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A B S T R A C T

Background: The presence of no-reflow can increase the risk of major adverse cardiac events and is widely
regarded as an important sign of serious prognosis. Previous studies show that laminin receptor (LR) is
closely related to the morphology and function of microvessels. However, whether LR is involved in the
occurrence and development of no-reflow is still unknown.
Methods: In vivo, positron emission tomography (PET) perfusion imaging was performed to detect the effects
of intramyocardial gene (LR-AAV and LR-siRNA-AAV) delivery treatment on the degree of no-reflow. In vitro,
LC-MS/MS analysis was conducted to identify the LR phosphorylation sites of human cardiac microvascular
endothelial cells (HCMECs) treated with oxygen-glucose deprivation (OGD) for 4 h. Western blot analyses
were used to evaluate the phosphorylation levels of LR at residues Tyr47 (phospho-Tyr47-LR/pY47-LR) and
Thr125 (phospho-Thr125-LR/pT125-LR) and their effects on the phosphorylation of VE-cadherin residue
Ser665 (phospho-Ser665-VE-cad).
Findings: LR over-expression, LRT125A (phosphonull) and LRY47A (phosphonull) treatments were found to
reduce the level of phospho-Ser665-VE-cad, and subsequently maintain adherent junctions and endothelial
barrier integrity in hypoxic environments. Mechanistically, TIMAP/PP1c can combine with LR on the cell
membrane to form a novel LR-TIMAP/PP1c complex. The level of pY47-LR determined the stability of LR-
TIMAP/PP1c complex. The binding of TIMAP/PP1c on LR activated the protein phosphatase activity of PP1c
and regulated the level of pT125-LR.
Interpretation: This study demonstrates that low level of phospho-LR reduces no-reflow area through stabi-
lizing the LR-TIMAP/PP1c complex and promoting the stability of adherens junctions, and may help identify
new therapeutic targets for the treatment of no-reflow.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Disruption of endothelial barrier integrity, embolization and the sub-
sequent no-reflow (NR) are closely related to the severity and prognosis
of acute myocardial infarction (AMI) [1-3]. Recently, the American Heart
Association concurred that the strategy of minimizing microvascular
injury during AMI to benefit patients is well-established and should be
prioritized for AMI management [4,5]. Consequently, studies focused on
protection of endothelial barrier will re-energize development of effec-
tive therapies targeting AMI and no-reflow.

In most vascular beds, adherens junctions (AJs) are the major deter-
minant of endothelial barrier integrity [6-9]. Vascular endothelial-cad-
herin (VE-cadherin), a specific component of AJs, has been reported to
play a critical role in the contact and communication between endothe-
lial cells [10,11]. VE-cadherin adhesion is mainly regulated by phosphor-
ylation and dephosphorylation of its residues [12]. Hypoxia-induced
phosphorylation of VE-cadherin residue Ser665 (phospho-Ser665-VE-
cad) dramatically leads to the collapse of AJs and subsequent vascular
dysfunction. This process involves a laminin receptor (LR)-dependent
phosphorylation cascade signaling pathway, while the detailed molecu-
lar mechanism is yet to be established.
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Research in Context

Evidence before this study

The phenomenon of no-reflow seriously limits the therapeutic
value of coronary recanalization and leads to poor prognosis.
Generally, minimizing microvascular damage and maintaining
endothelial barrier before coronary recanalization are believed
to be critical to prevent no-reflow.

Laminin receptor (LR) is strongly expressed in endothelial
cells (ECs) and is reported to play a vital role in inducing cell
apoptosis and inhibiting cell migration. Hypoxia-induced phos-
phorylation of VE-cadherin residue Ser665 dramatically leads
to the collapse of adherens junctions (AJs) and subsequent vas-
cular dysfunction. This process involves a LR-dependent phos-
phorylation cascade signaling pathway, while the detailed
molecular mechanism is yet to be established.

Our preliminary evidence showed a significant upregulation
of phospho-LR in hypoxia-treated ECs and LR over-expression
treatment could relieve the reduction of tissue perfusion and
no-reflow, suggesting LR may be a new therapeutic targets for
the treatment of no-reflow.

Added value of this study

Here, our study indicated that LR is closely related to the occur-
rence and severity of no-reflow. In vivo, LR over-expression or
down-regulating the levels of phospho-Thr125-LR and phos-
pho-Tyr47-LR could effectively protect the integrity of the
endothelial barrier and reduce the no-reflow area. Mechanisti-
cally, we introduced a novel LR-TIMAP/PP1c complex in vitro,
which is a crucial regulator of the level of phospho-LR and the
stability of AJs.

Implications of all the available evidence

Our evidence introduced a crucial role of LR in maintaining
microvascular AJs and vascular structural integrity through sta-
bilizing the LR-TIMAP/PP1c complex. This important activity of
LR or phospho-LR presents a novel therapeutic approach to
manage and prevent no-reflow events after coronary recanali-
zation so as to enhance functional recovery post revasculariza-
tion therapy.
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The 37/67-kd LR is closely involved in many pathological pro-
cesses. As an extracellular matrix molecule, LR plays an important
role in tumor cell migration, invasion, and angiogenesis [13,14]. In
addition, LR is strongly expressed in endothelial cells and is reported
to play a vital role in inducing cell apoptosis and inhibiting cell migra-
tion [15,16]. Studies also indicated that LR phosphorylation involves
multiple biological processes, such as the formation of endothelial
filopodia and the stability of microvessels [17]. Therefore, from a the-
oretical and empirical perspective, research into the role of LR in
pathological no-reflow and the mechanism involved are meaningful.

Phospho-Ser/Thr-specific protein phosphatase 1 (PP1) consists of
a catalytic subunit such as PP1ca, PP1cb, and PP1cg and a regulatory
subunit such as the myosin phosphatase targeting protein (MYPT)
family [18]. The regulatory subunit can control enzymatic activity by
targeting holoenzyme to specific subcellular locations and substrates.
TGF-b inhibited membrane associated protein (TIMAP), a member of
the myosin MYPT family, is a positive regulator of endothelial barrier
[19,20]. TIMAP contains a CAAX motif at the carboxyl terminus; pre-
nylation of CAAX box proteins influences the subcellular localization
of PP1 [21-23]. Kwanghee Kim and coworkers demonstrated that
TIMAP targeted PP1c to dephosphorylate LR [24]. Therefore, we
speculate that TIMAP/PP1c is involved in the regulation of phospho-
Ser665-VE-cad and endothelial barrier integrity by LR.

The purposes of this study are: 1) to explore the role for LR in AMI
and no-reflow; 2) to address whether the phosphorylation of LR
down-regulates phospho-Ser665-VE-cad to protect endothelial bar-
rier; 3) and to decipher related mechanism for this stimulation.

2. Methods

2.1. Reagents

Antibodies against vascular endothelial-cadherin (VE-cadherin;
catalog #ab33168; 1:300, RRID: AB_870662), CD31 (catalog
#ab24590; 1:200, RRID: AB_448167), 67 kDa Laminin Receptor (LR;
catalog #ab133645; 1:100 for Co-IP, RRID: AB_2877125) and b-actin
(catalog #ab54724; 1:1000, RRID: AB_940113) were obtained from
Abcam (Cambridge, UK). Antibody of TIMAP (PPP1R16B; catalog
#ap17590c; 1:1000 for WB, 1:100 for Co-IP and 1:50 for ICC/IF) was
bought from Abgent (San Diego, USA). Antibody for PP1cb (catalog
#Sc-7482; 1:1000 for WB, 1:100 for Co-IP and 1:50 for ICC/IF, RRID:
AB_628177) was purchased from Santa Cruz Biotechnology (Dallas,
USA). Antibody of Lamin A/C (catalog #10298-1-ap; 1:1000, RRID:
AB_2296961) was obtained from ProteinTech Group (Rosemont,
USA). Antibodies for phospho-Ser43-LR (pS43-LR) (catalog
#WG00412P), phospho-Tyr47-LR (pY47-LR) (catalog #WG00521P),
phospho-Ser-75-78-79-LR (pS75-78-79-LR) (catalog #WG00617P)
and phospho-Thr125-LR (pT125-LR) (catalog #WG00317P) were pre-
pared from ABclonal (Boston, USA). Antibody for phospho-Ser665
VE-cadherin was prepared from Abgent (San Diego, USA). And LR/
Alexa Fluor 350 Conjugated antibody (catalog #bs-0901R-AF350;
1:50) was bought from Bioss (Beijing, China). Secondary antibodies
including Alexa Fluor 594 donkey anti-rabbit immunoglobulin G (cat-
alog #A21207; 1:200, RRID: AB_141637) and Alexa Fluor 488 goat
anti-mouse immunoglobulin G (catalog #A11001; 1:200, RRID:
AB_2534069) were obtained from Life Technologies (Carlsbad, USA).
40, 6-diamidino-2-phenylindole (DAPI; catalog #KGA215�10) was
purchased from KeyGEN BioTECH (Nanjing, China). Alexa Fluor 488
conjugate dextran (catalog #D22910) was bought from Thermo
Fisher Scientific (Waltham, USA). Protein A Agarose Beads (catalog
#9863), Anti-rabbit IgG H + L DyLightTM 800 4X PEG (catalog #5470;
1:15, 000) and anti-mouse IgG H + L DyLightTM 680 (catalog #5151;
1:30, 000) were obtained from Cell Signaling Technology (Boston,
USA).

2.2. Animals and animal experiments

Ethics: Animal experiments were approved by the Experimental
Animal Center of Xuzhou Medical University (201802W007) and per-
formed according to National Institutes of Health (NIH) Guide for the
Care and Use of Laboratory Animals.

Rats: A total of 200 Sprague-Dawley adult male rats (8�10 weeks
of age, 250§10 g, RRID: MGI: 5651135) were obtained from the
Experimental Animal Center of Xuzhou Medical University. Rats
were housed in a controlled environment (humidity, 50�60%), which
maintained a 12-hour light/dark cycle. All animal procedures con-
form to National Institutes of Health (NIH) Guide for the Care and Use
of Laboratory Animals, 8th edition [25]. The animal care and experi-
mental protocols were approved by the Xuzhou Medical University
Committee on Animal Care.

Treatment: All experiments conformed to the international guide-
lines on the ethical use of animals.

A closed-chest rat model of MI/R that supports direct intramyo-
cardial gene delivery was performed as previously described [26].
Briefly, SD rats were anaesthetized with sodium pentobarbital
(60 mg/kg) intraperitoneally and maintained under anesthesia using
isoflurane (1.5�2.0%) mixed with air. After adequate anesthesia, the
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animals were intubated with a 14-gage polyethylene catheter and
ventilated with room air using a small animal ventilator (Model683:
Harvard Apparatus, Boston, MA, USA). Following thoracotomy, a 6�0
prolene monofilament polypropylene sutures (Ethicon, Somerville,
NJ) was passed from below to loop the LAD. The 2 ends of the prolene
suture were fixed to PE-10 tubes. Next, another 6�0 prolene suture
was knotted along the loop. Then, a PE-10 tube was fixed to its end.
LR-AAV or LR-siRNA-AAV (2 £ 1012 TU) prepared in 20mL Enhanced
Infection Solution (ENIS, GeneChem, catalog #REVG0002) was deliv-
ered with a 20‑ml syringe and 25‑gage needle into the myocardium
along the LAD. Then, the pleural cavity was closed under positive
end-expiratory pressure following the evacuation of air inside the
chest. After 3 weeks, the reserved line was tightened to establish the
AMI model, and released the knot to achieve coronary recanalization.
The AMI or AMI/R models were successfully established by ECG
results. Sham‑operated animals underwent an identical surgical pro-
cedure without artery ligation. All surgical procedures were per-
formed under aseptic conditions.

Rats were euthanized by an intraperitoneal injection of sodium
pentobarbital (a dosage of 150 mg/kg) in combinations with CNS
depressants (phenytoin). And all animal euthanasia procedures con-
form to American Veterinary Medical Association (AVMA) Guidelines
for the Euthanasia of Animals: 2020 Edition.

2.3. Preparation of adeno-associated viruses (AAV) and plasmids

AAVs were generated by the AAV Vector Unit at ICGEB Trieste (http://
www.icgeb.org/avu-core-facility.html) following a protocol as previously
described [27]. LR over-expression plasmids and the short interference
RNA (siRNA) against LR, TIMAP and PP1cbwere successfully constructed
by 293T cells, respectively. Human VE-cadherin (hVE-cad) CRISPR/Cas9
sgRNA, the wild-type (WT) hVE-cadherin, hVE-cadS665D (phosphomi-
mic), hVE-cadS665V (phosphonull), LR CRISPR/Cas9 sgRNA, the wild-type
(WT) LR, LRS43D, LRY47D, LRS75�78�79D, LRT125D (phosphomimic) and
LRS43A, LRY47A, LRS75�78�79A, LRT125A (phosphonull) mutants were gener-
ated from Genechem (Shanghai, China). Plasmid carrying pCMV6-XL5-
RPSA (LR) human cDNA clone was purchased from OriGene (Maryland,
USA). All the adeno-associated viral vectors were constructed and
labeled with green fluorescent protein (GFP). The concentrated titer of
virus suspension was 2£ 1012 TU/L.

2.4. Cell culture and cell lines

HCMECs (Human Cardiac Microvascular Endothelial Cells, RRID:
CVCL_U985, ScienCell, USA) were used between the third and fifth
generation cultured in endothelial cell medium (ECM, ScienCell) con-
taining 5% fetal bovine serum (FBS, ScienCell), 1% endothelial cell
growth supplement (ECGS, ScienCell) and 1% penicillin/ streptomycin
solution (ScienCell, USA) at 37 °C in a humidified atmosphere of 5%
CO2 and 95% air (20% oxygen). To induce the oxygen glucose depriva-
tion (OGD) model, the glucose-free and serum-free medium (Gibco)
replaced ECM and cells were placed into a tri gas incubator (Heal
Force Bio-meditech Holdings, Ltd., Shanghai, China) with 94% N2, 5%
CO2, and 1% O2 for 4 h. In order to construct a stable cell line, lentivi-
rus hVE-cad CRISPR/Cas9 sgRNA (MOI=20) and LR CRISPR/Cas9 sgRNA
(MOI=10) were infected following the manufacturer’s protocol at the
desired multiplicity of infection when the fusion density of cells
reached approximately 30�40%, respectively. Then infection medium
was replaced with fresh medium after 8 h. After an additional 64 h,
GFP co-expression on the construct was used to determine efficiency
of viral transduction.

2.5. Myocardial PET perfusion study

Myocardial PET perfusion imaging with 13N-NH3 was conducted
as previously described [28]. On brief, PET was performed by MITRO
Biotech Co., Ltd. (NanJing, China). Micro PET (Siemens) dynamic scan
was performed after 13N-NH3 (300§150mCi) injection respectively.

SUV ¼ uptake of radioactive substances in the region of interest mCi =gð Þ
total injection dose mCið Þ=weight gð Þ

The animal models were randomly divided into six groups as fol-
lows: i) Sham group, surgical procedure without artery ligation; ii)
AMI group, arterial ligation for 4 h; iii) AMI/ Recanalization (AMI/R),
arterial ligation for 4 h + releasing the ligation immediately before
PET scan; iv) AMI/R + Vector, arterial ligation for 4 h + releasing the
ligation immediately before PET scan + Vector injection; v) AMI/
R + LR, arterial ligation for 4 h + releasing the ligation immediately
before PET scan + LR injection.

2.6. Immunofluorescence

The myocardial tissue frozen sections of rats and cells were fixed
for 15 min with 4% paraformaldehyde, permeabilized with Triton X-
100 (0.1%), following blockage with solution containing 5% bovine
serum. Samples were incubated with anti-VE-cadherin; anti-CD31;
anti-TIMAP; anti-PP1cb for 12 h in 4 °C. Then the sections were incu-
bated with secondary antibodies at 37 °C for 1 hour, containing Alexa
Fluor 594 donkey anti-rabbit immunoglobulin G and Alexa Fluor 488
goat anti-mouse immunoglobulin G. In addition to the above proce-
dures, cells incubated with LR/Alexa Fluor 350 Conjugated antibody
at 37 °C for 4 h to detect colocalization. Nuclei were stained with
DAPI (KeyGEN BioTECH, China) in the end. After final washing, 50%
glycerin was used to mount coverslips on slides. Finally, sections
were observed under a fluorescence microscope (Olympus, Tokyo,
Japan) or confocal laser scanning microscope (Olympus).

2.7. Dextran perfusion experiment

Rats were anesthetized with pentobarbital 90 mg�kg�1 and 0.2 ml
heparin via intraperitoneal injection. And the absence of the pedal
reflex was considered as an indication that a surgical plane of anes-
thesia has been maintained. Then the hearts were taken off quickly
and placed in ice-cold modified Tyrode’s solution (in mmol/L) includ-
ing 93 NaCl, 20 NaHCO3, 1 Na2HPO4, 1 MgSO4, 5 KCl, 1.8 CaCl2, 20 Na-
acetate, 20-glucose. The hearts were mounted on a Langendorff sys-
tem with the aorta onto a cannula. Then modified Tyrode’s solution
was retrogradely perfused at 9 ml/min, containing 20 mg/ml Alexa
FluorTM488 conjugate dextran. In addition, the hearts were harvested
immediately for making frozen sections. Finally, sections were
observed under a fluorescence microscope (Olympus, Tokyo, Japan).

2.8. Identification of phosphorylation sites in LR by LC�MS/MS analysis

The solution containing LR purified protein was digested with
TPCK Immobilized Magnetic Trypsin (Clontec, Saint-Germain-en-
Laye, France) for 90 min. The digestions were stopped by removing
the magnetic beads and addition of TFA to a final concentration of
0.5%. Phosphopeptide enrichment was carried out using TiO2 and Ti-
IMAC. The tryptic peptides were dissolved in solvent A (0.1% formic
acid in 2% acetonitrile), directly loaded onto a homemade reversed-
phase analytical column packed with Reprosil-Pur Basic C18, 1.9 mm.
The gradient was comprised of an increase from 2% to 22% solvent B
(0.1% formic acid in 98% acetonitrile) over 40 min, 22% to 35% in
12 min and climbing to 80% in 4 min then holding at 80% for the last
4 min, all at a constant flow rate of 350 nL/min on an EASY-nLC 1000
UPLC system. The peptides were subject to NSI source followed by
tandem mass spectrometry (MS/MS) in Q ExactiveTM Plus (Thermo
Fisher Scientific, Waltham, MA, USA) coupled online to the UPLC. The
m/z scan range was 350�1800 for the full scan, and intact peptides
were detected in the Orbitrap at a resolution of 70,000. Peptides
were then selected for MS/MS using NCE setting as 28 and the
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fragments were detected in the Orbitrap at a resolution of 17,500. A
data-dependent procedure that alternated between one MS scan fol-
lowed by 20 MS/MS scans with 15.0 s dynamic exclusion. The auto-
matic gain control (AGC) was set at 5E4. The fixed first mass was set
as 100m/z.

The LC-MS/MS data was searched against the Homo sapiens Uni-
prot database (version 2018) using the PEAKS (Matrix Science, UK)
database search engine. Trypsin/P was specified as cleavage enzyme
allowing up to 3 missing cleavages, 4 modifications per peptide and 5
charges. Monoisotopic peptide tolerance was set to 20 ppm, and frag-
ment mass tolerance was set to 0.02 Da. Carbamidomethylation on
Cys-was specified as fixed modification and oxidation on Met, phos-
phorylation on Ser, Thr, Tyr-and acetylation on protein N-terminal
were specified as variable modifications. False discovery rate (FDR)
thresholds for protein, peptide and modification site were specified
at 1%.

2.9. Real-time reverse transcription-qPCR (RT-qPCR)

Total RNA was extracted with TRIzol reagent (Invitrogen) from
HCMECs according to the manufacturer’s instructions. Then the RNA
(1000 nmol) was subjected to reverse transcription by the Prime
Script RT reagent Kit with gDNA Eraser (TaKaRa). The mixture con-
taining primers (Sangon Biotech, Shanghai, China) and 20-ul reac-
tions was detected by Light Cycler 480II (Roche, Basel, Switzerland)
using SYBR Green PCR Master Mix. Relative quantitative analysis of
the change in expression levels was obtained using the DDCT
method and normalized to GAPDH. The sequences of the primer are
as follows: 50-GAAAGCAGTCTTTGGAAACCAT-30 (PP1cb forward), 50-
GAAGCATCTTTGGAAACCAT-30 (PP1cb reverse); 50-GATGAGATGC-
CAATAGACCTGT-30 (TIMAP forward), 50-GCTGTGACTTCATGATCA-
CATC-30 (TIMAP reverse); 50-CGAGATCCCTCCAAAATCAA-30 (GAPDH
forward), 50-TGTGGTCATGAGTCCTTCCA �30 (GAPDH reverse).

2.10. Permeability measurement in vitro

Cell-culture Trans-well inserts (Trans-well [12 mm diameter,
0.4 mm pore size]; Corning, Cambrige, MA) were used to detect per-
meability of monolayer cardiac microvascular endothelial cells.
Before experimentation, cells were maintained at confluence on
porous polyester membrane inserts and ECM (150 and 500 ul) were
added into the upper and lower compartments, respectively. Then,
the FITC-dextran (10 mmol/l) was added into the upper chamber.
After OGD 4 h, the florescence intensities (excitation at 530 nm and
emission at 590 nm) of samples were measured by Synergy2 multi-
function microplate reader (BioTek, Vermont, USA) via 96-well clus-
ter plates (black with clear bottoms, polystyrene, Corning Costar,
USA). The FITC-dextran that passed across the endothelial cell mono-
layer was normalized to the fluorescence reading from the upper
chamber, and permeability was calculated as relative fluorescence
units.

2.11. Protein extraction

Cells were lysed with Cell Total Protein Extraction Kit (Sangon
Biotech, Shanghai, China) for whole cell lysate. And for nuclear and
cytoplasmic lysates, cells were extracted via Nuclear and Cytoplasmic
Protein Extraction Kit (KeyGEN BioTECH, Shanghai, China) according
to the manufacturer’s instructions. Protein concentrations were mea-
sured using a Bicinchoninic Acid Assay Kit (BCA, Thermo Fisher Scien-
tific, Inc.).

2.12. Western blot and co-immunoprecipitation

For western blot analysis, a total of 50 ng protein per lane was
prepared and separated by 8�12% sodium dodecyl sulfate-
polyacrylamide gel (SDS-PAGE) and electro-transferred to nitrocellu-
lose membranes (Millipore, Darmstadt, Germany). Following block-
ing with 5% skim milk for 3 h at room temperature, the membranes
were incubated with primary antibodies of phospho-Ser665-VE-cad,
pY47-LR, pT125-LR, LR, PP1cb, TIMAP, CD31, b-actin, Lamin A/C at 4 °
C overnight. Then the membranes were incubated with fluorescently
labeled secondary antibodies including anti-mouse or anti-rabbit
antibodies (Li-Cor Biosciences, Lincoln, USA) at 2 h at room tempera-
ture. Finally, signals were detected by Odyssey Infrared Imaging Sys-
tem (Li-Cor Biosciences, Lincoln, USA). Digitized images were
analyzed using Image J (NIH, Bethesda, USA). For all western blot
analyses, other than when specifically noted, protein levels were cal-
culated from the ratio of corresponding protein/b-actin.

For co-immunoprecipitation, the whole proteins of HCMECs were
extracted using the special lysis buffer for immunoprecipitation. Part
of the supernatant was used as input control and the rest was immu-
noprecipitated by rocking with 5 mg of anti-LR antibody and 50 ul
agarose A protein overnight at 4 °C. The beads were washed 3 times
with lysis buffer and boiled in 30 ml SDS sample buffer (62.5 mM
Tris�HCl, 10% glycerol, 2% (w/v) sodium dodecyl sulfate [SDS], 5% 2-
mercaptoethanol, and 10 g/ml bromophenol blue, pH 6.8). Finally,
the supernatants were resolved by western blot.

2.13. PP1c activity assay

PP1c activity was calculated spectrophotometrically using Cell
PP1c Colorimetry KIT (GENMED Scientifics, catalog #GMS 50313.1,
Shanghai, China) according to the manufacturer's instructions [29].
Briefly, a series of 20 ml standards, controls and samples was added
into a 96-well plate (Corning, New York, USA) at a concentration of
1 £ 104 cells/ml. 10-ul Reagent A lysate buffer and 20-ul Reagent C
buffer conjugated with malachite green fluorescent dye were mixed
for 10 min at 37 °C. Then the mixture was discarded, and the wells
were washed 3 times with Reagent B Cleaning Buffer. Reagent D and
Reagent E were dispensed into each well, incubating for 20 min at
37 °C. Finally, reactions were stopped with 20-ul Reagent F stop solu-
tion. The absorbance at 660 nm was measured with a microplate
reader (BioTek Synergy 2, Vermont, USA). The PP1c activity of each
sample was calculated based on the standard curve.

2.14. Statistical analysis

For all quantitative analyses, other than when specifically noted,
data are expressed as means § SEM and repeated at least three times
independent biological samples. Statistical significance was analyzed
using GraphPad Prism (GraphPad Software Inc., San Diego, USA).
Two-tailed Student’s t tests were performed for two experimental
groups, and one-way ANOVA was performed for three or more exper-
imental groups. P<0.05 was considered as significant difference.

2.15. Role of funding source

The study design was approved by the Funder. The funders played
no role in data collection, analysis, or interpretation of the data, or
drafting of the manuscript. The corresponding author had full access
to all the data in the study and had final responsibility for the deci-
sion to submit for publication.

3. Results

3.1. LR is closely related to the occurrence and severity of no-reflow in
rat AMI/R models

In order to determine the detailed role of LR in the occurrence of
no-reflow, intramyocardial LR-AAV and LR-siRNA gene delivery were
performed in rat hearts, and AMI/R models were subsequently



Fig. 1. LR is closely related to the occurrence and severity of no-reflow in rat AMI/R models. (a) Representative images of PET perfusion imaging with 13N-NH3. The ranges selected
by the dashed indicate ischemic regions after AMI or ischemic/reperfusion regions after AMI/R, n = 7. (b) Quantification of ischemic myocardial total volume. (c) Quantification of
mean-standard uptake value (SUV) of the hearts. **P<0.01, ***P< 0.001 vs the sham group; #P<0.05, ##P<0.01; NS, P>0.05 vs the indicated group. Data are presented as means §
SEM. Statistical analysis: One-way ANOVA with Tukey post-hoc (b, c). NS, no significant difference.
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established (Fig. S1a and S1b). However, it was seen that siLR treat-
ments usually caused serious arrhythmia at rest and sudden death
during surgery (Supplementary Table). These results indicated that
LR is an important regulator of the heart's internal environment and
leads us to fail to demonstrate the effect of siLR treatment on AMI
and no-reflow.

PET perfusion imaging with 13N-NH3 was performed after tempo-
rary coronary occlusion for 4 h (Fig. 1a). The results showed that
blocking the LAD coronary artery caused serious myocardial hypo-
perfusion in AMI rats. After the ligation was lifted, significant no-
reflow areas could be found in AMI/R rats in spite of epicardial coro-
nary artery reperfusion. LR overexpression therapy was found to
reduce the volume of ischemic myocardium (27.15 § 2.17 [AMI/R
+Vector group] versus 18.99 § 1.90 [AMI/R+LR group], P<0.05, by
Tukey’s post hoc test) and increase the mean-SUV (2.51 § 0.19 [AMI/
R+Vector group] versus 3.30 § 0.15 [AMI/R+LR group], P<0.01, by
Tukey’s post hoc test) (Fig. 1b and 1c). In other words, a high level of
LR can effectively reduce the no-reflow area after coronary
recanalization.

3.2. LR promotes the stability of AJs and endothelial barrier via down-
regulating phospho-Ser665-VE-cadherin

The destructions of microvascular structure and function are the
main pathogenesis of no-reflow. In vivo, dextran perfusion
experiment was performed to determine the effects of ischemia and
LR over-expression on vascular permeability. The results indicated
that ischemia for 4 h caused serious dextran leakage, while LR over-
expression treatment significantly improved this process (P<0.05, by
Tukey’s post hoc test) (Fig. S2a and S2c). Immunofluorescence analy-
sis showed that VE-cadherin labeling created a linear signal in the
sham group (the protein is uniformly distributed on the membrane),
while loosely distributed in the AMI/R and AMI/R+Vector group
(internalization of VE-cadherin induced by ischemia). However, the
inorganized VE-cadherin was partly reversed after LR over-expres-
sion treatment (Fig. S2b).

Thereafter, focused analyses were performed on the endothelial
adherens junctions and endothelial permeability by immunofluores-
cence and the trans-well system in HCMECs (Fig. 2a and 2b). Simi-
larly, the data in vitro showed that LR over-expression could
decrease the hypoxia-induced internalization of VE-cadherin and
maintained the endothelial barrier. Consistent with previous
reported, we also found that the hypoxia-induced internalization of
VE-cadherin was mainly via increasing the phospho-Ser665-VE-cad
(Fig. S3). Western blot analysis showed that LR overexpression signif-
icantly down-regulated the level of phospho-Ser665-VE-cad and
internalized-VE-cadherin (Fig. 2c). Next, VE-cadherin mutants that
mimicked the phosphorylated states (hVE-cadS665D) were designed
to analyze whether LR inhibits the endocytosis of VE-cadherin by
reducing phospho-Ser665-VE-cad, and the results showed that the



Fig. 2. LR promotes the stability of AJs and endothelial barrier via down-regulating phospho-Ser665-VE-cadherin. (a) Representative confocal immunofluorescence images of VE-
cadherin in HCMECs with corresponding treatments, bar=5 mm. (b) Trans-well for permeability of the endothelial cell. *P<0.05 vs the normal group; #P<0.05 vs the OGD control
group, n = 6. (c) Western blot analysis for the expression of membrane-VE-cad, internal-VE-cad, pS665-VE-cad. *P<0.05 vs the normal group; #P<0.05 vs the OGD control group,
n = 6. (d) Western blot for membrane-VE-cad, internal-VE-cad with corresponding treatments. *P<0.05 vs the normal group; #P<0.05, 4P<0.01 vs the indicated group, n = 6. Data
are presented as means § SEM. Statistical analysis: One-way ANOVA with Tukey post-hoc (b-d). AJs, adherens junctions; NS, no significant difference.
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activity of LR to inhibit the internalization of VE-cadherin was signifi-
cantly blocked by hVE-cadS665D (Fig. 2d). Such evidences prompted
us to hypothesize that LR is involved in the transmission of this phos-
phorylation signal.

3.3. The phosphorylation of LR amino acid residues, TYR 47 and THhrh
125, contributes to phospho-Ser665-VE-cad

The above results indicate that LR plays an important role in
maintaining the stability of vascular structure and function and
reducing no-reflow. Western blot and PCR analysis indicated that
OGD treatment had little effect on the expression level of LR in
HCMECs (Fig. 3a and 3b). Results of LC-MS/MS analysis demonstrated
that OGD 4 h induced phosphorylation of LR at residues Ser43
Fig. 3. The phosphorylation of LR amino acid residues, Tyr 47 and Thr 125, contributes to p
(b) Verification of LR expression, NS, P>0.05 vs the indicated group, n = 6. (c) LC�MS/MS anal
for the expression of pS43-LR, pY47-LR, pS75�78�79-LR and pT125-LR, **P<0.01 vs the respe
b); Student’s T-test (d). NS, no significant difference; pS665-VE-cad, phospho-Ser665-VE-cad
(Ser43-LR), Tyr47 (Y47-LR), Ser75-78-79 (S75-78-79-LR), and Thr125
(T125-LR) (Fig. 3c). Western blot analysis was performed to further
proved the level of phospho-Ser43-LR (pS43-LR), phospho-Tyr47-LR
(pY47-LR), phospho-Ser75-78-79-LR (pS75-78-79-LR) and phospho-
Thr125-LR (pT125-LR) were significantly increased in OGD 4 h group
(Fig. 3d).

3.4. Y47-LR is the upstream target site for T125-LR in the regulation of
the phospho-Ser665-VE-cad-related signaling pathway

Next, LR mutants containing LRS43D (phosphomimic), LRY47D

(phosphomimic), LRS75-78-79D (phosphomimic), and LRT125D (phos-
phomimic) and LRS43A (phosphonull), LRY47A (phosphonull), LRS75-78-

79A (phosphonull), and LRT125A (phosphonull) were engineered to
hospho-Ser665-VE-cadherin. (a) RT-qPCR analysis for LR mRNA expression in HCMECs.
ysis for the phosphorylation residues of LR in endothelial cells. (d) Western blot analysis
ctive normal group, n = 6. Statistical analysis: One-way ANOVA with Tukey post-hoc (a,
.



8 X. Quan et al. / EBioMedicine 65 (2021) 103251
demonstrate the core role of LR in regulating phospho-Ser665-VE-
cad. Under OGD, LRY47A and LRT125A treatment rather than LRS43A

treatment and LRS75-78-79A treatment effectively inhibited the level of
phospho-Ser665-VE-cad in HCMECs (Fig. 4a and 4b). To more clearly
understand the relationship between pY47-LR and pT125-LR in this
complex phosphorylation signal, the expression of pY47-LR and
pT125-LR under several conditions were further detected. Specifi-
cally, LRT125D treatment could lead to a significant increase in the
expression of phospho-Ser665-VE-cad under normoxic condition
(0.91§0.07 [LRT125D group] versus 0.11§0.02 [WT group], P<0.05, by
Tukey’s post hoc test), while LRY47D treatment could not [0.13§0.02
[LRY47D group] versus 0.11§0.02 [WT group], P>0.05, by Tukey’s post
hoc test) (Fig. 4c). These data indicated that pT125-LR, rather than
pY47-LR can directly cause phospho-Ser665-VE-cad independent of
hypoxia environment. Under 4 h of OGD treatment, the level of phos-
pho-Ser665-VE-cad in LRY47D and LRT125D groups were significantly
increases compared with the WT group (P<0.05, by Tukey’s post hoc
test). However, LRY47D combined with LRT125A treatment significantly
decreased the level of phospho-Ser665-VE-cad, while LRY47A com-
bined with LRT125D has no effect on the level of phospho-Ser665-VE-
cad (Fig. 4d). These results revealed that the regulation of pY47-LR on
the level of phospho-Ser665-VE-cad is dependent on anoxic environ-
ment or pT125-LR. Hence, Y47-LR may be the upstream target site for
T125-LR in this series of complex phosphorylation cascades signals.

3.5. The role of PP1c in the regulation pT125-LR

The dynamic balance between activities of protein kinases and
phosphatases is the most common mechanism for signal transduc-
tion. PP1 is highly expressed in endothelial cells and may participate
in regulation of the phospho-LR-related signaling pathway [19,30]. It
was found that LR over-expression and siLR treatment had little
effect on the expression of PP1c at both protein and RNA level in
HCMECs. Further analysis showed that OGD 4 h treatment induced
PP1c transfer from cell membrane to cytoplasm and nucleus, and LR
over-expression could reversed this process (Fig. S4a and S4b). More-
over, our data also indicated that there was a positive correlation
between the activity of PP1c and the expression level of PP1c on cell
membrane (Fig. S4c). Western blot and immunofluorescence analysis
showed that LRY47A treatment could increase the expression of PP1c
in the plasma membrane compared with the control and OGD 4h-
treated WT groups. In contrast, LRY47D, LRT125A and LRT125A treat-
ments had no effects on the expression level of PP1c in the plasma
membrane (Fig. 5a and 5b). In addition, LRY47A treatment significantly
reduced the level of pT125-LR, which further proved that Y47-LR is
the upstream node of T125-LR. The application of PP1c inhibitor
Microcystin-LR (Mic-LR) [31] or siPP1c treatment could significantly
block the down-regulation of pT125-LR after LRY47A treatment (Fig.
S4d and S4e).

In brief, the pY47-LR determines the recruitment of PP1c on the
membrane. PP1c in the plasma membrane is involved in the regula-
tion of the phosphorylation or dephosphorylation of T125-LR.

3.6. The role of TIMAP in the regulation pT125-LR

TIMAP, a specific targeting subunit of PP1c, not only determines
the subcellular location and substrates of PP1c, but also regulates the
catalytic activity of PP1c [32]. Therefore, focused studies were con-
ducted on TIMAP. The results of PCR and western blotting showed
that OGD 4 h, LR over-expression and siLR treatment had little effect
on the level of TIMAP in HCMECs (Fig. S5a and S5b). Furthermore,
western blot and immunofluorescence analysis showed that OGD 4 h
treatment induced TIMAP transfer from cell membrane to cytoplasm,
and LRY47A treatment could reversed this process (Fig. 5c and 5d).
Notably, siTIMAP treatment significantly blocked the down-regula-
tion of pT125-LR after LRY47A treatment, which may be achieved by
reducing PP1c recruitment in the plasma membrane rather than
reducing PP1c expression in HCMECs (Fig. S5c-S5e). Therefore, we
believe that it is TIMAP and PP1c which jointly mediate the regula-
tion of pY47-LR on the level of pT125-LR.

3.7. A novel LR-TIMAP/PP1c complex is responsible for the regulation of
hypoxia-induced pT125-LR

Next, the close cross-linking and interaction between TIMAP/PP1c
and LR promoted us to make a reasonable assumption that TIMAP/
PP1c inhibits the level of pT125-LR by binding to LR. To identify the
relationship between LR, TIMAP and PP1c, immunoprecipitation was
performed to pull down TIMAP and PP1c from endothelial cell lysates
with the specific LR antibody. The combination of LR, TIMAP and
PP1c was detected in normal HCMECs, and OGD 4 h treatment caused
a significant decrease in the levels of PP1c and TIMAP bound to LR
(Fig. 6a, Fig. S6a and S6b). In addition, it was also found that LRY47A

delivery could reverse the decline of TIMAP and PP1c binding on LR
induced by OGD 4 h treatment (Fig. 6b). Confocal laser scanning
microscope and co-immunoprecipitation were performed to further
determine the effect of pY47-LR on the level of LR-TIMAP/PP1c com-
plex. The results showed that high level of pY47-LR (induced by OGD
or LRY47D treatment) inhibited the binding of LR, TIMAP and PP1c,
while low level of pY47-LR (induced by LRY47A) significantly increase
their binding (Fig. 6c). As shown in Fig. 6d, we provided an illustra-
tion to better understand the related molecular mechanism.

3.8. Low levels of pY47-LR and pT125-LR reduce no-reflow area in vivo

To evaluate the roles for the phosphorylation of LR in the occur-
rence and severity of no-reflow in vivo, we employed AMI/R models
with intramyocardial gene delivery. As shown in Fig. 7a-7c, LRY47A

and LRT125A treatments equally reduce the volume of ischemic myo-
cardium and increase myocardial perfusion level. These findings pro-
vided compelling evidence for low levels of pY47-LR and pT125-LR
inhibit no-reflow phenomenon in vivo.

4. Discussion

At present, how to better prevent, manage and deal with no-
reflow phenomenon after percutaneous coronary intervention (PCI)
is the common focus of cardiovascular doctors and researchers all
around the world. Here, we introduced the role of LR and the specific
phosphorylation signaling process involved in LR in the development
of the occurrence and development of no-reflow, and demonstrated
an unknown LR-TIMAP/PP1c complex, whose stability can inhibit
hypoxia-induced phosphorylation of VE-cadherin, thereby protecting
the structure and function of microvessels.

The pathogenetic components of no-reflow are very complicated.
Experimental studies have shown that there is clear evidence of
microvascular injury, such as local swelling of endothelium and car-
diomyocytes, breaks in the endothelial continuum, microvascular
hemorrhage, thrombosis, interstitial edema, and inflammation in no-
reflow zones. Clearly, these pathological changes are closely related
to hypoxia-induced microvascular damage and together lead to no-
reflow. The stability of endothelial AJs is critical to the maintenance
of the vascular homeostasis and vascular function. Julie Gavard et al.
and our previous study indicated that the phospho-Ser665-VE-cad
greatly contribute to the internalization of VE-cadherin and the col-
lapse of AJs [33]. The level of phospho-Ser665-VE-cad can be used as
a marker for assessing microvascular structure and function in AMI.
In this study, we further confirmed that the phosphorylation of VE-
cadherin is closely related to microvascular dysfunction and no-
reflow, and found that LR is a crucial regulator and participator in
this process.



Fig. 4. Y47-LR is the upstream target site for T125-LR in the regulation of the phospho-Ser665-VE-cad-related signaling pathway. (a) Western blot analysis for the expression of LR
in HCMECs with corresponding treatments. **P<0.01 vs the normal group; #P<0.05, NS, P>0.05 vs the indicated groups, n = 6. (b) Western blot analysis for the expressions of
pS665-VE-cad and LR in OGD 4h-treated HCMECs. ##P<0.01 vs the indicated group, n = 6. (c, d) Western blot analysis for the expressions of pS665-VE-cad, pY47-LR and pT125-LR
in HCMECs with corresponding treatments. *P<0.05, **P<0.01, ***P<0.001, #P<0.05, NS, P>0.05 vs the indicated group, n = 6. Statistical analysis: Data are presented as means §
SEM, one-way ANOVA with Tukey post-hoc (a-d). pS665-VE-cad, phospho-Ser665-VE-cad; pY47-LR, phospho-LR-Tyr47; pT125-LR, phospho-LR-Thr125; NS, no significant differ-
ence.
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Fig. 5. The role of PP1c and TIMAP in the regulation pT125-LR by pY47-LR. (a) Immunofluorescence for PP1c (Red) and CD31 (Green) in HCMECs. bar=10 mm. (b) Western blot anal-
ysis for the expression level of PP1c in the plasma membrane. **P<0.01, NS, P>0.05 vs the indicated group, n = 6. (c) Immunofluorescence staining was used to assess the localization
of TIMAP (Red), bar=10 mm. (d) Western blot analysis for the expression level of TIMAP in the plasma membrane. *P<0.05, NS, P >0.05 vs the indicated group, n = 6. Statistical anal-
ysis: Data are presented as means § SEM, one-way ANOVA with Tukey post-hoc (b, d). NS, no significant difference.
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LR is closely involved in the development of early embryonic
heart [34]. Here, our data indicated that LR is related to the occur-
rence and severity of no-reflow. In vivo, LR over-expression
treatments could effectively protect the integrity of the endothelial
barrier under ischemic injury, and relieve the reduction of tissue per-
fusion and the no-reflow area. In vitro, LR over-expression partly



Fig.. 6. A novel LR-TIMAP/PP1c complex is responsible for the regulation of hypoxia-induced pT125-LR. (a) Immunoprecipitated analysis for the interactions between LR and
TIMAP/PP1c respectively from HCMECSs lysates. Blots were probed for TIMAP and PP1c, n = 4. (b) HCMECSs were treated with LRY47D or LRY47A, then immunoprecipitated with LR
antibody, n = 4. (c) Confocal immunofluorescence analysis of LR (Blue) interaction with TIMAP (Red) / PP1c (Green), Scale bar=5 mm. (d) Schematic representations in the setting of
normoxia and OGD that phosphorylation or dephosphorylation of Y47-LR affects the stability of LR-TIMAP/PP1c to dephosphorylate pT125-LR. pT125-LR, phospho-LR-Thr125.
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reverse the increase of level of phospho-Ser665-VE-cad and endo-
thelial cell permeability. However, we noticed that hypoxia had
little effect on the expression of LR in both protein and RNA level.
Hence, the hypoxia-induced phosphorylation of VE-cadherin may
be due to the histone modification rather than the decrease of LR
expression.



Fig. 7. Low levels of pY47-LR and pT125-LR Reduce no-reflow area in vivo. (a) Representative images of PET perfusion imaging with 13N-NH3. The ranges selected by the dashed
indicate ischemic regions after AMI or ischemic/reperfusion regions after AMI/R, n = 6. (b) Quantification of ischemic myocardial total volume. (c) Quantification of main Standard
uptake value (SUV) mean of the hearts. *P<0.05, **P< 0.01 vs the AMI/R+Vector group; #P<0.05, ##P<0.01 vs the indicated group. Statistical analysis: Data are presented as means §
SEM, one-way ANOVA with Tukey post-hoc (b, c). NS, no significant difference.
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The reversible phosphorylation of proteins is important in inter-
cellular-communication [35]. LR, as a multifunctional protein in
eukaryotes, can carry out some functions by phosphorylation. In fact,
OGD 4 h treatment has caused significant increases in the level of
pY47-LR and pT125-LR, which were subsequently proved to be
important procedures for hypoxia-induced phospho-Ser665-VE-cad.
Notably, we also found that pT125-LR and pY47-LR are not parallel in
relationship in this signaling pathway. Specifically, p125T-LR seems
to be a direct effector for phospho-Ser665-VE-cad. LRT125D rather
than LRY47D treatment spontaneously trigger phospho-Ser665-VE-
cad in the absence of the OGD environment. In other words, pT125-
LR can directly lead to phospho-Ser665-VE-cad independently of
hypoxic environment. In addition, the increase of phospho-Ser665-
VE-cad caused by OGD depends on pT125-LR and pY47-LR. LRT125D
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and LRY47D treatments could aggravate the phospho-Ser665-VE-cad
caused by OGD 4 h treatment. Moreover, LRT125A treatment almost
completely reversed the synergistic effect of OGD and LRY47D at the
level of phospho-Ser665-VE-cad. These results together support the
argument that Y47-LR may be the upstream target site for T125-LR in
the regulation of this phosphorylation cascade signaling pathway.

Mechanistically, we found that pY47-LR can reduce the recruitment
of PP1c in the plasma membrane, which was responsible for the regula-
tion of pT125-LR. As we know, reversible protein phosphorylation, regu-
lated by the dynamic balance between the activities of protein kinases
and phosphatases, is the most common mechanism for signal transduc-
tion [36,37]. One particularly promising candidate protein in this regard
is TIMAP/PP1c, a functional complex. Cohen Pt et al. proposed that
TIMAPmediates the subcellular localization and substrate of PP1c, and is
involved in regulating its catalytic activity [32]. Little is known about the
potential protein binding with TIMAP, but LR is one of its potential sub-
strates [34,38,39]. Previous studies demonstrated that TIMAP containing
the fourth ankyrin repeat (ANK 4) could be pulled down by LR, enabling
PP1c to regulate LR phosphorylation [24]. Here, we first showed that
TIMAP/PP1c can combine with LR on the cell membrane to form a novel
LR-TIMAP/PP1c complex. This mode allows PP1c to effectively bind and
modify its substrate LR. In other words, the formation of this complex
activated the protein phosphatase activity of PP1c and regulated pT125-
LR. Unsurprisingly, pY47-LR activates pT125-LR actually by inhibiting
the formation of the LR-TIMAP/PP1c complex. Relevant data suggests
that the phosphorylated modification states of Y47-LR determined the
stabilities of LR-TIMAP/PP1c complex, indicating a causal link between
pY47-LR and the complex. Based on this data, we made a reasonable
hypothesis: Hypoxia-induced pY47-LR causes a change in the spatial
conformation of LR, leading to the concealment or destruction of TIMAP
binding region on LR. Certainly, more evidence and research is needed to
support this conjecture.

Notably, the results of PET indicated that LRT125A and LRY47A treat-
ments showed better potency in reducing no-reflow compared with
LR over-expression treatment. It emphasizes that maintaining the
stability of the LR-TIMAP/PP1c complex is a priority over increasing
the formation of this complex when dealing with no-reflow. Many
evidences from in vitro experiments also support this argument.

Non-phosphorylated TIMAP exists in the nucleus and cytoplasm,
while prenylated and phosphorylated forms of TIMAP are located
predominantly on the membrane [21,40]. Indeed, we merely focus
our attention on the distribution and interactions of TIMAP/PP1c
under respective conditions, and the precise molecular mechanism
on regulating the phosphorylation or prenylation of TIMAP, has not
been illuminated, which is worthy of further investigation.

Generally, our findings demonstrate that low level of phospho-LR
reduces no-reflow area through stabilizing the LR-TIMAP/PP1c com-
plex and promoting the stability of AJs and endothelial barrier. The
LR-dependent molecular mechanism has significant potential to
open up new therapeutic avenues that target stabilizing endothelial
barrier integrity to curb acute myocardial infarction and no-reflow.
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