(1:100, Proteintech), CD31(1:100, Thermo Fisher), CD105
(1:100, Abcam), von Willebrand factor (vWF) (1:200, Pro-
teintech) at 4 °C overnight. After washing in PBS, the sam-
ples were incubated with fluorochrome-conjugated second-
ary antibodies in blocking buffer. Nucleus was stained with
DAPI. Finally, images were captured using a laser-scanning
confocal microscopy (Olympus IX81). Three random fields
in each tissue slice were selected and the average immu-
nofluorescence intensity was calculated. For each field, the
immunofluorescence intensity is mean immunofluorescence
intensity (Integrated Density/Area) which was analyzed with
Imagel software.

Cell culture

SK-N-SH, the NB cell line, was purchased from Chinese
Academy of Sciences Shanghai Cell Bank (Shanghai,
China), and cultured in DMEM medium with the addition
of 10% FBS and 0.5% penicillin-streptomycin, at 37 °C and
5% CO,. HUVECs were harvested by collagenase treatment

from umbilical cord veins [21] and cultured in endothelial
cell basal medium-2 (Lonza).

Substrate preparation

Polyacrylamide gels with variable stiffness were prepared
according to a previously established protocol [22]. Briefly,
acrylamide and bis-acrylamide mixture with indicated con-
centrations was allowed to polymerize on a glass slide, and
the gel was then covered with sulfosuccinimidyl-6-[4'-azido-
2'-nitrophenylamino] hexanoate (Sulfo-SANPAH; Pierce).
After exposure to UV light for 10 min twice, the polyacryla-
mide sheet was washed twice and incubated with a solution
of 0.1% gelatin overnight at 4 °C. The stiffness of gels in
our researches were 1 kPa, 8 kPa and 30 kPa, respectively.

Tube formation assay

The conditioned medium from SK-N-SH cells cultured on
1 kPa, 8 kPa, 30 kPa and plastic substrates were, respec-
tively, used to pretreat HUVECsS for 24 h in 6-well plates.
Matrigel (BD Biosciences, Bedford, MA) was thawed at
4 °C overnight, added to 24-well plates with 400 uL. per
well, and incubated at 37 °C, 5% CO, for 30 min. The pre-
treated HUVECS were trypsinized with 0.125% trypsin and
then terminated trypsinization with endothelial cell basal
media-2 (Lonza). After that, 1 x 10* cells were plated onto
the Matrigel in endothelial cell basal medium-2 (Lonza).
After incubation at 37 °C with 5% CO, for 6 h, the vascular
network of HUVECs was visualized by microscopy (Olym-
pus, DP72). The total tube length, number of junctions and
tube percentage area were measured using imaging analysis
software (Angiotool).

Western blot and antibodies

SK-N-SH cells were gently washed with cold PBS and lysed
at 4 °C for 5 min with lysis buffer (0.15 M Tris, pH 6.8;
1.2% SDS; 15% mercaptoethanol). Lysates were subjected
to electrophoretic separation by 10% SDS-PAGE and trans-
ferred to a PVDF membrane. The membrane was blocked
for 1 h in 5% non-fat milk and incubated with primary anti-
bodies: YAP (1:500; Cell Signaling Technology), phospho-
rylated YAP (S127) (1:500; Cell Signaling Technology),
TAZ (1:500; Cell Signaling Technology), phosphorylated
TAZ (1:500; Cell Signaling Technology), SRSF1 (1:1000;
Proteintech), RUNX2 (1:1000, Cell Signaling Technology),
LaminA/C (1:1000; Santa Cruz Biotechnology), PCNA
(1:1000; Proteintech) and GAPDH (1:1000; Proteintech).
The membranes were then incubated with horseradish perox-
idase-conjugated anti-mouse or anti-rabbit IgG (1:1000; Cell
Signaling Technology), and were developed using enhanced
chemiluminescence (ECL; Tanon, Shanghai, China). The
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chemiluminescent signals were captured with the Odyssey
Fc Imaging System (LI-COR Biosciences, Lincoln, NA),
and then quantified with Quantity One software (Bio-Rad,
Hercules, CA). The nuclear and cytoplasmic proteins were
separated with Nuclear and Cytoplasmic Protein Extraction
Kit. The procedure was operated according to manufactur-
er’s instructions (Beyotime, P0027).

Quantitative real-time polymerase chain reaction
(qRT-PCR)

RNA was extracted from cell samples with Trizol Reagent
(Invitrogen) and the obtained total RNA was reversely tran-
scribed using oligo dT (Thermo Fisher Scientifc). gqRT-PCR
was performed using SYBR Green Supermix (TaKaRa) and
analyzed with the StepOne Real-Time PCR System (Applied
Biosystems). Fold change of mRNA was calculated using a
27AACT method. All specific primer sequences are shown in
Supplemental Table S3.

Enzyme-linked immunosorbent assay (ELISA) assay

The VEGF 45 concentrations in the conditioned medium
from SK-N-SH cells were detected using human VEGF ¢
ELISA Kit (Xinfan Bio-Technology, XF-Human-1817) fol-
lowing manufacturer’s protocol. Briefly, 50 uL of standard
or diluent samples (dilution ratio=5) were pipetted to wells
that were layered with capture antibody. 100 pL of detection
antibody was added to each well and incubated for 60 min
at 37 °C. After 4 washing cycles, 50 ul chromogen solu-
tion A and 50 pl chromogen solution B were added to each
well. Wells were gently mixed and incubated for 15 min at
37 °C, then 50 pL stop solution was added. OD450 nm was
employed using a plate reader (Bio-Rad 680).

Transfection with small interfering RNA

For the RNA interference (RNAi) experiment, SK-N-SH
cells were transfected with small interfering RNA (siRNA)
or scrambled siRNA (Shanghai Gene-Pharma) at a concen-
tration of 100 nM with 5 pL Lipofectamine™ 2000 (Inv-
itrogen) in Opti-MEM (Gibco) for 48 h according to the
manufacturer’s instructions. The medium was supplied with
1 mL cells cultured medium after 8 h post-transfection. The
sequences of the siRNA oligos, are listed in Supplemental
Table S4.

Construction and transfection of YAP
overexpression plasmid

The complete coding sequences (CDS) of YAP

(NM_006106.5) was obtained by gene amplification
with designed primer (Sangon Biotech) which is listed in
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Supplemental Table S3. A green fluorescent protein (GFP,
26.9 kDa) was added behind the coding sequence of YAP to
track and ensure the transfection. Then the fragments were
subcloned into the pcDNA-3.3 vector with restriction sites
Xhol and BamHI (Thermo Fisher). Plasmid constructs were
verified by DNA sequencing (Sangon Biotech). The normal
function of YAP with YAP-GFP overexpression construct
has been demonstrated by previous researches [23]. YAP-
overexpressing plasmid or empty pcDNA-3.3 vector were
transfected into SK-N-SH cells using Lipofectamine™ 2000
(Invitrogen) DNA Transfection Reagent according to the
manufacturer’s protocol. Transfection efficiency was con-
firmed by Western blot.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) assay was per-
formed with Chromatin Immunoprecipitation Kit follow-
ing manufacturer’s instructions (BersinBio™, Catalog
Bes5001). Antibodies used for immunoprecipitation were
rabbit anti-RUNX2 (Cell Signaling Technology) and rabbit
IgG (BersinBio™). Immunoprecipitated DNA was analyzed
by qRT-PCR using SYBR Green Supermix (TaKaRa) and
StepOne Real-Time PCR System (Applied Biosystems).
Fold change of mRNA was analyzed using a 27*AT method.
Primers for qRT-PCR are listed in Supplemental Table S3.

Statistical analysis

All experiments were performed at least three separate
times. The mean values of the qPCR, and Western blotting
data (except the ChIP data) were first quantified to GAPDH,
and then normalized to plastic groups. Statistical analysis
was performed with the Graphpad Prism 7 program using
one-way ANOVA to compare differences among the four
groups, and Student’s #-test to compare differences between
two groups. P <0.05 was considered statistically significant
(*) and P <0.01 was considered highly significant (**).

Results
Tissue stiffness of NB clinical samples

The original sites of 17 clinical NB samples were from
retroperitoneum (15 samples including 13 adrenal area
and 2 pelvic cavity) and posterior superior mediastinum
(2 samples) (Supplemental Table S2), which were consist-
ent with the distributional trend analyzed with The Can-
cer Genome Atlas (TCGA) (Supplemental Table S1). The
stiffness of samples was measured with a Piuma Nanoin-
denter. The mean stiffness values of these clinical samples
ranged from 0.174 to 8.452 kPa (Fig. 1A). To evaluate the
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Fig.1 Angiogenesis is negatively related to stiffness in NB clinical
samples and in vitro culture system. A Stiffness of 17 human NB
clinical samples was measured by nanoindentation. Each sample was
measured at least five times in different regions. B Immunostaining
of CD31 (green) in representative NB samples (scale bar =40 pm).
C The correlation between vessels length and tissues stiffness of
human NB samples. Angiogenic vessels in human NB samples were
immunostained by CD31, and the length was measured by Angio-
tool software. D Immunostaining of CD105 (green) in representative
NB samples (scale bar =40 pm). E The correlation between vessels
length and tissues stiffness of human NB samples. Angiogenic ves-

angiogenic capability of samples with different stiffnesses,
staining for CD31, CD105 and vWF, the markers of ECs,
was performed (Fig. 1B and D, Supplemental Fig. 1A). In
softer NB samples (0.174 kPa, 0.194 kPa and 0.260 kPa),
a large number of blood vessels were observed. However,
fewer blood vessels were detected in stiffer NB samples
(5.276 kPa, 8.452 kPa). Then, the relationship between the
angiogenic capability and the stiffness in all 17 NB clini-
cal samples was evaluated, and linear regression revealed
a negative association (r = — 0.613 for CD31, r = — 0.442
for CD105, r = — 0.557 for vWF) between blood vessel
length and stiffness in NB samples (Fig. 1C and E, Sup-
plemental Fig. 1B). Our in vivo data suggested that NB
angiogenesis was associated with ECM stiffness.
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sels in human NB samples were immunostained by CD105, and the
length was measured by Angiotool software. F The tube formation
of HUVECS stimulated by conditioned medium from SK-N-SH cells
cultured on different stiffness substrates (scale bar =100 pm) (n=3).
G The total tube length, number of junctions and tube percentage
area were measured by Angiotool software. H Secretion levels of
VEGF 45 from SK-N-SH cells (n=5). I The mRNA level of VEGF 45
normalized to GAPDH in SK-N-SH cells (n=313). J The mRNA
level of VEGF,¢5 as a proportion of the total VEGF-A (n=10). Val-
ues were shown as the mean+ SD, *P <0.05, **P <0.01 vs. the indi-
cated groups

ECM stiffness regulated VEGF-A expression
and angiogenesis in vitro

To confirm the relationship between angiogenesis and
stiffness in NB, in vitro studies with substrates of differ-
ent stiffnesses (1 kPa, 8 kPa and 30 kPa, which covered the
major stiffness range of human tissues), were performed.
A plastic surface with a stiffness in the gigapascal (GPa)
range was used for the control group [24]. To investigate
whether NB responsed to ECM stiffness and modulates
angiogenesis via VEGF-A secretion, conditioned medium
from the NB cell line SK-N-SH cultured on substrates of
different stiffnesses were used to stimulate HUVECs to
form capillary structures.
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Through microscopic observation, we found that com-
pared with the medium from SK-N-SH cells cultured on
the 1 kPa, 8 kPa and plastic substrates, conditioned medium
from SK-N-SH cells cultured on the 30 kPa substrate sig-
nificantly inhibited tube formation of HUVECs (Fig. 1F).
Three important features of the vascular networks, i.e., the
total tube length, number of junctions and tube percentage
area, were quantified using AngioTool software (NCI). The
results revealed that all three of these parameters were sig-
nificantly decreased in HUVECs stimulated by conditioned
medium SK-N-SH cells cultured on the 30 kPa substrate in
comparison with those from SK-N-SH cells cultured on the
1 kPa, 8 kPa and plastic substrates (Fig. 1G).

VEGF 45 can be secreted by different kinds of tumor
cells and plays an important role during tumor angiogen-
esis [25]. Hence, we evaluated the secretion of VEGF ;5
from SK-N-SH cells cultured on substrates with different
stiffnesses with ELISA. The secretion of VEGF 45 was sig-
nificantly decreased at 30 kPa when compared with 8 kPa,
and showed a decreasing trend when compared with that on
the 1 kPa and plastic substrates. (Fig. 1H). Furthermore, the
mRNA expression level of VEGF 45(Fig. 1I) and the ratio
of VEGF ¢ relative to total VEGF-A (Fig. 1J) were both
significantly decreased in the 30 kPa group compared with
the 1 kPa and 8 kPa and plastic groups.

Furthermore, the direct evidence for VEGF 45 on tube for-
mation was detected with exogenetic VEGF 45 stimulation,
VEGEF 45 neutralizing antibody and specific siRNA transfec-
tion. The results revealed that recombinant human VEGF ;5
significantly increased the tube formation capacity, which
was evaluated by total tube length, number of junctions and
tube percentage area (Supplemental Fig. 2A, B). VEGF¢;
neutralizing antibody remarkably reversed the effect of
VEGF 45 on tube formation capacity of HUVECs (Supple-
mental Fig. 2A, 2B). We also knocked down the VEGF ¢
in SK-N-SH cells by si-RNA transfection. The interference
efficiency was determined by qPCR analysis (Supplemental
Fig. 2 C). VEGF,¢5 ELISA showed that VEGF 45 concen-
tration in the medium after specific siRNA transfection was
significantly decreased (Supplemental Fig. 2D). The tube
formation capacity of HUVECs pretreated with conditioned
medium from VEGF,¢5 knocked down group was also sig-
nificantly decreased (Supplemental Fig. 2E, F).

Collectively, the above in vitro data suggested that a stiff-
ness of 30 kPa may decrease the secretion of VEGF 45 from
NB cells via the alternative splicing, which subsequently
repress angiogenesis.

SRSF1 expression in SK-N-SH cells was responsive
to ECM stiffness

Serine/arginine-rich (SR) proteins are essential splicing
regulators required for VEGF-A alternative splicing [26].
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Bioinformatics analysis with Ingenuity Pathway Analysis
(IPA) software revealed that among 12 SR family members,
SRSF1, SRSF3, SRSF5 and SRSF6 were predicted to regu-
late VEGF-A (Fig. 2A). Then, we investigated whether ECM
stiffness induces the expression of these four SR members.
As shown in Fig. 2B, the mRNA expression of SRSF1 was
significantly decreased in the 30 kPa group compared with
the 1 kPa and plastic groups. Compared to that at 8 kPa, the
mRNA expression of SRSF1 at 30 kPa showed a decreas-
ing trend. The mRNA expression levels of the other three
SRSF proteins, i.e., SRSF3, SRSF5 and SRSF6, were simi-
lar in cells cultured on the 1 kPa, 8 kPa, 30 kPa and plastic
substrates (Fig. 2B). This result suggested that only SRSF1
showed a trend similar to that of VEGF 45 secretion at dif-
ferent stiffnesses.

Hence, we focused on the potential mechanism by which
SRSF1 expression is regulated by ECM stiffness. Immu-
nostaining showed the expression of SRSF1 in NB clinical
samples with different stiffnesses (Fig. 2C). In the stiffer
sample (8.452 kPa), the expression of SRSF1was decreased
compared with that in the softer sample (0.174 kPa)
(Fig. 2D). The protein expressions of SRSF1 in all 17 NB
patient samples were measured by Western blot (Supplemen-
tal Fig. 3A and D), and linear regression revealed a negative
association (r = — 0.361) (Supplemental Fig. 3E). These
results indicated that in NB, SRSF1 expression is modulated
in response to ECM stiffness.

To further confirm this hypothesis, the protein level and
the subcellular distribution of SRSF1 in SK-N-SH cells
cultured under different stiffness conditions were detected
in vitro. Western blot analysis showed that SRSF1 protein
levels were significantly decreased in cells cultured on the
30 kPa substrate compared with those cultured on the 1 kPa,
8 kPa and plastic substrates (Fig. 2E). Immunofluorescence
staining also confirmed that SRSF1 only accumulated in the
nucleus (Fig. 2F). Nuclear-cytoplasmic separation combined
with Western blot analysis showed that SRSF1 was only pre-
sent in nuclear extracts referenced with the nuclear protein
LaminA/C (Fig. 2G). In addition, the immunofluorescence
intensity of SRSF1 was significantly decreased in the 30 kPa
group compared with the 1 kPa, 8 kPa and plastic groups
(Fig. 2H).

Furthermore, whether the changed expression of SRSF1
can regulate angiogenesis by modulating the expression
of VEGF,¢s was investigated. After siRNA transfection
to knock down SRSF1 in SK-N-SH cells, the interference
efficiency was determined by Western blot analysis (Sup-
plemental Fig. 4 A). The mRNA expression of VEGF¢;
showed a significant decrease after SRSF1 interference
(Fig. 2I). VEGF 45 secretion was also obviously reduced
when SRSF1 was attenuated by siRNA (Fig. 2J). Condi-
tioned medium from SK-N-SH cells transfected with SRSF1
siRNA markedly decreased the total tube length and number
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Fig.2 Nuclear SRSF1 expression is regulated by ECM stiffness
which modulates NB angiogenesis in vitro. A The potential regula-
tors in SR family to VEGF-A were predicted with IPA software
(Qiagen, https://www.qiagenbioinformatics.com/products/ingen
uitypathway-analysis, content version: 57,662,101/). B The mRNA
levels of SRSF1, SRSF3, SRSF5 and SRSF6 in SK-N-SH cells on
1 kPa, 8 kPa, 30 kPa and plastic substrates (n=5). C Immunostain-
ing of SRSF1 (green) in representative NB clinical samples showed
SRSF1 expression and subcellular localization (scale bar =40 pm).
D Immunofluorescence intensity of SRSF1 in representative NB
clinical samples was measured by Imagel] software. E SRSF1 pro-
tein levels in SK-N-SH cells on 1 kPa, 8 kPa, 30 kPa and plastic
substrates (n=5). F SRSF1 expression and subcellular localization
in SK-N-SH cells measured by immunostaining (scale bar =10 pm).

of junctions of HUVECSs compared with that in the negative
control group, and the tube percentage area showed a similar
tendency (Fig. 2K and L).

The above results showed that ECM stiffness regulates the
nuclear expression of SRSF1. Subsequently, SRSF1 modu-
lates the secretion of VEGF,¢5 from SK-N-SH cells and
further influences the tube formation capacity of HUVECs.

ECM stiffness modulated the expression
and subcellular distribution of YAP

We extended our investigation to the mechanism by which
ECM stiffness modulates the expression of SRSF1. Previ-
ous studies have revealed that Yes-associated protein (YAP)
plays central roles in mechanotransduction [27]. Hence, the
expression and subcellular location of YAP were evaluated
both in vivo and in vitro.

G Subcellular localization of SRSF1 in SK-N-SH cells measured
by Nuclear and Cytoplasmic Protein Extraction Kit (n=5). H Rela-
tive immunofluorescence intensity of SRSF1 in SK-N-SH cells
seeded on 1 kPa, 8 kPa, 30 kPa and plastic substrates (n=3). I The
mRNA levels of VEGF 4 after decreasing SRSF1 by si-RNA in
SK-N-SH cells (n=5). (J) VEGF 45 secretion levels from SK-N-SH
cells after decreasing SRSF1 by si-RNA (n=5). K The tube forma-
tion of HUVECs stimulated by conditioned medium from SK-N-SH
cells after decreasing SRSF1 by si-RNA (scale bar =100 pm) (n=3).
L The total tube length, number of junctions and tube percentage area
were measured by Angiotool software. Values were shown as the
mean+SD, *P <0.05, **P <0.01 vs. the indicated groups or negative
control (NC)

The immunofluorescence staining results showed that
YAP colocalization with DAPI was significantly decreased
in the stiffer NB clinical sample (8.452 kPa) compared with
the other softer samples, indicating that ECM stiffness might
regulate the subcellular localization of YAP (Fig. 3A and
B). The protein expressions of YAP in all 17 NB patient
samples were also measured by Western blot (Supplemental
Fig. 3A and B), and linear regression revealed a negative
association (r = — 0.566) (Supplemental Fig. 3C). These
results indicated that YAP expression is in responsive to
ECM stiffness in NB.

For in vitro studies, SK-N-SH cells were cultured on
substrates with different stiffnesses. Western blot analysis
showed that the total expression of YAP was significantly
decreased in cells cultured on the 30 kPa compared with
1 kPa, 8 kPa and plastic substrates and that the phos-
phorylated YAP level also showed an increasing trend at
30 kPa after normalization to the GAPDH level (Fig. 3C).
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Fig.3 ECM stiffness modulates SRSF1, VEGF 45 secretion and angi-
ogenesis through YAP. A Immunostaining of YAP (green) in repre-
sentative NB clinical samples (scale bar =40 pm). B Colocalization
coefficient of YAP with nucleus in representative NB clinical samples
was measured by Image Pro software. C YAP and phosphorylated
YAP(S127) protein levels in SK-N-SH cells seeded on 1 kPa, 8 kPa,
30 kPa and plastic substrates (n=5). D Immunostaining of YAP
(green) in SK-N-SH seeded on 1 kPa, 8 kPa, 30 kPa and plastic sub-
strates (scale bar =20 pm). E Colocalization coefficient of YAP with
nucleus in SK-N-SH cells seeded on 1 kPa, 8 kPa, 30 kPa and plas-
tic substrates (n=3). F Subcellular localization of YAP in SK-N-SH
cells measured by Nuclear and Cytoplasmic Protein Extraction Kit
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(n=5). G The mRNA levels of SRSF1 after decreasing YAP by si-
RNA in SK-N-SH cells (n=5). H The protein levels of SRSF1 after
decreasing YAP by si-RNA in SK-N-SH cells (n=5). I The mRNA
levels of VEGF 45 after decreasing YAP by si-RNA in SK-N-SH cells
(n=5). J VEGF,¢; secretion from SK-N-SH cells after decreasing
SRSF1 by si-RNA (n=5). K The tube formation of HUVECs stimu-
lated by conditioned medium from SK-N-SH transfected with YAP
specific si-RNA (scale bar =100 pm) (n=3). L The total tube length,
number of junctions and tube percentage area were measured by
Angiotool software. Values were shown as the mean +SD, *P <0.05,
*##P <0.01 vs. the indicated groups or negative control (NC)
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Immunostaining of YAP showed that YAP colocalization
with DAPI was significantly decreased in SK-N-SH cells
cultured on the 30 kPa substrate compared with SK-N-SH
cells cultured on the 1 kPa, 8 kPa and plastic substrates
(Fig. 3D and E). To further confirm these results, nucleocy-
toplasmic separation combined with Western blot analysis
was performed, and the ratio of YAP expression in the cyto-
plasm to that in the nucleus was obviously increased on the
30 kPa substrate compared with the 1 kPa, 8 kPa and plastic
substrates (Fig. 3F).

We also evaluated the expression and subcellular localiza-
tion of TAZ (transcriptional coactivator with PDZ-binding
motif), which is the paralog of YAP [28], under different
stiffness conditions. The results showed that TAZ expres-
sion was significantly decreased in cells cultured on the
30 kPa substrate compared with cells cultured on the 1 kPa,
8 kPa and plastic substrates, but there were no obviously
differences in the level of phosphorylated TAZ among the
different stiffness conditions (Supplemental Fig. 5). In addi-
tion, the subcellular localization as detected by Western blot
showed that the amount of TAZ in the cytoplasm was sig-
nificantly increased in the cells cultured on 30 kPa substrate
compared with cells cultured on the 1 kPa, 8 kPa and plastic
substrates (Supplemental Fig. 6).

These results suggested that in SK-N-SH cells, the 30 kPa
stiffness condition not only decreased the expression of YAP
and TAZ but also increased their cytoplasmic retention.

YAP regulated SRSF1 expression, VEGF, 4 secretion
and angiogenesis

To investigate the effects of YAP suppression, specific
siRNAs were transfected, and the interference efficiency
was determined by Western blot analysis (Supplemental
Fig. 4B). YAP siRNA significantly decreased the mRNA
and protein expression of SRSF1, indicating that YAP regu-
lated SRSF1 expression at the transcriptional level (Fig. 3G
and H). In addition, through nucleocytoplasmic separation
combined with Western blot and immunostaining of SRSF1,
we found that SRSF1 still showed nuclear localization when
YAP was knocked down (Supplemental Fig. 7 A and B).
These results suggested that YAP regulates the expression
but not the subcellular localization of SRSFI.

Then, the possible regulatory effect of YAP on VEGF ;5
expression and angiogenesis was further demonstrated. In
comparison with negative control siRNA, si-RNA target-
ing YAP significantly decreased the mRNA level VEGF¢;
(Fig. 3I). Secretion of VEGF 45 into the conditioned medium
was also significantly decreased when YAP was knocked
down by siRNA (Fig. 3J). The tube formation capacity of
HUVECs was also suppressed under stimulation with con-
ditioned medium from SK-N-SH cells with YAP repression
(Fig. 3K and L).

Taken together, the above in vitro results showed that
YAP modulates the expression of SRSF1 at the transcrip-
tional level, which contributes to VEGF 45 secretion and
subsequent NB angiogenesis.

YAP regulated SRSF1 through RUNX2

Since YAP modulated SRSF1 expression at the transcrip-
tional level, we then demonstrated the mechanism underly-
ing this regulatory process. Analysis of JASPAR, a database
of potential transcription factor binding profiles, revealed
that Runt-related factor 2 (RUNX2) has several potential
binding sites in the promoter region of SRSF1 (Fig. 4A
and B, Supplemental Table S5). In addition, multiple stud-
ies have shown that RUNX2 is an important mediator of
mechanical cues initiated by the cellular microenvironment
[29].

In SK-N-SH cells, RUNX?2 protein expression was sig-
nificantly decreased on the 30 kPa substrate compared with
the 1 kPa, 8 kPa and plastic substrates, the same trend as
the YAP and SRSF1 variations (Fig. 4C). ChIP was then
used to investigate the binding of RNNX2 to the promoter
region of SRSF1 in SK-N-SH cells, and the results revealed
significant enrichment of RUNX?2 in the SRSF1 promoter
region (Fig. 4D).

Moreover, siRNA-mediated knockdown of RUNX2 in
SK-N-SH cells (Supplemental Fig. 4C) resulted in a signifi-
cant decrease in SRSF1 expression at both the mRNA and
protein levels (Fig. 4E and F). These data suggested that
in SK-N-SH cells, RUNX2 regulates SRSF1 expression by
directly binding to the SRSF1 promoter.

Next, we sought to determine whether RUNX2 partici-
pates in the regulation of SRSF1 by YAP. Specific siRNA
targeting YAP significantly repressed the expression of
RUNX2, which indicated that YAP modulates the expres-
sion of RUNX2 (Fig. 4G). For YAP overexpression, the
function of YAP-GFP construct was firstly confirmed by the
mRNA expressions of downstream targets, including CTGF,
ANKRDI and CyR61. The results showed that the mRNA
levels of these three molecules were increased in YAP over-
expression group in comparison with the negative control
(Supplemental Fig. 8). Overexpression of YAP increased
the protein expression of SRSF1, while cotransfection of
RUNX2 siRNA attenuated the increase in SRSF1 expression
caused by YAP overexpression. Taken together, these data
substantiated the hypothesis that the regulation of SRSF1 by
YAP is dependent on RUNX2 in SK-N-SH cells.

Implantation of nude mice with 3D gels confirmed
that ECM stiffness regulates NB angiogenesis

To further identify whether ECM stiffness can regulate
NB angiogenesis in vivo, we adopted a 3D culture system
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Fig.4 YAP regulates SRSF1 through RUNX2. A The JASPAR data-
base predicted the potential binding sites of RUNX?2 at SRSF1 pro-
moter region. B The specific motifs in the SRSF1 DNA segments
immunoprecipitated with RUNX2. C The protein levels of RUNX2 in
SK-N-SH cells seeded on 1 kPa, 8 kPa, 30 kPa and plastic substrates
(n=5). D After immunoprecipitation with RUNX2 or IgG, qPCR
detected the levels of SRSF1 promoter region (n=3). E The mRNA
levels of SRSF1 after decreasing RUNX2 by si-RNA in SK-N-SH

with different stiffnesses based on a transglutaminase-
crosslinked gelatin gel (Col-Tgel) in nude mice. 3D gels
of three different stiffnesses were individually mixed with
SK-N-SH tumor cells and subcutaneously embedded on
both sides of the abdomen in mice (Fig. 5SA). The size
and weight of Col-Tgels with different stiffness showed no
obvious difference (Supplemental Fig. 9A and B). Further-
more, clear blood vessels appeared in the 1 kPa and 8 kPa
stifftness Col-Tgels, but were not apparent in the 30 kPa
3D Col-Tgel (Fig. 5B and C, Supplemental Fig. 9A). The
blood vessels in Col-Tgels with different stiffness were
quantified with Angiotool software, which showed that
blood vessels length in 1 kPa and 8 kPa 3D Col-Tgels
was significantly increased compared with that in 30 kPa
Col-Tgels (Supplemental Fig. 9C). By immunostaining
of CD31, CD105 and vWF, vessel formation was easy to
observe in the 1 kPa and 8 kPa 3D Col-Tgels but not in
the 30 kPa 3D Col-Tgel (Fig. 5D, Supplemental Fig. 9D).
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cells (n=5). F The protein levels of SRSF1 after decreasing RUNX2
by si-RNA in SK-N-SH cells (n=5). G The protein levels of RUNX2
after decreasing YAP by si-RNA in SK-N-SH cells (n=5). H Respec-
tive or co-transfection of YAP overexpression plasmid (YAP followed
with GFP) and RUNX2 si-RNA were performed in SK-N-SH cells.
The histogram result showed the relative protein level of SRSF1
(n=35). Values were shown as the mean+ SD, *P <0.05, **P <0.01
vs. the indicated groups or negative control (NC)

Immunostaining showed that SRSF1 was located in the
nucleus in all three stiffness groups, while the intensity of
SRSF1 in SK-N-SH cells was significantly decreased in
the 30 kPa Col-Tgel compared with the 1 kPa and 8 kPa
Col-Tgels (Fig. SE and G). In addition, the nuclear distri-
bution of YAP in SK-N-SH cells in the 30 kPa Col-Tgel
was significantly decreased compared with that in the
1 kPa and 8 kPa Col-Tgels (Fig. 5F, H).

In this in vivo 3D Col-Tgel system, the 30 kPa stift-
ness showed a repressive effect on NB angiogenesis com-
pared with the 1 kPa and 8 kPa stiffnesses. Furthermore,
the expression of YAP, especially in the nucleus, was
decreased under the 30 kPa condition. SRSF1 localization
did not change with Col-Tgel stiffness, but its expression
was decreased in the 30 kPa Col-Tgel. In summary, the
variations observed in the in vivo 3D culture system were
consistent with those in vitro.
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Fig.5 ECM stiffness regulates NB angiogenesis with xenograft
tumor induction using Col-Tgel. A 1.0x 10® SK-N-SH cells and 100
puL Col-Tgels with 1 kPa, 8 kPa and 30 kPa stiffness were mixed and,
respectively, injected at the abdominal subcutaneous sites before gels
curing. B The different stiffness Col-Tgels were excised after seven
days and the blood vessel formation was detected (red arrows) (n=5).
C H&E staining of 1 kPa, 8 kPa and 30 kPa stiffness Col-Tgels with
SK-N-SH cells. Red arrows showed the blood vessels (scale bar
=200 pm). D Immunostaining of CD31 and CDI105, respectively,
(green) exhibited the blood vessels formation capacity in different

YAP was required for ECM stiffness-mediated NB
angiogenesis

We further confirmed the role of YAP in NB angiogenesis
both in vitro and in vivo. Since the above results revealed
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stiffness Col-Tgels (scale bar =40 pm). E Immunostaining of SRSF1
(green) showed the expression and subcellular localization of SRSF1
in different stiffness Col-Tgels (scale bar =20 pm). F Immunostaining
of YAP (green) showed the expression and subcellular localization
of YAP in different stiffness Col-Tgels (scale bar =20 pm). G Immu-
nofluorescence intensity of SRSF1 in 1 kPa, 8 kPa and 30 kPa 3D
Col-Tgels (n=3). H Colocalization coefficient of YAP with nucleus
in 1 kPa, 8 kPa and 30 kPa 3D Col-Tgels (n=3). Values were shown
as the mean+ SD, *P <0.05, **P <0.01 vs. the indicated groups

a repressive effect of the 30 kPa on YAP expression, we
overexpressed YAP and evaluated the changes in NB
angiogenesis.

YAP overexpression under the 30 kPa condition
increased the secretion of VEGF 45 from SK-N-SH NB
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cells compared with negative control cells (transfected
with empty pcDNA-3.3 plasmid) on the 30 kPa substrate
(Fig. 6A). The tube formation capacity of HUVECs was
also increased by conditioned medium from YAP-overex-
pressing SK-N-SH cells cultured on the 30 kPa substrate
(Fig. 6B and C).

In the 3D Col-Tgel culture system, 30 kPa hydrogels
mixed with SK-N-SH cells overexpressing YAP were
injected. When the 3D Col-Tgels were excised after 7
days, apparent blood vessels were observed in the YAP-
overexpressing group compared with the negative control
group (Fig. 6D and E). Immunostaining of vWF revealed
that compared with that in the negative control group,
blood vessel formation was markedly increased when
YAP was overexpressed (Fig. 6F). Furthermore, immu-
nostaining of SRSF1 showed that YAP overexpression
also increased the SRSF1 fluorescence intensity in the
30 kPa Col-Tgel (Fig. 6G and H).

Taken together, the above results indicated that the
repressive effect of the 30 kPa stiffness on NB angio-
genesis was reversed by overexpression of YAP, and that
the repression of SRSF1 through YAP may participate in
this process.

Discussion

The ECM, an important component of cell environment, is
mainly composed of proteins and polysaccharides. Accu-
mulating studies have shown that an imbalanced ECM
remodeling during solid tumor progression causes varia-
tions in ECM stiffness and affects tumor cell functions. Han
et al. demonstrated that the proliferation of breast cancer
cells, as detected by immunostaining for Ki67, was higher
on stiffer substrate than on softer substrate [30]. Andrew
and colleagues showed that ECM stiffness regulates not
only ovarian tumor cell migration but also cell morphology
in a 2D culture system [31]. The stiffness of ECM could
also regulate NB cell differentiation, proliferation and gene
expression [32]. Our present study showed that ECM stiff-
ness can modulate NB behaviors that are relevant to angio-
genesis. TCGA database analysis revealed that the original
sites of NB were distributed across a wide variety of tissues,
and diverse mechanical microenvironments were possibly
encountered in these tissues. Hence, we speculated that there
was a unique regulatory mechanism underlying the regula-
tion of NB angiogenesis by ECM stiffness.

Intriguingly, this relationship between ECM stiffness and
angiogenic capabilities may involve complex mechanisms.
For example, in different pathological status of tumors the
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Fig.6 YAP is required for ECM stiffness-mediated NB angiogen-
esis. A ELISA detected the VEGF 5 secretion from SK-N-SH cells
with YAP overexpression on 30 kPa substrates (n=5). B The tube
formation of HUVECS stimulated by conditioned medium from SK-
N-SH cells with YAP overexpression on 30 kPa substrates (scale
bar =100 pm) (n=3). C The total tube length, number of junctions
and tube percentage area were measured by Angiotool software.
D The 30 kPa stiffness Col-Tgels with SK-N-SH cells overexpress-
ing YAP were excised after 7 days and the blood vessel formation
was exhibited (red arrows) (n=3). E H&E staining of 30 kPa stiff-
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ness Col-Tgels with SK-N-SH cells overexpressing YAP. Red arrows
showed the blood vessels (scale bar =100 pm). F Immunostaining of
VWF (red) exhibited the blood vessels formation capacity in 30 kPa
stiffness Col-Tgel with YAP overexpression (scale bar =100 pm).
G Immunostaining showed the expression and subcellular localiza-
tion of SRSF1 (red) in 30 kPa stiftness Col-Tgel (scale bar =40 pm).
H Immunofluorescence intensity of SRSF1 in 30 kPa Col-Tgel with
YAP overexpression (n=3). Values were shown as the mean+SD,
*P<0.05, ¥**P <0.01 vs. negative control (NC)
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roles of stiffness variations in tumor angiogenesis are dif-
ferent [13]. Here we found a nonlinear relationship between
ECM stiffness and NB angiogenesis. This nonlinear relation-
ship had been also reported mesenchymal stem cells [33, 34].
Although the stiffnesses of our collected NB clinical samples
were lower than 10 kPa, our in vitro studies suggested that
a stiffness of 30 kPa repressed the expression and secre-
tion of VEGF 45, an important regulator of angiogenesis,
in NB cells. Cells of many established human NB cell lines
have the capacity to differentiate when induced by different
kinds of stimulation, and these cell lines have been used as
models for studying and understanding central concepts of
tumor cell differentiation [35]. One recent related discov-
ery is the observation that NB cells can dedifferentiate and
gain a stem cell-like phenotype during hypoxic conditions
[36]. We observed that a 30 kPa stiffness-induced SK-N-SH
cells to exhibit a larger spreading area and an increasingly
branched, filopodia-rich morphology, which is similar to that
of neurocytes (Supplemental Fig. 10). Whether NB cells
tend to differentiate into neurocytes under a 30 kPa stiff-
ness condition will be a very interesting question to answer
and should be addressed in the future. Our present results
suggested that a 30 kPa stiffness inhibits the secretion of
VEGF 45 and attenuates NB angiogenesis. This finding may
suggest that NB prognosis is correlated with tissues stift-
ness. Furthermore, several previous studies have showed that
modulating ECM stiffness of tumor tissues could improve
drug-sensitivity [37], repress tumor angiogenesis and raise
survival rate in clinical practice [13]. These studies indicated
that targeting ECM stiffness may be a therapeutic approach
for NB with clinical potential.

VEGF-A is a well-characterized factor that facilitates vas-
cular formation [38]. VEGF-A has different isoforms and
VEGEF ¢ is the most potent initiator of angiogenesis. The
role of VEGF 45 in angiogenesis was reported in previous
researches [39]. VEGF ;5 is generated by alternative splic-
ing, which is the main regulator of the increased protein-to-
gene ratio and is involved in the formation of diverse mature
mRNAs from a single pre-mRNA [40]. The human Vegf-a
gene consists of eight exons and seven introns. Exons 1-5 are
constitutive exons and are therefore present in all VEGF-A
isoforms. Alternative splicing of VEGF-A pre-mRNA selec-
tively removes intronic regions and joins specific combina-
tions of exons to generate distinct VEGF-A isoforms [41].
SR proteins have been characterized as key splicing factors
during the alternative splicing of VEGF-A [42]. Our present
study revealed that SRSF1 participates in the generation of
VEGF 45 isoform in NB cells responsive to different stiff-
nesses. SRSF1 is a typical alternative splicing factor in the
SR protein family that is tightly linked to VEGF-A alterna-
tive splicing [43]. Abnormal expression of SRSF1 is related
to multiple diseases, especially tumors [44]. From analy-
sis of the Gene Expression Profiling Interactive Analysis

(GEPIA) database, we found that SRSF1 expression posi-
tively correlates with poor prognosis and overall survival in
carcinoma patients (Supplemental Fig. 11A). Upregulation
of SRSF1 was observed in glioma clinical samples [45]. Fur-
thermore, increased levels of SRSF1-induced upregulation
of target oncogenes [46]. In our studies, we confirmed that
compared with 1 kPa and 8 kPa stiffness, 30 kPa stiffness
decreases SRSF1 expression and revealed that YAP is an
initial upstream regulator of SRSF1.

YAP is a core component of the Hippo pathway [47],
which is evolutionarily conserved and has multiple biologi-
cal functions in the development, homeostasis, and regenera-
tion of tissues and organs [48]. YAP is a transcriptional coac-
tivator that shuttles between the nucleus and the cytoplasm.
Activated (unphosphorylated statue) YAP is located in the
nucleus and recognizes cognate cis-regulatory elements by
interacting with other transcription factors, particularly TEA
domain (TEAD) family members. In contrast, phosphoryla-
tion of YAP leads to its cytoplasmic sequestration, which
inhibits its activity [49]. Studies have shown that expres-
sion of YAP is essential for tumor initiation, progression
and metastasis in many kinds of cancers. Based on analysis
of the GEPIA database, we found that YAP expression posi-
tively correlates with poor prognosis and overall survival in
carcinoma patients (Supplemental Fig. 11B). YAP is over-
expressed in pancreatic clinical samples [50]. Furthermore,
elevated YAP expression in human glioma cells promotes
tumorigenesis in tumorigenesis models [51]. When YAP was
knocked down in the human LAC cell line A549, tumor
formation was impaired after injection into nude mice [52].
In addition, enhanced YAP expression was found to lead to
drug resistance, which is an intractable problem in antitumor
therapy for lung carcinoma [53].

Except for the expression level, the activation of YAP
has also been widely proven to be involved in tumor
progression. Accumulation of YAP in the nucleus was
induced by transgenic expression of ILK which acceler-
ated the growth of mammary gland tumors in mice [54].
Furthermore, activation of YAP induced the transcription
of associated genes, which results in a stem-like cell popu-
lation in lung cancer cells [55]. In addition, YAP plays a
central role in mechanotransduction to regulate cellular
functions [28]. Several studies showed that YAP is acti-
vated in the stiffer ECM. For example, a soft ECM induces
epidermal stem cell differentiation by inhibiting YAP/TAZ
[56]. In our studies, we found that the nuclear accumula-
tion of YAP was decreased under the 30 kPa condition.
The effect of ECM stiffness on YAP is quite complicated
and interesting. For example, malignancy grade of tumors
plays a role in the localization of YAP regulated by ECM
stiffness. Liu and colleagues showed that in breast can-
cer cells, the nuclear localization of YAP is significantly
higher in 38 kPa (malignant tumor) compared with 10 kPa

@ Springer



84

Angiogenesis (2022) 25:71-86

Soft — Stiff

1kPa 8kPa

30 kPa

1 Neuroblastoma cells 1

YAP
YAP yAP

>

YAP
Nucleus

SRSF1

[6a[ 66 {7a [ 7b}{8a[ 86| [1 [ 2[3]4 [5[7a [rb[8a | ab] VEGF165

VEGF165

VEGF165

65} {7a 7b}{8a[85]» (1 | 2[3[4 5 7a [7o[sa[ 8] VEGF165

VEGF165

Endothelial cells

Fig.7 Schematic drawing of the mechanisms of NB angiogenesis induced by ECM stiffness

(fibrous tumor) and 57 kPa (tissue stiffness during bone
metastasis), which suggested that the nonlinear relation-
ship of ECM stiffness and YAP nuclear expression depend
on the malignancy grade in breast cancer [57]. Addition-
ally, different cellular state may also influence subcellular
localization of YAP. For example, YAP nuclear expression
is increased by stiffer ECM in children derived MSCs.
Whereas in adults derived MSCs, YAP shows cytoplasmic
expression with the increase of ECM stiffness due to the
loss of mechanically sensitivity [58]. These studies sug-
gested the role of stiffness in YAP expression and location
is quite complex with tissue specificity, different patho-
logical situation, and et al.

Taken together, our data showed that ECM stiffness
influences NB angiogenesis by regulating the communi-
cation between tumor cells and ECs (Fig. 7). Moreover,
we confirmed that the YAP-RUNX2-SRSF1 axis is mecha-
noresponsive to ECM stiffness and modulates the secretion
of VEGF ¢s. These observations supported further inves-
tigations of the role of microenvironmental mechanical
signals in NB angiogenesis, and suggested that modulating

@ Springer

ECM stiffness and potential mechanoresponsive molecules
may have a role in NB therapy.
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