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Abstract
Background: ECM proteins are instrumental for angiogenesis, which plays momentous roles during
development and repair in various organs, including post cardiac insult. After a screening based on an
open access RNA-seq database, we identified Nephronectin (NPNT), an extracellular protein, might be
involved in cardiac repair post myocardial infarction (MI). However, the specific impact of nephronectin
during cardiac repair in MI remains elusive.
Methods and Results: In the present study, we established a system overexpressing NPNT locally in
mouse heart by utilizing a recombinant adeno-associated virus. One-to-four weeks post MI induction, we
observed improved cardiac function, limited infarct size, alleviated cardiac fibrosis, with promoted
angiogenesis in infarct border zone in NPNT overexpressed mice. And NPNT treatment enhanced
human umbilical vascular endothelial cell (HUVEC) migration and tube formation, putatively through
advocating phosphorylation of EGFR/JAK2/STAT3. The migration and capillary-like tube formation
events could be readily revoked by EGFR or STAT3 inhibition. Notably, phosphorylation of EGFR, JAK2
and STAT3 were markedly upregulated in AAV2/9-cTnT-NPNT-treated mice with MI.
Conclusions: Our study thus identifies the beneficial effects of NPNT on angiogenesis and cardiac repair
post MI by enhancing the EGFR/JAK2/STAT3 signaling pathway, implying the potential therapeutic
application of NPNT on myocardial dysfunction post MI.
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Introduction
Despite dramatic therapeutic advancements,
cardiovascular disease (CVD) remains the leading
threat to human health worldwide in recent
decades[1, 2]. Myocardial infarction (MI), one of the
most notorious CVD, usually gives rise to irreversible
tissue damage, and elicits pathological ventricular
remodelling and heart failure eventually. An array of
studies have been focused on preserving
cardiomyocytes[3, 4], increasing angiogenesis[5], and
ameliorating detrimental fibrotic remodelling[6, 7].
After MI, formation of new blood vessels restores
oxygen and nutrient supply to the infarcted tissue and
is deemed to be a key factor for adequate

post-ischemic repair[8, 9]. Apart from the capacity to
salvage ischemic myocardium at early stages after MI,
proangiogenic therapy is also indispensable for
long-term left ventricular remodelling to prevent the
transition to heart failure[9-11]. Hence, much effort
has been invested to unearth effective proangiogenic
factors.
The extracellular matrix (ECM) is the
non-cellular component present within all tissues and
organs. The historical notion of ECM as static and
inert scaffold providing physical support for the
cellular constituents has been challenged by the
mounting evidence concerning ECM modulating
https://www.medsci.org
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cellular phenotype and function, including cell
proliferation, differentiation, and survival[12, 13].
Furthermore, a growing body of evidences suggest
that ECM alterations play a role in orchestrating
fibrosis, angiogenesis, and regeneration in ischemic
hearts[14, 15]. In this context, targeting the ECM may
mediate angiogenesis and benefit repair after MI.
Based on an open access RNA-seq data at Gene
Expression Omnibus concerning multicellular
transcriptional analysis in infarcted and noninfarcted
neonatal (P1) and adult (P56) mouse hearts, we
identified nephronectin (NPNT), a 70-90 kDa
extracellular matrix protein, as a potential candidate
involving in cardiac injury and repair. Then we
established a cardiac-specific NPNT overexpressing
system, and further explored the potential role and
related mechanisms, and we found that NPNT
enhance angiogenesis, attenuate remodelling, and
improve survival eventually, shed a light on potential
therapeutic application of NPNT on myocardial
repair post MI.

Methods
Animals
Eight- to ten-week-old C57BL/6 male mice were
obtained from Slac Laboratory Animal Co., Ltd.
(Shanghai, China). All mice were housed under
standard conditions of lighting (12/12 h light/dark
cycles) and temperature (22–24°C) throughout the
experiment. Experiments were performed under a
project license (No.: DWLL2022-0014) granted by the
Ethics Committee of Shanghai Jiao Tong University
Affiliated Sixth People’s Hospital, in compliance with
the National Laboratory Animal Management
Regulations and guidelines for the care and use of
animals.
To overexpress NPNT in MI mouse hearts,
recombinant adeno-associated virus (serotype 2/9)
vectors carrying mouse NPNT with a c-TnT promoter
(AAV2/9-cTnT-NPNT-GFP) were used. AAV2/9cTnT-GFP served as a negative control (GENE Inc.,
Shanghai, China). Four weeks before the
establishment of MI, 50 µl of PBS and 50 µl of solution
containing adeno-associated virus NPNT-GFP
(1.0×1012 PFU/mL) and EV-GFP (1.0×1012 PFU/mL,
EV-GFP: empty vector-green fluorescent protein)
were injected into myocardium of left ventricle under
echocardiographic guidance. Then, MI operation was
induced by permanent left anterior descending
coronary artery (LAD) ligation, as described
previously[16]. Overall, 126 mice were randomly
allocated to the sham group (n = 24), MI-PBS group (n
= 30), MI-EV (n = 36), MI-NPNT (n = 36), respectively.
11 mice in total were excluded because of death
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during the MI operation (3 mice) or failure in MI
model establishment via echocardiography test
performed at day 1 post MI (8 mice). The mice used in
the present study may be subjected for multiple
purposes. For example, myocardial tissue used for
Western blot can also be utilized in the
immunohistochemistry staining.

Echocardiography
On day 1 and day 28 post-MI induction, mice
were anaesthetized with 2% isoflurane and their
cardiac function was determined using a Visual
Sonics Vevo 2100 system (Visual Sonics Vevo 2100).
Values of ejection fraction (EF, %), fractional
shortening (FS, %), left ventricular systolic internal
diameter (LVID-s, mm) and left ventricular diastolic
internal diameter (LVID-d, mm) were documented.
Five consecutive cardiac cycles were checked and
analysed. The operator was blinded to the allocation
of animals.

Assessment of histopathology
Mice hearts were harvested and embedded in
paraffin as published before. Briefly, the ventricular
tissues were cut to produce 4-μm sections from the
apical to the basal part of the left ventricle. Masson
trichrome staining were utilized to evaluate fibrosis
area. Images were acquired using a Nikon
microscope. Fibrosis area (Fibrosis area vs. cross
section area, %) was calculated by Image J.

Measurement of myocardial infarction size
On day 28 after the MI surgery, mice hearts from
the four group (n=6 per group) were harvested
immediately and cut into 2 mm sections to incubate
with 1% tetrazolium chloride (TTC) for 10 min at
37℃, as previously described[17]. Infarct size was
characterized by the pale regions and calculated using
Image J.

Cell culture
HUVEC and mBend3 (mouse brain endothelial
cell) were maintained in Endothelial Cell Growth
Medium (Gibco). Adult mouse cardiomyocytes were
isolated from male C57BL/6 J mice via collagenase
perfusion using a Langendorff-free method as
previously described[18].

Plasmid construction
Mouse NPNT adenoviral plasmid was
constructed using a gateway recombination system
from Invitrogen. PLV-IRES-puro-NPNT was used as
template to produce blunt end PCR products. The
primer pairs were as follows: Forward: CACCAT
GGCTGTGCTCCTAGCG; Reverse: TCAGCAGCGAC
CTCTTTTCAAGCTC. PCR products were then
https://www.medsci.org
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purified with PCR purification kit (OMEGA, cat#
D2500-02) and cloned into pENTR™/DTOPO®
vector using pENTR™ Directional TOPO® Cloning
Kits to generate an entry clone. The entry clone was
then recombined to pAd/CMV/V5-DEST™ vector
using
LR
to
create
adenoviral
plasmid
pAd/CMV/V5-DEST-NPNT. We identified the
positive colonies by sequencing. pAd/CMV/V5GW/lacZ was provided as control plasmid.

anti-p-JAK2 (1:1000, Ca# 3776), anti-STAT3(1:1000,
Ca# 9139), anti-p-STAT3(1:1000, Ca# 4093),
anti-α-actinin(1:1000, Ca# 6487) (Cell Signalling
Technology, USA). Antibody against NPNT was
obtained from Abcam (1:1000, Ca# ab64419).
Anti-EGFR neutralizing, clone LA1 (2 μg/mL, Ca#
05-101) was purchased from Sigma and EGFR
dominant negative plasmid (pRK5RS-HERCD533)
was obtained from Addgene.

Endothelial cell migration assay

Quantitative RT-PCR

A scratch wound-healing experiment could be
detailed in previously published protocol[19]. Briefly,
the cell monolayer was seeded in a 6-well plate, and a
straight line was scraped with a p200 pipet tip to
create a ‘scratch’. Recombinant mouse NPNT (R&D,
500 ng/ml) or human bFGF (Pepro Tech, Inc., 50
ng/ml) protein were used in serum-free medium
instead of complete medium. The cell migration
images were taken at 0 hour and 12 hours. HUVEC
and mBEND3 was preincubated with an EGFR
inhibitor Gefitinib (MCE, Ca# HY-50895, 10 μM) or
STAT3 inhibitor C188-9 (Selleck, Ca# S8605, 10 μM)
for 1 hour before the wounding in the inhibitory
assay.
Cell migration was also determined by a
transwell assay by using a 8 μm pore-size
polycarbonate membrane chamber (Corning)[20].
Briefly, 2×104 cells were seeded into the upper
chamber and 500 μl DMEM containing 10% FBS was
added into the lower chamber. After 24-hour
treatment with indicated proteins (rmNPNT, 500
ng/ml, bFGF, 50 ng/ml) or inhibitors (Gefitinib, 10
μM, C188-9, 10 μM) in the upper chamber, the cells
were fixed with methanol for 30 min, followed by
staining with 0.1% crystal violet for 15 min. The
nonmigrating cells were wiped off gently and
migrating cells were counted in 5 fields with a
microscope.

Total RNA was purified from frozen hearts
using TRIzol reagent (Invitrogen), and 500 ng of RNA
was reverse transcribed to cDNA using a 5×HiScript
II Q RT SuperMix for qPCR (Vazyme, China).
qRT-PCRs were performed using a 2×AceQ Universal
SYBR qPCR Master Mix (Vazyme, China) according to
the manufacturer’s protocols. Fold change of gene
expression was calculated using 2-ΔΔCt method after
normalized to a housekeeping gene (18S rRNA).
Primer sequences are as follows:
NPNT-Forward,
5’-GAAGCCTCGGCCCTGT
AAG-3’, NPNT-Reverse, 5’-AGCATGTATCCGTTGA
GACAGTA-3’, 18S-Forward, 5’-AGTCCCTGCCCTTT
GTACACA-3’, 18S-Reverse, 5’-CGTTCCGAGGGCCT
CACT-3’.

Endothelial tube formation assay
A tube formation assay was conducted as
previously reported[20]. HUVECs were seeded onto a
layer of Matrigel (BD, Ca# 356234) and cultured for 3
hours
with
serum-free
medium
containing
recombinant mouse NPNT or human bFGF as a
positive control. Quantification of branch points and
tube length in 5 fields of vision for each was
performed by Image J software (National Institutes of
Health, USA).

Western blot analysis
Western blots were performed as previously
described[21], and the following antibodies were
used: anti-EGFR (1:1000, Ca# 4267), anti-p-EGFR
(1:1000, Ca# 3777), anti-JAK2 (1:1000, Ca# 3230),

Tissue immunofluorescent staining
Mice heart specimens were fixed and processed
following our published protocols[21]. Briefly, the
ventricular cryosections were cut to produce 10-μm
sections from the apical to the basal part of the left
ventricle. Antibodies used for immunofluorescent
labelling were as follows: anti-CD31 (Novus, Ca#
NB600-1475, 1:200), and anti-α-SMA (Abcam, Ca#
ab5694, 1:1000). Images were acquired using a Nikon
fluorescence microscope.

RNA-seq data processing
RNA-seq data was obtained from Gene
Expression Omnibus under the accession number
GSE95755[22]. We screened significantly expressed
extracellular matrix genes among indicated groups
using Kyoto Encyclopedia of Genes and Genomes
(KEGG) Pathway enrichment analysis and then
generated the heatmap using Prism 7.0 (GraphPad
Software, USA).

Statistical analysis
All experiment data was analysed with Prism 7.0
(GraphPad Software, USA). Measurement data were
presented as mean ± standard deviation. Unpaired
two tailed t-tests were used for comparisons between
two groups. A one-way analysis of variance with
Tukey’s post hoc test was applied when more than
two groups were compared. In addition, log-rank
https://www.medsci.org
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testing was performed to determine statistical
difference between multiple survival curves.
Significance was considered with P value less than
0.05.

Results
Identification of NPNT and its function
determination during cardiac repair in MI mice
Previous studies demonstrated that in addition
to the ability of maintaining correct matrix
organization and function, extracellular matrix
proteins are also essential for an array of biological
processes, such as angiogenesis, via cellular
communicating and interacting. Taking advantage of
an open access on RNA sequencing database, we
made a screening of ECM protein candidates
involving in cardiac repair. Quaife-Ryan, et al[23]
isolated cardiomyocytes from infarct and noninfarct
neonatal (1 day post-natal, P1) and adult (56 days
post-natal, P56) mouse hearts at day 3 post surgery
and then subjected to RNA sequencing to generate the
transcriptome profile of the major cardiac cell
population during cardiac development, repair, and
regeneration. Utilizing bioinformatics analysis, we
generated a heatmap (Supplementary Figure 1A)
based on the expression of molecules classified as
products of extracellular matrix genes in cardiomyocytes. Among these molecules, NPNT attracted our
attention as a distinct difference gene between
neonatal mice and adult mice. To explore the role of
NPNT in cardiac development, we detected the
protein expression and gene expression in neonatal
mice and adult mice and confirmed that NPNT was
transiently expressed in mice heart (Figure 1A, Figure
1B), implying a potential role in cardiac repair post MI
injury.
To investigate the role of NPNT in adult mouse
heart, we constructed a system with NPNT overexpressed on mouse heart specifically. In our system,
the AAV2/9-NPNT-cTnT-GFP virus and a negative
control were delivered into mouse hearts 28 days
prior to MI surgery to overexpress the NPNT gene
(Figure 1C). Three weeks post infection, several mice
from the MI-EV and MI-NPNT group (n= 4 for each
group) were executed to determine cardiac-targeted
NPNT expression. Figure 1D showed green
fluorescence protein was profoundly expressed in left
ventricular myocardium. Moreover, the qPCR and
WB results confirmed successfully overexpression of
NPNT at both gene and protein levels in the
MI-NPNT group compared with the control group
(Figure 1E-1F). Of note, cardiac-targeted NPNT
expression did not affect myocardial morphology,
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capillary density, and cardiac function based on HE
staining (Supplementary Figure 2A), CD31 staining
(Supplementary Figure 2B), and echocardiography
(Supplementary Figure 2C-2E).
To assess cardiac function change, echocardiography was performed successively on day 1 and 28
post-surgery. As expected, LVID-s and LVID-d were
expanded and values of EF, FS were correspondingly
decreased in MI groups on day 1 post-MI,
demonstrating significantly and equally exacerbated
heart function. Notably, the NPNT-overexpressing
mice showed ameliorated cardiac dysfunction 4
weeks post the surgery, evidenced by increased EF
(34.8 ± 8.4% vs. 25.2 ± 5.9%, P < 0.05) and FS (23.6 ±
5.5% vs.15.6 ± 4.1%, P < 0.05) along with decreased
LVID-d (4.4 ± 0.3 vs. 4.9 ± 0.5 mm, P < 0.05) and
LVID-s (3.3 ± 0.3 vs. 4.1 ± 0.3 mm, P < 0.05) versus
mice in the MI-PBS group (Figure 1G-1H,
Supplementary Figure 1B). These results indicate that
NPNT overexpression attenuate heart dysfunction in
MI mouse.

NPNT overexpression limited infarct size,
attenuated myocardial interstitial fibrosis, and
benefited survival after MI
Myocardial
infarction
may
lead
to
cardiomyocytes death, excessive fibrils deposition
and impaired survival. To further assess the effects of
NPNT on MI sequelae, TTC staining was employed
on day 28 post-MI to detect myocardial infarction size,
and we also examined interstitial fibrosis along with
survival analysis on day 28 post-MI. Figure 2A
showed the representative TTC staining. As shown in
the result, infarct size in NPNT group was
significantly limited compared to PBS group (24.5 ±
5.7% versus 36.0 ± 7.0%, P < 0.05).
On day 28 post MI surgery, Masson trichrome
staining were applied to assess myocardial interstitial
fibrosis (see in Figure 2B-2C) and our results
illustrated that NPNT overexpression ameliorated
myocardial interstitial fibrosis (11.4 ± 2.6% vs. 19.1 ±
1.6%, P < 0.05) compared with MI-PBS group, namely
in border zone after MI.
A Kaplan-Meier survival analysis was
performed up to 28 days post MI, as shown in Figure
2D. There were total 11 in 18 mice died in MI-PBS
group, 12 in 18 mice in MI-EV group and 4 in 18 in
MI-NPNT group. No mice died in the sham group,
neither did the three MI group after 10 days post MI.
The Kaplan-Meier survival curve revealed a
significantly
decreased
mortality
in
the
NPNT-overexpressing group compared with the
MI-PBS group (P = 0.0197).

https://www.medsci.org
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Figure 1. NPNT gene overexpression by adeno-associated virus (serotype 2/9) in mouse hearts upregulated NPNT and attenuated cardiac dysfunction
post-MI. (A-B) NPNT was transiently expressed in mice heart both at protein and mRNA level. NPNT was expressed in P1 (neonate mice, n = 2 for WB, n = 6 for qPCR) but
hardly detected in P56 (adult mice, n = 2 for WB, n = 4 for qPCR), * P < 0.05. (C) Protocol of AAV2/9-mediated NPNT overexpression and time points for tissue collection in
adult male C57BL/6 mice. (D) GFP-expressing AAV was imaged in the myocardium (n = 2). (E), (F) The protein and mRNA levels of NPNT in the infarct border zone were all
significantly upregulated on 3 weeks post-injection (n = 3). * P < 0.05. Parameters of LVID-d, LVID-s (G), EF and FS (H) detected on day 1 and day 28 showing that MI surgery
caused equal decreased heart function among the three MI group. (n = 8-10). * P < 0.05 versus sham group, and # P < 0.05 versus MI-PBS group. Scale bar, 100 μm.
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Figure 2. NPNT limited myocardial infarction size, fibrosis, and improved survival after MI. (A) Representative images of tetrazolium chloride staining at day 28
post-MI in the mice hearts from the four groups. Ratios of infarcted area vs. left ventricular tissue area are calculated in the graph (n = 6). Scale bar, 1 mm. (B) Masson trichrome
staining of infarcted mouse myocardium in different groups on day 28 after MI within infarct zone, border zone, remote zone (n = 5). (C) Ratios of fibrosis area vs. total cross
section area are analysed using Image J. (D) Survival analysis within 28 days showed significantly lower mortality in the MI-NPNT group compared with other two MI groups. (P
= 0.0197) (n = 18). # P < 0.05 versus MI-PBS group. Scale bar, 100 μm.

NPNT promotes angiogenesis post myocardial
infarction
As mentioned above, we observed a beneficial
effect of NPNT on cardiac repair post MI. Insufficient
post-MI myocardial angiogenesis has been regarded

as a nonnegligible event which precipitates
ventricular remodelling progression[24]. Paradigm
that endothelial and smooth muscle cells interacting
with each other to form new blood vessels has been
widely accepted[25]. So next we would like to explore
https://www.medsci.org

Int. J. Med. Sci. 2022, Vol. 19
whether overexpression of NPNT influence the
angiogenesis. Here we evaluated angiogenesis and
arteriogenesis with sections (10 μm) from mouse
hearts removed on day 28 post-MI using CD31 and
a-SMA immunofluorescence staining, which are
widely applied markers for quantification[26, 27]. As
illustrated in Figure 3A, capillary density in the infarct
border zone decreased dramatically post-MI
operation. Then a significant increase in angiogenesis
was observed in the MI-NPNT group as CD31
positive staining increased. Furthermore, a-SMA
representing arteriogenesis was upregulated by
NPNT in MI mouse hearts (Figure 3B). These results
indicate that NPNT treatment improves angiogenesis
and arteriogenesis in vivo after MI operation.

NPNT promotes endothelial cell migration
and tube formation
Cell migration and tube formation are hallmarks
of angiogenesis. Therefore, we performed migration
assays and tube formation assays using primary
HUVECs, a widely used cell line for endothelial cell
biology. For wound healing assay, recombinant
mouse NPNT protein (rmNPNT) was added
immediately when the wound scratch was made. As
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illustrated in Figure 4A, rmNPNT significantly
improved wound healing in HUVECs compared with
the PBS group (negative control). For Transwell assay
in Figure 4B, migrating HUVEC cell counts
significantly increased if treated with NPNT
compared with control group. Similarly, recombinant
mouse NPNT protein stimulated HUVEC tube
formation comparable with positive control (Figure
4C). Taken together, our results show that NPNT
promotes endothelial cell migration and tube
formation.

NPNT promoted migration and tube
formation of HUVECs through activating the
EGFR/JAK2/STAT3 signalling pathway
Previous studies have indicated that initiating
EGFR-mediated activation of a series of downstream
signal factors could regulate angiogenesis[28, 29].
Therefore, we tested whether the effect of NPNT on
HUVECs migration and tube formation was mediated
through the EGFR-related signalling pathway or not.
So we treated HUVECs with NPNT recombinant
protein at different time points (0, 5, 10, 20, 30, 60 min)
and collected total cell lysates for Western blot
analysis.

Figure 3. NPNT promoted angiogenesis in infarcted mouse hearts. CD31 and α-SMA were immunofluorescent stained in infarct border zone at 4 weeks
post-MI. (A) Representative images and quantitative analysis of myocardial capillary density determined by the number of endothelial-specific CD31-positive cells per mm2 (n
= 6). (B) Representative images and quantification of newly formed vessels analysed by α-SMA-positive arterioles per field of view (FOV) (n = 6). * P < 0.05 versus sham group.
# P < 0.05 versus MI-PBS group. Scale bar, 200 µm.
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Figure 4. NPNT induced endothelial cell wound healing and tube formation in vitro. (A) Representative images and statistical analysis of the cell migration area of
scratch wound healing assay in PBS, rm-NPNT (recombinant mouse NPNT, 500 ng/ml, same dose in following experiments unless indicated) and rh-bFGF (recombinant human
bFGF, 50 ng/ml, same dose in following experiments unless indicated) treated HUVEC for 12h. Scale bar, 500 µm. (B) Representative images and quantification of migrated cells
in transwell assay for 24h. Scale bar, 100 µm. (C) Representative images of tube-formation assay in HUVEC seeded on Matrigel (upper). Branching points and tube formatted
were shown using Image J (lower). PBS, rm-NPNT and rh-bFGF was added into the culture medium, respectively. Quantification of branching points and tube length was
calculated in 4 different fields. * P < 0.05. Scale bar, 500 µm.

https://www.medsci.org

Int. J. Med. Sci. 2022, Vol. 19

886

Figure 5. NPNT activated the EGFR/JAK2/STAT3 signalling pathway in HUVECs. (A-C) Recombinant mouse NPNT protein was added to HUVECs (500 ng/ml)
over time (0 min, 5 min, 10 min, 20 min, 30 min, 60 min). The p-EGFR/EGFR ratio, p-JAK2/JAK2 ratio and p-STAT3/STAT3 were increased at 5 min, peaked at 20 min and
decreased thereafter. Each bar represents the mean ± SD of three independent experiments. * P < 0.05 versus control group.

As shown in Figure 5A-5C, Western blot results
indicated an increase for phosphorylated EGFR,
which could be partly blocked by Gefitinib, an
inhibitor of EGFR. In addition, activation of STAT3
has been implied during the process of
angiogenesis[30], and we further detected the
JAK2/STAT3 signalling pathway, and found that
NPNT led to the phosphorylation of JAK2 and STAT3,
which could be easily blocked by C188-9, an inhibitor
of STAT3 (Figure 6). Migration and tube formation
assays also showed that the angiogenic capacity of
NPNT was impaired by Gefitinib or C188-9 (Figure 7).
In order to simulate virtual situation in vivo, we
performed
experiments
in
adult
mouse
cardiomyocytes (AMCM) and endothelial cells as
followed. Adenovirus expressing mouse NPNT
(pAd/CMV/V5-DEST -NPNT) infection induces
expression of NPNT in AMCM (Supplementary
Figure 3). Medium collected from AMCM with NPNT
forced expression promotes the migration of
endothelial cells (HUVEC and mBend3) (scratch and

transwell experiments, Figure 8 and Supplementary
Figure 4), which can be readily abrogated by Gefi and
C188-9, further strengthening the conclusion that
NPNT promotes migration and tube formation of
HUVECs through activating the EGFR/JAK2/STAT3
signaling pathway. We further validify the activation
EGFR/JAK2/STAT3
signalling
in
mice
of
myocardium using immunoblotting. As illustrated in
Figure 9, the phosphorylation of EGFR and its
downstream gene JAK2/STAT3 increased in the
MI-NPNT group versus MI-PBS groups (Figure 9).
Such findings indicate that NPNT promoted
migration and tube formation of HUVECs potentially
through activating the EGFR/JAK2/STAT3 signalling
pathway, at least partially.

Discussion
Current typical revascularization strategies such
as percutaneous coronary intervention (PCI) and
coronary artery bypass grafting (CABG) restore the
macrovascularization in the acutely or chronically
https://www.medsci.org
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ischemic territory. Nevertheless, increasing evidence
has demonstrated that many patients could also
benefit from angiogenic approaches that would
promote microvascularization during ischaemic
repair[31, 32]. ECM proteins have been now widely
demonstrated beneficial for angiogenesis. First
recognized in mouse embryonic kidneys as a novel
ligand for the integrin α8β1[33, 34], NPNT is depicted
by subsequent studies that is required in kidney and
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heart development[35, 36]. As a member of the
epidermal growth factor (EGF)-like superfamily,
NPNT protein contains five EGF-like repeat domains.
Recently, it has been manifested that NPNT was
strongly involved in promoting
osteogenic
angiogenesis in vitro[37], which hints it might be a
promising candidate molecule to enhance cardiac
angiogenesis. However, the role of NPNT in the heart
post MI remains enigmatic.

Figure 6. Gefitinib and C188-9 abrogated NPNT-induced EGFR/JAK2/STAT3 signalling activation. HUVECs were preincubated with Gefitinib (EGFR inhibitor, 10
μM) or C188-9 (STAT3 inhibitor, 10 μM) for 1 h and then stimulated with NPNT (500 ng/ml) for 20 min. The phosphorylation levels of EGFR, JAK2 and STAT3 were all
decreased in Gefitinib pretreatment. While only phosphorylated STAT3 not phosphorylated EGFR or phosphorylated JAK2 was inhibited by C188-9 treatment, indicating NPNT
activated EGFR followed by activating JAK2/STAT3 pathway. Gefitinib and C188-9 were dissolved with DMSO, thus identical dose of DMSO was added to the control group and
NPNT group, respectively. * P < 0.05 versus DMSO group, # P < 0.05 versus NPNT group.
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Figure 7. Gefitinib and C188-9 impaired NPNT-induced endothelial cell migration and tube formation in vitro. (A) Representative images and quantification of
scratch wound healing assays (Scale bar, 500 μm), (B) Transwell assay (scale bar, 100 μm) and (C) tube formation assay (Scale bar, 500 μm) indicating that NPNT-promoted
endothelial cell migration and tube formation were significantly inhibited by Gefitinib (10 μM) or C188-9 (10 μM). Quantitative analysis of NPNT-induced cell migration and tube
formation. * P < 0.05.
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Figure 8. Gefitinib and C188-9 impaired Adv-NPNT-induced endothelial cell migration in vitro. (A) Representative images and quantification of scratch wound
healing assays (Scale bar, 500 μm) and (B) Transwell assay indicating that Adv-NPNT-promoted endothelial cell migration and were significantly inhibited by Gefitinib (10 μM) or
C188-9 (10 μM). * P < 0.05. Scale bar, 100 μm.
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Figure 9. NPNT activated EGFR/JAK2/STAT3 signalling pathway in vivo. The phosphorylation levels of EGFR and its downstream factors JAK2, STAT3 were higher
in the MI group mice hearts and further increased in the MI-NPNT group on day 28 post-MI. Each bar represents the mean ± SD of n = 4-6 mice in each group. * P < 0.05 versus
sham group, # P < 0.05 versus MI-PBS group.

With respect to the function of NPNT for heart
development and disorders, few previous studies
have been performed to address this issue. A study in
zebrafish identified NPNT as a pivotal regulator
involved in atrioventricular canal differentiation via
the Bmp4-Has2 signalling pathway[36]. In addition,
recent studies found that NPNT contributes to
cardiomyocyte adhesion, metabolic activity, contractility, cell-to-cell communication and cardiomyocyte
cytokinesis [38, 39]. There is transient expression of
NPNT during rat heart development[36], and a
similar pattern was seen here, with a barely observed
NPNT expression in adult mouse hearts. While in this
study, we revealed that NPNT contributed to
myocardial repair through modulating angiogenesis,
highlighting the favourable function of NPNT for post
MI injury.
Hitherto, NPNT has been reported to bind
integrin with its RGD motif and EGFR with its EGF
repeat domains successively[33, 40]. In this study, we

also confirmed the physical interaction between
NPNT and EGFR with either anti-EGFR neutralizing
antibody or EGFR dominant negative plasmid. In
each condition, the activation of EGFR/JAK/STAT3
signaling could be abrogated in HUVEC (Supplementary Figure 5). It has been widely accepted that
signalling through EGFR regulates pro-angiogenic
factors in various cells[41, 42]. Our data emphasis the
essential role of EGFR signalling for NPNT working.
EGFR signalling involved in angiogenesis has been
reported through several downstream pathways, such
as PI3K/AKT/ERK. Actually, MAPK signalling has
been reported triggered by NPNT by binding to EGFR
via its EGF-repeat domain[40]. However, we observed
no significant phosphorylation for AKT in heart
overexpressing NPNT (data now shown), while the
phosphorylation of EGFR and downstream JAK2/
STAT3 were all upregulated in the MI-NPNT group
when compared with the MI-PBS and the MI-EV
group. In addition, NPNT-induced EGFR activation
https://www.medsci.org
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in cell experiment results could be obviated by an
EGFR or STAT3 inhibitor, verifying that the
EGFR/JAK2/STAT3 signalling pathway plays a vital
role in NPNT-induced angiogenesis. Thus, we
concluded the possible mechanism of NPNT in
angiogenesis using a schematic diagram as shown in
the Graphical abstract.
Although our results are encouraging, the
current study had some limitations. First, there might
be other mechanisms involved in this process;
nevertheless, we have identified one of the possible
mechanisms. Second, the present study contained no
human specimens or treatments; thus, further work is
required to draw a conclusion regarding humans.
Third, this study did not observe the impact of EGFR
or STAT3 inhibitors in vivo model in the presence of
NPNT. Please note that angiogenesis usually refers to
arterial system rather than venous system, our current
results are based on HUVECs, future studies are
warranted using arterial endothelial cells to further
explore the role of nephronectin on angiogenesis in
vitro.
Collectively, the present study found that NPNT
promoted angiogenesis and improved cardiac
function in infarcted mouse hearts through the
EGFR/JAK2/STAT3 signalling pathway. Our study
might provoke future research on NPNT and cardiac
repair.

Conclusion
Here, we identified NPNT as an angiogenesis
modulator during myocardial repair, and provided
evidence that nephronectin limits infarct size and
benefits survival by promoting angiogenesis,
arteriogenesis, and alleviating cardiac fibrosis in
experimental myocardial infarction, probably through
promoting endothelial cell migration and tube
formation. Our study further revealed that the
proangiogenic effect of NPNT may be driven by
activating
the
EGFR/JAK2/STAT3
signalling
pathway.

Supplementary Material

891

References
1.
2.

3.
4.
5.

6.
7.
8.
9.
10.
11.
12.
13.
14.

15.
16.
17.
18.

19.

20.
21.

22.
23.

Supplementary figures.
https://www.medsci.org/v19p0878s1.pdf

24.

Acknowledgments

25.

Funding: This research was funded by National
Natural Science Foundation of China (NSFC)
(81871105, 81870270).

Competing Interests
The authors have declared that no competing
interest exists.

26.

27.

28.

Shen C, Ge J. Epidemic of Cardiovascular Disease in China. Circulation. 2018;
138: 342-4.
D. GB, Collaborators CoD. Global, regional, and national age-sex-specific
mortality for 282 causes of death in 195 countries and territories, 1980-2017: a
systematic analysis for the Global Burden of Disease Study 2017. Lancet. 2018;
392: 1736-88.
Senyo SE, Lee RT, Kuhn B. Cardiac regeneration based on mechanisms of
cardiomyocyte proliferation and differentiation. Stem Cell Res. 2014; 13:
532-41.
Kawaguchi N, Nakanishi T. Cardiomyocyte regeneration. Cells. 2013; 2: 67-82.
Mitsos S, Katsanos K, Koletsis E, Kagadis GC, Anastasiou N, Diamantopoulos
A, et al. Therapeutic angiogenesis for myocardial ischemia revisited: basic
biological concepts and focus on latest clinical trials. Angiogenesis. 2012; 15:
1-22.
Kanisicak O, Khalil H, Ivey MJ, Karch J, Maliken BD, Correll RN, et al. Genetic
lineage tracing defines myofibroblast origin and function in the injured heart.
Nat Commun. 2016; 7: 12260.
Khalil H, Kanisicak O, Prasad V, Correll RN, Fu X, Schips T, et al.
Fibroblast-specific TGF-beta-Smad2/3 signaling underlies cardiac fibrosis. J
Clin Invest. 2017; 127: 3770-83.
Tonnesen MG, Feng X, Clark RA. Angiogenesis in wound healing. J Investig
Dermatol Symp Proc. 2000; 5: 40-6.
van der Laan AM, Piek JJ, van Royen N. Targeting angiogenesis to restore the
microcirculation after reperfused MI. Nat Rev Cardiol. 2009; 6: 515-23.
Cochain C, Channon KM, Silvestre JS. Angiogenesis in the infarcted
myocardium. Antioxid Redox Signal. 2013; 18: 1100-13.
Shah AM, Mann DL. In search of new therapeutic targets and strategies for
heart failure: recent advances in basic science. Lancet. 2011; 378: 704-12.
Hynes RO. The extracellular matrix: not just pretty fibrils. Science. 2009; 326:
1216-9.
Rozario T, DeSimone DW. The extracellular matrix in development and
morphogenesis: a dynamic view. Dev Biol. 2010; 341: 126-40.
Chen Z, Xie J, Hao H, Lin H, Wang L, Zhang Y, et al. Ablation of periostin
inhibits post-infarction myocardial regeneration in neonatal mice mediated by
the phosphatidylinositol 3 kinase/glycogen synthase kinase 3beta/cyclin D1
signalling pathway. Cardiovasc Res. 2017; 113: 620-32.
Bassat E, Mutlak YE, Genzelinakh A, Shadrin IY, Baruch Umansky K, Yifa O,
et al. The extracellular matrix protein agrin promotes heart regeneration in
mice. Nature. 2017; 547: 179-84.
Gao E, Lei YH, Shang X, Huang ZM, Zuo L, Boucher M, et al. A novel and
efficient model of coronary artery ligation and myocardial infarction in the
mouse. Circ Res. 2010; 107: 1445-53.
Korf-Klingebiel M, Reboll MR, Klede S, Brod T, Pich A, Polten F, et al.
Myeloid-derived growth factor (C19orf10) mediates cardiac repair following
myocardial infarction. Nat Med. 2015; 21: 140-9.
Ackers-Johnson M, Li PY, Holmes AP, O'Brien SM, Pavlovic D, Foo RS. A
Simplified, Langendorff-Free Method for Concomitant Isolation of Viable
Cardiac Myocytes and Nonmyocytes From the Adult Mouse Heart. Circ Res.
2016; 119: 909-20.
Riis S, Newman R, Ipek H, Andersen JI, Kuninger D, Boucher S, et al. Hypoxia
enhances the wound-healing potential of adipose-derived stem cells in a novel
human primary keratinocyte-based scratch assay. Int J Mol Med. 2017; 39:
587-94.
Wang R, Zhang H, Ding W, Fan Z, Ji B, Ding C, et al. miR-143 promotes
angiogenesis and osteoblast differentiation by targeting HDAC7. Cell Death
Dis. 2020; 11: 179.
Liu L, Jin X, Hu CF, Zhang YP, Zhou Z, Li R, et al. Amphiregulin enhances
cardiac fibrosis and aggravates cardiac dysfunction in mice with experimental
myocardial infarction partly through activating EGFR-dependent pathway.
Basic Res Cardiol. 2018; 113: 12.
Gene Expression Omnibus. Bethesda M. National Center for Biotechnology
Information.https://www.ncbi.nlm.nih.gov/geo. Accessed August 4, 2017.
Quaife-Ryan GA, Sim CB, Ziemann M, Kaspi A, Rafehi H, Ramialison M, et al.
Multicellular Transcriptional Analysis of Mammalian Heart Regeneration.
Circulation. 2017; 136: 1123-39.
Zhao Q, Huang J, Wang D, Chen L, Sun D, Zhao C. Endothelium-specific
CYP2J2 overexpression improves cardiac dysfunction by promoting
angiogenesis via Jagged1/Notch1 signaling. J Mol Cell Cardiol. 2018; 123:
118-27.
Carmeliet P. Mechanisms of angiogenesis and arteriogenesis. Nat Med. 2000;
6: 389-95.
Wang WE, Yang D, Li L, Wang W, Peng Y, Chen C, et al. Prolyl hydroxylase
domain protein 2 silencing enhances the survival and paracrine function of
transplanted adipose-derived stem cells in infarcted myocardium. Circ Res.
2013; 113: 288-300.
Potz BA, Scrimgeour LA, Pavlov VI, Sodha NR, Abid MR, Sellke FW.
Extracellular Vesicle Injection Improves Myocardial Function and Increases
Angiogenesis in a Swine Model of Chronic Ischemia. J Am Heart Assoc. 2018;
7.
Li YB, Wang ZQ, Yan X, Chen MW, Bao JL, Wu GS, et al. IC-4, a new
irreversible EGFR inhibitor, exhibits prominent anti-tumor and
anti-angiogenesis activities. Cancer Lett. 2013; 340: 88-96.

https://www.medsci.org

Int. J. Med. Sci. 2022, Vol. 19

892

29. Eskilsson E, Rosland GV, Talasila KM, Knappskog S, Keunen O, Sottoriva A,
et al. EGFRvIII mutations can emerge as late and heterogenous events in
glioblastoma development and promote angiogenesis through Src activation.
Neuro Oncol. 2016; 18: 1644-55.
30. Wei D, Le X, Zheng L, Wang L, Frey JA, Gao AC, et al. Stat3 activation
regulates the expression of vascular endothelial growth factor and human
pancreatic cancer angiogenesis and metastasis. Oncogene. 2003; 22: 319-29.
31. Lu Y, Xiong Y, Huo Y, Han J, Yang X, Zhang R, et al. Grb-2-associated binder 1
(Gab1) regulates postnatal ischemic and VEGF-induced angiogenesis through
the protein kinase A-endothelial NOS pathway. Proc Natl Acad Sci U S A.
2011; 108: 2957-62.
32. Nowak-Sliwinska P, Alitalo K, Allen E, Anisimov A, Aplin AC, Auerbach R, et
al. Consensus guidelines for the use and interpretation of angiogenesis assays.
Angiogenesis. 2018; 21: 425-532.
33. Brandenberger R, Schmidt A, Linton J, Wang D, Backus C, Denda S, et al.
Identification and characterization of a novel extracellular matrix protein
nephronectin that is associated with integrin α8β1 in the embryonic kidney.
The Journal of Cell Biology. 2001; 154: 447-58.
34. Miner JH. Mystery solved: discovery of a novel integrin ligand in the
developing kidney. The Journal of Cell Biology. 2001; 154: 257-60.
35. Linton JM, Martin GR, Reichardt LF. The ECM protein nephronectin promotes
kidney development via integrin alpha8beta1-mediated stimulation of Gdnf
expression. Development. 2007; 134: 2501-9.
36. Patra C, Diehl F, Ferrazzi F, van Amerongen MJ, Novoyatleva T, Schaefer L, et
al. Nephronectin regulates atrioventricular canal differentiation via
Bmp4-Has2 signaling in zebrafish. Development. 2011; 138: 4499-509.
37. Kuek V, Yang Z, Chim SM, Zhu S, Xu H, Chow ST, et al. NPNT is Expressed
by Osteoblasts and Mediates Angiogenesis via the Activation of Extracellular
Signal-regulated Kinase. Sci Rep. 2016; 6: 36210.
38. Patra C, Ricciardi F, Engel FB. The functional properties of nephronectin: an
adhesion molecule for cardiac tissue engineering. Biomaterials. 2012; 33:
4327-35.
39. Wu CC, Jeratsch S, Graumann J, Stainier D. Modulation of Mammalian
Cardiomyocyte Cytokinesis by the Extracellular Matrix. Circ Res. 2020.
40. Arai C, Yoshizaki K, Miyazaki K, Saito K, Yamada A, Han X, et al.
Nephronectin plays critical roles in Sox2 expression and proliferation in dental
epithelial stem cells via EGF-like repeat domains. Sci Rep. 2017; 7: 45181.
41. Keller S, Schmidt MHH. EGFR and EGFRvIII Promote Angiogenesis and Cell
Invasion in Glioblastoma: Combination Therapies for an Effective Treatment.
Int J Mol Sci. 2017; 18.
42. Kim D, Dai J, Park YH, Fai LY, Wang L, Pratheeshkumar P, et al. Activation of
Epidermal Growth Factor Receptor/p38/Hypoxia-inducible Factor-1alpha Is
Pivotal for Angiogenesis and Tumorigenesis of Malignantly Transformed
Cells Induced by Hexavalent Chromium. J Biol Chem. 2016; 291: 16271-81.

https://www.medsci.org

