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Abstract: Low-density lipoprotein receptor-related protein 5 (LRP5) has been studied as a
co-receptor for Wnt/p-catenin signaling. However, its role in the ischemic myocardium is largely
unknown. Here, we show that LRP5 may act as a negative regulator of ischemic heart injury via its
interaction with prolyl hydroxylase 2 (PHD2), resulting in hypoxia-inducible factor-1ac (HIF-1a)
degradation. Overexpression of LRP5 in cardiomyocytes promoted hypoxia-induced apoptotic cell
death, whereas LRP5-silenced cardiomyocytes were protected from hypoxic insult. Gene expres-
sion analysis (NRNA-seq) demonstrated that overexpression of LRP5 limited the expression of
HIF-1a target genes. LRP5 promoted HIF-1a degradation, as evidenced by the increased hydrox-
ylation and shorter stability of HIF-1a under hypoxic conditions through the interaction between
LRP5 and PHD2. Moreover, the specific phosphorylation of LRP5 at T1492 and S1503 is responsible
for enhancing the hydroxylation activity of PHD2, resulting in HIF-1a degradation, which is in-
dependent of Wnt/p3-catenin signaling. Importantly, direct myocardial delivery of adenoviral con-
structs, silencing LRP5 in vivo, significantly improved cardiac function in infarcted rat hearts,
suggesting the potential value of LRP5 as a new target for ischemic injury treatment.

Keywords: low-density lipoprotein receptor-related protein 5; myocardial infarction; hypox-
ia-inducible factor-1a; HIF-prolyl hydroxylases 2

1. Introduction

Hypoxia, the state of oxygen deficiency in tissues or organs, is a common feature of
cardiovascular diseases such as myocardial infarction (MI) [1,2]. MI results from blood
flow disruption, leading to irreversible myocardial tissue damage and permanent func-
tional deficits [3]. Hypoxia-induced myocardial cell death is the main manifestation of
MI. However, all organisms have an adaptive mechanism to maintain homeostasis
against hypoxia, which is mainly mediated by the hypoxia-inducible factor-1a (HIF-1cx)
transcription factor [4]. Under normoxia, HIF-1a is rapidly degraded and functionally
inhibited through the hydroxylation of its specific proline and asparagine residues by
HIF-prolyl hydroxylases (PHDs) and factor inhibiting HIF (FIH), respectively [3]. PHDs
hydroxylate proline residues (Pro402 and Pro564) of HIF-1a [5], inducing von hippel-
lindau protein (pVHL)-mediated ubiquitination and degradation [6]. Asparagine hy-
droxylation (Asn803) of HIF-1a by FIH inhibits its transcriptional activity by blocking the
recruitment of p300/CBP co-activator to the C-terminal transactivation domain (CAD) [7-
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9]. Under hypoxic conditions, however, PHD and FIH activities are blocked, limiting
HIF-1ae hydroxylation, which results in its stabilization and activation. HIF-1a then
translocates into the nucleus and forms a complex with HIF-1a, then binds to hypox-
ia-responsive elements (HREs), thereby upregulating the transcription of various genes
involved in cell adaptation and survival under hypoxic conditions [10,11]. Recent studies
have shown that HIF-1a is critical to rendering the heart resistant to hypoxic insults. For
example, ischemic preconditioning provided strong cardioprotection against ischemia
through the stabilization of cardiac HIF-1«, and treatment with the HIF-1a activator di-
methyloxaloylglycine (DMOG) attenuated myocardial infarction [12]. In addition,
HIF-1a activation by PHD?2 silencing attenuated myocardial ischemia-reperfusion injury
and enhanced the survival of stem cells transplanted in infarcted myocardium [13,14].

Low-density lipoprotein receptor-related protein 5 (LRP5) is a single-pass trans-
membrane protein belonging to the low-density lipoprotein receptor (LDLR) family that
functions as an essential co-receptor for Wnt/B-catenin signaling activation [15,16]. As a
Wnt co-receptor, loss-of-function mutations or altered expression of LRP5 have been
implicated in many complex human diseases including osteoporosis [17], tumorigenesis
[18,19], and hypercholesterolemia [20] through Wnt signaling abnormalities. Although
the inhibition of Wnt/[3-catenin signaling has been reported to protect against myocardial
death caused by ischemia/reperfusion (I/R) injury [21-24], the underlying mechanisms
have not yet been identified, and the role of LRP5, if any, remains unknown. Recent
studies demonstrated that double deletion of LRP5 and LRP6, a sister isoform of LRP5,
promotes ischemia-induced DNA damage in vivo [25], and LRP6*- mice show larger
strokes in brain ischemic injury [26]. Another study reported adverse myocardial re-
modeling in LRP57- mice after acute MI via abrogated Wnt signaling [27]. Genetic studies
have shown that LRP5 is not optimal for 3-catenin/T-cell factor (TCF) signaling stimula-
tion [28], but that LRP6 plays a more dominant role in Wnt signaling transduction [29].
This suggests that LRP5 structure and function may be optimized to perform a different
function regardless of Wnt-related signal pathways. Indeed, it was reported that LRP5
controls glucose uptake and growth of mammary epithelial cells independently from
Wnt signaling, whereas LRP6 has little impact on this effect [30]. Moreover, LRP6 defi-
ciency in the heart disrupts gap junction formation through the modulation of connexin
43 (Cx43), while LRP5 does not contribute to the regulation of the Cx43 gap junction [31].
These results further support the notion that LRP5 may have a unique role in patho-
physiological conditions, especially in the ischemic myocardium.

Therefore, the aim of this study was to examine the distinct role of LRP5 from that of
LRP6 in hypoxia-induced cardiomyocytes. Toward this end, we first examined the al-
tered levels of LRP5 and LRP6 in hypoxia-induced cardiomyocytes and determined the
effects of LRP5 and LRP6 on the viability of hypoxic cardiomyocytes. Furthermore, we
performed RNA-sequencing (RNA-seq) to investigate the pathways affected by LRP5 in
hypoxic cardiomyocytes. Our data showed that the upregulation of LRP5 enhanced
HIF-1a degradation in hypoxia-injured cardiomyocytes through its direct interaction
with PHD2. We also found that the effect on the stability of HIF-1a is mediated by the
phosphorylation of LRP5, which occurs independently of Wnt/f3-catenin signaling. This
study provides a novel target for the protection of cardiomyocyte ischemic death and
improvement of heart remodeling.

2. Results
2.1. Differential Effects of LRP5 or LRP6 on Hypoxia-Induced Cardiomyocyte Death

Although LRP5 and LRP6 are structurally similar and serve as co-receptors for Wnt
signal transduction, they display distinct functions according to tissue distribution and
pathophysiological conditions in several reports [30-33]. To better define the role of LRP5
and LRP6 in the ischemic myocardium, we first investigated the expression levels of
LRP5 and LRP6 in hypoxia-induced cardiomyocytes.



Int. J. Mol. Sci. 2021, 22, 6581

30f25

We observed that the expression of LRP5 was significantly upregulated under hy-
poxia in a time-dependent manner, while LRP6 was downregulated (Figures 1A and
S1A). The hypoxic stimulus also upregulated the transcriptional levels of LRP5 (Figure
S1B). Next, to investigate the role of LRP5 and LRP6 in cardiomyocytes under hypoxia,
we constructed adenoviral vectors expressing Myc tagged-LRP5 (Ad-LRP5) or VSVG
tagged-LRP6 (Ad-LRP6) (Figure S2A,B) or expressing an LRP5 or LRP6 targeting shRNA
(shLRP5 or shLRP6) to silence the endogenous expression (Figure S2C,D). Under hypoxic
conditions, the overexpression of LRP5 led to a decrease in cell viability of approximately
47.72% (for trypan blue assay) or 21.32% (for MTT assay) compared to that in the Ad-lacZ
control, whereas overexpression of LRP6 had no significant effect on cell viability com-
pared to that in Ad-lacZ-treated control cells (Figures 1B and S2E).

As shown in Figure 1C,D, LRP5 overexpression caused a significant increase in an-
nexin-V detection and Bax/Bcl-2 ratio in hypoxic cardiomyocytes. The pro-apoptotic
caspase-3 activity was also increased in LRP5-overexpressed hypoxic cardiomyocytes
(Figure S2F). We examined the altered expression of apoptotic markers in hypox-
ia-induced cardiomyocytes at 2 h for early apoptosis and 6 h for late apoptosis. In con-
trast, LRP5 silencing significantly prevented hypoxia-induced cell death (Figures 1E and
S2G) and attenuated the expression levels of apoptotic markers, such as annexin-V,
Bax/Bcl-2 ratio, and caspase-3 activity compared to shLamin control cells (Figures 1F,G
and S2H). However, LRP6 silencing decreased cell viability by approximately 37.53% (for
trypan blue assay) or 28.62% (for MTT assay) (Figures 1E and S2G) and caspase-3 activity
(Figure S2H) compared to shLamin control cells. These results suggest that LRP5 and
LRP6 may play different roles in hypoxic cardiomyocytes, and that hypoxia-induced
LRP5 expression might contribute to myocardial death. Therefore, we focused on re-
vealing the unique role of LRP5 in the ischemic myocardium.

2.2. LRP5 Regulates the Expression of HIF1-a Transcriptional Target Genes

To better understand how LRP5 promotes hypoxia-induced cardiomyocyte death
and its associated cellular processes, RNA-seq was performed on LRP5-overexpressed or
-silenced cardiomyocytes under hypoxia. Consistent with the enhancement of cell death
by LRP5, enrichment of the gene sets in gene ontology (GO) terms related to the apop-
totic process was increased, but the adaptive cellular response to hypoxia was decreased
in LRP5-overexpressed cardiomyocytes. These processes were restored in LRP5-silenced
cardiomyocytes (Figure 2A). Details of the GO assignment and Kyoto encyclopedia of
genes and genomes (KEGG) analysis are presented in Tables S1 and S2. KEGG pathway
analysis revealed that the HIF-1la signaling pathway was significantly suppressed by
LRP5 overexpression and enriched by LRP5 silencing. Heat maps of genes with signifi-
cant changes (22.0-fold change) in the HIF-1a transcriptional target gene sets (about 39
genes) that were affected by LRP5 overexpression are shown in Figure 2B. The mRNA
levels of most HIF-1a transcriptional target genes was downregulated by LRP5 overex-
pression compared to that in Ad-lacZ-infected cells under hypoxic conditions (Figure
20C).

To further validate the RNA-seq data, the mRNA levels of five representative
HIF-1a target genes (Bnip3l, Pfkfb3, Glut-1, VEGF, and EPO) were analyzed using
RT-qPCR. Consistent with the RN A-seq data, the mRNA levels of Bnip3l, Pfkfb3, Glut-1,
and EPO, but not VEGF, were significantly downregulated by LRP5 overexpression,
whereas they were markedly upregulated by LRP5 silencing (Figure 2D). These results
indicate that LRP5 may modulate the transcriptional activity of HIF-1a, resulting in al-
tered expression of its target genes in cardiomyocytes.
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Figure 1. Distinct role of LRP5 and LRP6 in hypoxia-induced cardiomyocyte death. (A) Representative western blots
showing LRP5 and LRP6 expression in cardiomyocytes exposed to hypoxic conditions (O2 1.2%) for 6 h. Protein levels
were normalized to B-actin levels. n = 4/group. Means + SD. * p < 0.05, *** p < 0.001 versus each control. (B) Relative per-
cent cell viability was assessed using trypan blue exclusion assay in Ad-lacZ-, Ad-LRP5-, and Ad-LRP6-infected hypoxic
cardiomyocytes. Normoxia (0221%) is indicated as “N”, and hypoxia is indicated as “H”. Cell viability was normalized
to the normoxic Ad-lacZ control. n = 4/group. Means + SD. *** p < 0.001 versus Normoxia; # p < 0.01 Ad-LRP5 versus
Ad-lacZ; % p < 0.01 Ad-LRP6 versus Ad-LRP5; NS, no significance. (C) Representative fluorescence image of Annexin
V-Cy3.18 staining (red) for Ad-lacZ- and Ad-LRP5-infected hypoxic cardiomyocytes. Nuclei were stained with DAPI
(blue). Scale bar, 200 um. Apoptosis rate was quantified with SIBIA software. n = 3/group. Means + SD. *** p < 0.001 ver-
sus Normoxia; ## p <0.001 Ad-LRP5 versus Ad-lacZ. (D) Representative western blots showing Bcl-2 and Bax expression
for Ad-lacZ- and Ad-LRP5-infected hypoxic cardiomyocytes. Results are presented as a ratio and converted into %. n =
3/group. Means * SD. * p < 0.05 versus Normoxia; ##p < 0.001 Ad-LRP5 versus Ad-lacZ. (E) Relative percent cell viability
assessed using trypan blue exclusion assay in AdLamin-, ShLRP5-, and shLRP6-infected hypoxic cardiomyocytes. Cell
viability was normalized to the normoxic Ad-lacZ control. G; n = 4; H; n = 3. Means + SD. *** p <0.001 versus Normoxia;
p < 0.05 shLRP5 versus shLamin; % p < 0.001 shLRP6 versus shLRP5; &¢p < 0.01 shLRP6 versus shLamin. (F) Representa-
tive fluorescence image of Annexin V-Cy3.18 staining (red) for AdLamin and shLRP5-infected hypoxic cardiomyocytes.
Nuclei were stained with DAPI (blue). Scale bar, 200 um. n = 3/group. Means + SD. *** p < 0.001 versus Normoxia; *p <
0.05 shLRP5 versus shLamin. (G) Representative western blots showing Bcl-2 and Bax expression for AdLamin- and
shLRP5-infected hypoxic cardiomyocytes. Results are presented as a ratio and were converted into %. n = 3/group.
Means + SD. * p < 0.05 versus Normoxia; #p < 0.01 shLRP5 versus shLamin.

All images shown are representative of those obtained from at least three inde-
pendent experiments.



Int. ]. Mol. Sci. 2021, 22, 6581

50f25

A EnrichedGO terms
Glucose homeostasis [l Ad-lacZ
=_— St
Apoptotic process ; [E1shLRPS

Negative regulation of transcription from i

RNA polymerase |l promoter

Oxidation-reduction process m—
Positive regulation of apoptotic process p—
Negative regulation of apoptotic process p—

Ghcontc process EEE
Response to hypoxia pr——
Celluiar response fo hypoxiz P ————

0 3 6 9 12
~log,y(p-value)

-3 0 3
Z score relative expression

Pifb3 2

Pdk1
— 1 KEGG Qathway LOC100911825
Ndrg1 0
Egini
Eno2
" Higd1a
Angpt2 =
: Toit
Metabolism vegfa
GCeng?
Slc2at

Fam182s
Erals
Hmox1
Cdknib
Ang
Bnip3
Nampt

HIF-1a signaling:

PI3K-Akt signaling

Cytokine-Cytokine
receptor interaction
FoxO signaling

TNF signaling

Glycolysis/Gluconeogenesis

Ad-lacZ  Ad-LRP5 shLRPS

157 O Ad-lacz 25 - = O Ad-lacz
ClAdLRPS ) f ] Ad-LRP5
g [shLRPS 28 4] = [ shLamin
B S B 23 O shLRPS
s || 25 15 . ,
= £
B % H B .R B 5 5 10 &, = o
o a o 2c il 5
a9 £8 =
R B il T B
: A
= all
0 0 . 4
Bnip3 Pfkfb3 Slc2a1 Vegfa Hk2 Eno2 Hmox1 Higdia Bnip3 Pfkfb3 Glut-1 VEGF EPO

Figure 2. Effect of LRP5 on gene expression profile under hypoxia. (A) Extracted total RNA from triplicate biological
samples was subjected to mRNA sequencing. GO enrichment analysis in the “Biological Process” category for genes in
Ad-lacZ-, Ad-LRP5-, and shLRP5-infected hypoxic cardiomyocytes. DEGs (differentially expressed genes) were included
with p < 0.05 and FC > 2.0 vs. normoxic Ad-lacZ. (B) Hierarchial analysis of differentially expressed KEGG pathways
(left) and a heatmap of HIF-1a transcriptional target genes (right) in the Ad-lacZ-, Ad-LRP5-, and shLRP5-infected hy-
poxic cardiomyocytes. Each fold change was calculated relative to the normoxic Ad-lacZ control. p < 0.05, FC > 2.0. (C)
The eight most significantly changed genes between Ad-lacZ and Ad-LRP5-infected hypoxic cardiomyocytes. Each fold
change was calculated relative to the normoxic Ad-lacZ control. (D) RT-qPCR confirmation of mRNA expression of se-
lected genes under 4 h of hypoxia. Gene expression was normalized to the arithmetic mean of three control genes
(GAPDH, f-actin, and a-tubulin). Fold change was calculated relative to the normoxic Ad-lacZ control or shLamin con-

trol, n = 3/group. Means + SD. * p <0.05, ** p < 0.01, *** p <0.001 versus each control.
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2.3. LRP5 Aggravates HIF-1a Stability in Hypoxic Cardiomyocytes

We tested whether LRP5 affects HIF-1a expression under hypoxic conditions. We
observed that the expression levels of HIF-1a rapidly increased under hypoxia and
peaked after 1 h from induction. HIF-la levels were markedly reduced in
LRP5-overexpressed cardiomyocytes under hypoxia compared with that in
Ad-lacZ-treated control cells (Figure 3A). In contrast, the expression levels of HIF-1a
were enhanced in LRP5-silenced cells compared to shLamin-treated controls (Figure 3B).
Since HIF-1a levels were significantly altered at 1 h under hypoxia in cardiomyocytes by
the altered LRP5 levels, we hypothesized that LRP5 affects the regulation of HIF-1a sta-
bility and not the transcriptional or translational processes. HIF-1a mRNA was constitu-
tively expressed under normoxic conditions and did not change under hypoxic condi-
tions or LRP5 overexpression (Figures 3C and S3A).

To assess whether LRP5 regulates HIF-1« stability, HIF-1a levels were evaluated in
HIF-1a-overexpressed cardiomyocytes treated with cycloheximide (CHX, 50 ug/mL), a
global inhibitor of protein synthesis. As shown in Figure 3D, the half-life of HIF-1a in
LRP5-overexpressed cells was significantly shorter (approximately 1.8 min) than that in
Ad-lacZ control cells (approximately 4 min), whereas LRP5 silencing prolonged the
half-life of HIF-1a to greater than 10 min. Moreover, LRP5 silencing enhanced hypox-
ia-induced nuclear translocation of HIF-1a, whereas overexpression of LRP5 dramati-
cally attenuated nuclear translocation of HIF-1la compared to control cells (Figures 3E
and S3B). Furthermore, HRE-dependent luciferase activity was significantly decreased in
LRP5-overexpressed cardiomyocytes compared with that in Ad-lacZ-treated cells (Figure
3F), while it was increased in shLRP5-treated cardiomyocytes compared with
shLamin-treated controls (Figure 3G). These results suggest that LRP5 negatively regu-
lates HIF-1a stability, leading to a subsequent decrease in target gene transcription by
HIF-1a.

2.4. LRP5 Enhances Hydroxylation of HIF-1a

To further investigate how LRP5 decreases HIF-1a levels, cells were treated with the
proteasome inhibitor MG132 to block the HIF-1a degradation. We observed that the level
of HIF-1at was not decreased in Ad-LRP5-treated cardiomyocytes following treatment
with MG132 in a dose-dependent manner under hypoxia (Figure 4A). These results
demonstrate that LRP5 may regulate the proteasomal degradation of HIF-1a under hy-
poxic conditions. PHDs (PHD1-3) serve as cellular oxygen sensors to regulate HIF-1a
stabilization by controlling its prolyl-hydroxylation (at Pro402 and Pro564) [34-36].
Therefore, we examined whether the hydroxylation of HIF-1a is altered by LRP5. As
shown in Figure 4B, the hydroxylated levels of HIF-1a (Hyp564) were significantly sup-
pressed (>80%) within 30 min after hypoxia induction in control cardiomyocytes. How-
ever, the levels of HIF-1a hydroxylation were not suppressed in LRP5-overexpressed
cells upon hypoxia. In addition, the decreased level of HIF-1a in LRP5-overexpressed
cardiomyocytes under hypoxia was significantly recovered in PHD2-silenced cells, but
not in PHD1- or PHD3-silenced cells (Figure 4C).

PHD2 activity was significantly decreased under hypoxia in a time-dependent
manner but increased in LRP5-overexpressed cardiomyocytes, and LRP5-silenced cells
exhibited a dramatic decrease in PHD2 activity compared with Ad-LRP5 cells (Figure
4D). The hydroxylated levels of HIF-1a were significantly enhanced upon PHD2 over-
expression, which was augmented by LRP5-overexpression, but dramatically suppressed
by LRPS silencing (Figure 4E). We observed that treatment with DMOG significantly re-
stored the HIF-1a levels decreased by LRP5 under hypoxia (Figure 4F). Subsequently,
cell viability was restored and caspase-3 activity was decreased by DMOG (Figure 4G, H).
Together, these results demonstrate that LRP5 plays a crucial role in the regulation of
PHD2-mediated HIF-1a hydroxylation.
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Figure 3. LRP5 aggravates HIF-1a stability in hypoxic cardiomyocytes. (A) Ad-lacZ- and Ad-LRP5-, and (B) shLamin-
and shLRP5-infected cardiomyocytes were exposed to either normoxia or hypoxia for 30 and 60 min and harvested for
western blotting. Representative western blot analysis showing HIF-1a protein levels in cardiomyocytes incubated for
increasing times under hypoxia. n = 4/group. Means + SD. ## p <0.001 Ad-LRP5 versus Ad-lacZ; NS, no significance; *** p
< 0.001 shLRP5 versus shLamin. (C) HIF-1a transcript levels quantified using RT-qPCR analysis. Gene expression was
normalized to the arithmetic mean of three control genes (GAPDH, (3-actin, and a-tubulin). n = 3/group. Means + SD. NS,
no significance. (D) Representative half-life of the HIF-1a protein in cardiomyocytes. Ad-lacZ-, Ad-LRP5-, shLamin-, and
shLRP5-infected cardiomyocytes were co-infected with Ad-HIF-1a and treated with CHX (50 ug/mL) for the indicated
times and then harvested at various time points for western blotting. Protein levels were normalized to {3-actin levels. n =
4/group. (E) Representative western blots showing HIF-1a expression in cytosolic and nuclear- fractionated lysates after
exposure to hypoxic conditions for 60 min. a-tubulin and lamin B were used as cytoplasmic and nuclear protein controls,
respectively. n = 4/group. Means + SD. ** p < 0.01 versus Normoxia; # p < 0.05 Ad-LRP5 versus Ad-lacZ; %% p < 0.001
shLRP5 versus Ad-LRP5. (F,G) Transactivation of HRE-luciferase activity. Cardiomyocytes were co-transfected with the
HRE luciferase reporter and pRL-TK vector (control for transfection efficiency) along with (F) Ad-lacZ- or Ad-LRP5 (G)
shLamin- or shLRP5- infection. Relative luciferase activity was the ratio of luciferase over renilla activity. Means + SD. ***
p < 0.001 versus Normoxia;  p < 0.05 Ad-LRP5 versus Ad-lacZ (F) or ** p < 0.001 versus Normoxia; # p < 0.05 shLRP5
versus shLamin (G). All images shown are representative of those obtained from at least three independent experiments.
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Figure 4. LRP5 regulates the hydroxylation of HIF-1a mediated by PHD2. (A) Representative western blots showing the
effect of MG132 on the expression of HIF-1a in Ad-lacZ- or Ad-LRP5-infected cardiomyocytes. Cardiomyocytes were
infected with the indicated adenoviruses for 48 h and treated with 1 and 10 uM MG132 for 6 h before exposure to hypoxic
conditions. n = 4/group. Means + SD. *** p < 0.001 versus Normoxia; *# p < 0.001 Ad-LRP5 versus Ad-lacZ; % p < 0.01
Ad-LRP5+MG132 (1 pM) versus Ad-LRP5 alone; & p < 0.001 Ad-LRP5+MG132 (10 uM) versus Ad-LRP5+MG132 (1
puM). (B) Determination of hydroxylated HIF-1a levels using a specific antibody recognizing Pro564-HIF-1a. Cardiomy-
ocytes were infected with the indicated adenoviruses for 48 h and treated with 10 uM MG132 for 6 h before exposure to
hypoxic conditions. n = 4/group. Means + SD. *** p <0.001 versus Normoxia; ## p < 0.001 Ad-LRP5 versus Ad-lacZ; ¥ p <
0.001 Ad-LRP5 versus Ad-lacZ; NS, no significance. (C) Representative western blot analysis showing HIF-1a protein
levels. Cardiomyocytes were transiently transfected with either negative siRNA (Nesi) or PHD1-3-specific siRNAs; 24 h
after transfection, cells were infected with Ad-lacZ or Ad-LRP5 for 48 h and then exposed to hypoxia for 90 min. n =
4/group. Means + SD. ** p < 0.001 versus Normoxia; # p < 0.01, ## P < 0.001 siPHDs-transfected versus Nesi; NS, no sig-
nificance. (D) PHD2 activity was evaluated using a biotinylated HIF-1a oxygen-dependent degradation domain and
hydroxylated control peptide (P.C.). n = 3/group. Means + SD. * p < 0.05 versus Normoxia; * p < 0.05, ## P <0.001 Ad-LRP5
versus Ad-lacZ; ¥ p < 0.05,%% p < 0.001 shLRP5 versus Ad-LRP5; NS, no significance. (E) Representative western blots
showing the effect of PHD2 expression on the expression of hydroxylated HIF-la in Ad-lacZ-, Ad-LRP5-, and
shLRP5-infected cardiomyocytes under hypoxic conditions (30 min). All groups were treated with 10 uM MG132 for 6 h
before exposure to hypoxic conditions. n = 3/group. Means = SD. *** p < 0.001 Ad-PHD2 versus control; # P < 0.05
Ad-LRP5+Ad-PHD2 versus Ad-LRP5 alone; % p < 0.01 Ad-LRP5+Ad-PHD2 versus Ad-lacZ+Ad-PHD2; && p < 0.001
shLRP5 versus Ad-lacZ or Ad-LRP5 w/ or w/o Ad-PHD?2. (F) Representative western blots showing the effect of DMOG
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on the expression of hydroxylated HIF-1a in Ad-LRP5-infected cardiomyocytes under hypoxic conditions (30 min). n =
3/group. Means + SD. *** p < 0.001 versus Normoxia; ## p < 0.001 Ad-LRP5 versus Ad-lacZ; %% p < 0.001 Ad-LRP5+DMOG
versus Ad-LRP5 alone. (G) Effect of DMOG on cell viability of Ad-LRP5-infected cardiomyocytes under hypoxic condi-
tions. Cell viability was normalized to the normoxic Ad-lacZ control. n = 3/group. Means + SD. *** p < 0.001 versus
Normoxia; # p < 0.01 Ad-LRP5 versus Ad-lacZ; %% p < 0.001 Ad-LRP5+DMOG versus Ad-LRP5 alone. (H) Measurement
of caspase-3 activity in DMOG treated Ad-LRP5-infected hypoxic cardiomyocytes. n = 3/group. Means + SD. ** p < 0.01
versus Normoxia; # p < 0.01 Ad-LRP5 versus Ad-lacZ; %% p < 0.001 Ad-LRP5+DMOG versus Ad-LRP5 alone. All images
shown are representative of those obtained from at least three independent experiments.

2.5. LRP5 Interacts with PHD?2 in Cardiomyocytes

Given that LRP5 contributes to HIF-1a hydroxylation through the function of PHD2,
we predicted that there would be functional interactions between LRP5 and PHD2. To
test this hypothesis, we expressed Ad-Myc-LRP5 ectopically in cardiomyocytes, and
immunoprecipitated LRP5 using an anti-Myc antibody. As shown in Figure 5A, endog-
enous PHD2, but not PHD1 or PHD3, was observed in the anti-Myc immunoprecipitate.
Next, we co-expressed Myc-LRP5 and PHD2 exogenously and performed immunopre-
cipitation analyses. When cell lysates were immunoprecipitated with an anti-PHD2 an-
tibody, Myc-LRP5 was successfully co-immunoprecipitated (Figure 5B). Reciprocally,
PHD2 was co-immunoprecipitated when cell lysates were immunoprecipitated with an
anti-Myc antibody (Figure 5C). Moreover, we observed an abundant PLA signal between
LRP5 and PHD?2 (Figure 5D). The interaction between LRP5 and PHD2 was significantly
augmented in LRP5-overexpressed cardiomyocytes followed by hypoxia compared with
Ad-lacZ control cells (Figure 5E).

We examined the effect of LRP5 expression on the interaction between HIF-1a and
PHD2. The levels of co-immunoprecipitated HIF-1a using an anti-PHD2 antibody were
consistently increased in LRP5-overexpressed cells under hypoxic conditions, as pre-
dicted. In contrast, in LRP5-silenced cells, the interaction between HIF-1a and PHD2 was
significantly decreased (Figure 5F). Although LRP5 and LRP6 are homologous, LRP6 did
not interact with PHD2 (Figure 5G). These results suggest that LRP5 regulates the stabil-
ity of HIF-1a protein through the regulation of PHD2 activity.

2.6. The Regulation of HIF-1a Stability by LRP5 Is Independent of Wnt/B-catenin Signaling

LRP5 is known as a Wnt co-receptor for the transduction of Wnt/{3-catenin signaling.
Phosphorylation of LRP5 by Wnt ligands inhibits glycogen synthase kinase 33 (GSK3(3)
phosphorylation by recruiting Axin, a scaffolding protein. Then, f-catenin is stabilized in
the cytoplasm and translocated into the nucleus [15,33]. To assess whether Wnt/{3-catenin
signaling is involved in LRP5-mediated regulation of HIF-1a stability, we first investi-
gated the p-catenin levels in LRP5- or LRP6-silenced cardiomyocytes. As shown in Figure
6A, LRP5 silencing did not alter B-catenin levels, whereas LRP6 silencing downregulated
the levels of -catenin. We also observed that the levels of Wnt3a were not altered LRP5
silencing (Figure S4A). B-catenin expression was not significantly changed at any time
point of hypoxia either in the cytosolic or the nuclear fraction (quantitative data not
shown) (Figures 6B and S4B). In addition, under hypoxic conditions, the mRNA levels of
Wnt/-catenin target genes, such as p-catenin, wnt3a, and axin2, did not show any signif-
icant alterations (Figures 6C and S4C). Furthermore, the overexpression or silencing of
LRP5 did not affect 3-catenin expression either in the cytoplasm or in the nucleus (quan-
titative data not shown) (Figure 6D).
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Figure 5. LRP5 interacts with PHD2. (A) Cardiomyocytes were infected with Ad-LRP5 and exposed to hypoxia as indi-
cated. Whole-cell lysates were subjected to immunoprecipitation using an anti-Myc antibody followed by western blot-
ting using the antibodies indicated to the right of the blot. n = 4/group. (B) Myc-tagged Ad-LRP5 and Ad-PHD2 were
co-infected into cardiomyocytes and exposed to hypoxia for 60 min. Whole-cell lysates were subjected to immunopre-
cipitation using an anti-PHD2 antibody followed by western blotting using the anti-Myc and anti-PHD2 antibodies. n =
4/group. (C) Cardiomyocytes were prepared as in (B), and lysates were subjected to immunoprecipitation using an an-
ti-Myc antibody followed by western blotting using the anti-Myc and anti-PHD2 antibodies. n = 4/group. (D) Proximity
ligation assay (PLA) was performed on cardiomyocytes using anti-PHD2 and anti-Myc antibodies. Nuclei were stained
with DAPI (blue). Scale bar, 200 pm. (E) Cardiomyocytes were infected with Ad-lacZ or Ad-LRP5, with or without hy-
poxia exposure. After 90 min, whole-cell lysates were subjected to immunoprecipitation using an anti-PHD2 antibody
followed by western blotting using an anti-LRP5 antibody. n = 3/group. (F) Cardiomyocytes were co-transfected with
adenoviruses as indicated and exposed to hypoxia. After 90 min, cell lysates were subjected to immunoprecipitation us-
ing an anti-PHD2 antibody followed by western blotting using the indicated antibodies. n = 3/group. (G) Cardiomyocytes
were infected with adenoviruses as indicated, and whole-cell lysates were subjected to immunoprecipitation using an
anti-PHD2 antibody or normal IgG followed by western blotting using the indicated antibodies. n = 3/group. All images
shown are representative of those obtained from at least three independent experiments.

These results indicate that acute hypoxia does not activate Wnt/f3-catenin signaling
and that LRP5 does not affect Wnt/B-catenin signaling in hypoxic cardiomyocytes. Thus,
the regulation of HIF-1a stability by LRP5 is independent of Wnt/pB-catenin signaling.



Int. ]. Mol. Sci. 2021, 22, 6581 11 of 25

o
A £ § § B
3 .} .}
5 _5 % 150 o Cytosol Nucleus
2020402040 MO) £5 = _ 01152 0 115 2 (Hypoxia, h)
f... “ = | B-catenin ‘g% 100 S:Htﬂg? o ——| 3_catenin
.9 OshLRP6 ) : 3 i
. . s a-tubulin
- sSRes 38 » R
See o 50 D o
. 14 0
B-actin 40 2040 2040 (MOI)
c D Cytosol  Nucleus E
NG N Ew
o Yo ¥ o
Ad-lacZ  Ad-LRPS5 shLRP5 8 Jx o —.’% 0 10 30 60 (Hypoxia, min)
#1 #2 #3 #1 #2 #3 #1 #2 s igi 2 gﬁ p-LRP5 (1”492)
Ctanb1 e Hypoxia - + + + - + + +
Axin2 °3 [F====—— ] pcatenin E p-LRP5 (S1503)
GSK3p = [— | c-tubulin [SSES =] total LRPS
Tcfd
Lef1 | - I Lamin B IEI B-actin
150
F ECD @ YWTD d . 0 E LS_; ﬁ_
jiomain X
GBBBrE o s A
® LDLR type A domain o S
2Z
/ \ 22 .
T1492D S1503A T1541D T1578D S1598A S1609A ® e
' \\\ SIT cluster ~ 0
XN ) 03 04 A5 A6 PPPS/TIP motif 0103060 0103060 (H, min)
p-LRP5 p-LRP5
(S1503)  (T1492)
G

H 90min

N
N
)
S
2

Ad-lacZ

=

m
' a
Relative HIF-1a
expression (a.u)

Figure 6. LRP5 regulates HIF-1a stability independently from the Wnt (3-catenin signaling pathway. (A) Representative
western blot analysis showing the expression of [-catenin in shLRP5 or shLRP6-infected cardiomyocytes. shLRP5/6-1:
MOI 20, siLRP5/6-2: MOI 40. n = 3/group. Means + SD. && p < 0.001 shLRP6 versus shLamin; NS, no significance. (B)
Representative western blots showing [3-catenin expression in cytosolic and nuclear-fractionated lysates at the indicated
hypoxic times. a-tubulin and lamin B were used as cytoplasmic and nuclear protein controls, respectively. n = 3/group.
(C) Heatmap of Wnt/p-catenin signaling-related genes in Ad-lacZ-, Ad-LRP5-, and shLRP5-infected hypoxic cardiomy-
ocytes. Fold change was calculated relative to the normoxic Ad-lacZ control. Ad-lacZ and Ad-LRP5; n =3, shLRP5; n=2.
(D) Representative western blots showing {3-catenin expression in cytosolic and nuclear-fractionated lysates after infec-
tion with adenoviruses as indicated. a-tubulin and lamin B were used as cytoplasmic and nuclear protein controls, re-
spectively. n = 3/group. (E) Cardiomyocytes were exposed to hypoxic conditions at the indicated times. Representative
western blots showing the expression levels of p-LRP5 (S1503) and p-LRP5 (T1492). Protein levels were normalized to
total LRP5 levels. n = 4/group. Means + SD. ** p < 0.001 versus Normoxia; NS, no significance. (F) Schematic diagram of
LRP5 phosphorylation site and site-directed mutagenesis. (G) Representative western blots showing the effect of LRP5
mutants on HIF-1a expression. Protein levels were normalized to {3-actin levels. n = 3/group. N.D: non-detected. Means +
SD. ## p <0.001 Ad-LRP5 versus Ad-lacZ; # p < 0.05, %% p < 0.001 versus Ad-LRP5; NS, no significance. All images shown

are representative of those obtained from at least three independent experiments.

LRP5 has six phosphorylation sites, one S/T cluster, and five PPPSP motifs in the
cytoplasmic domain that are pivotal for LRP5-participated signaling. To understand
whether phosphorylation of LRP5 is involved in the regulation of PHD2-mediated
HIF-1a stability under hypoxia, we investigated the phosphorylation of LRP5 and tested
the effects of mutants with altered LRP5 phosphorylation sites on HIF-1a stability. We
observed that exposure to hypoxia dramatically reduced the phosphorylated levels of
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LRP5 at Ser1503 originating from the first PPPSP motif in the intracellular domain (ICD)
in a time-dependent manner, but did not alter the phosphorylated levels of LRP5 at
Thr1492 (S/T cluster in ICD) (Figure 6E). Phosphorylated levels at Ser1503 were signifi-
cantly reduced within 30 min of hypoxia. Given that phospho-Ser1503 was decreased
within 30 min after hypoxia, and the reduction in HIF-1a stability by LRP5 occurred
within 60 min (Figure 3A), we hypothesized that the altered phosphorylated LRP5 may
be the signaling trigger behind the regulation of HIF-1« stability under hypoxia in car-
diomyocytes. To investigate this hypothesis, we constructed constructs in which each of
the six PPP(S/T)P phosphorylation motifs (T1492D, S1503A, T1541D, T1578D, S1598A,
and S1609A) in LRP5 ICD were mutated (Figure 6F) and examined the effects of each
construct on HIF-1a expression. Noticeably, the decrease in HIF-1a levels was prevented
fully in the T1492D (A1), S1503A (A2), and partly in the T1541D (A3) mutants, but not in
the T1578D (A4), S1598A (A5), and S1609A (A6) mutants (Figure 6G). The Al and A2
mutants almost completely restored HIF-1a expression in LRP5 overexpressing cells,
while A3 showed a marginal effect. These data demonstrate that the phosphorylation of
some PPP[S/T]P motifs in LRP5 is involved in the regulation of HIF-1a stability in hy-
poxic cardiomyocytes.

2.7. LRP5 Silencing Protects Ischemia/Reperfusion Injury In Vivo

Considering the above results, we further analyzed the functional effect of LRP5 in
myocardial injury in vivo. First, we observed that the expression of LRP5 was signifi-
cantly increased in the left ventricle of LAD-ligated rat hearts (Figure S5A). Then, ade-
noviruses expressing lacZ, LRP5, lamin, and shLRP5 were injected into the free walls of
the left ventricle of rats, and then the rats were subjected to ischemia/reperfusion injury
(I/R injury) three days after injection. We observed the success of adenoviral gene deliv-
ery using X-gal staining for (3-galactosidase activity in Ad-lacZ-infected heart tissues
(Figure S5B). LRP5 was successfully overexpressed in the left ventricles, a finding which
was confirmed by immunohistochemical staining of LRP5 using the Myc antibody (Fig-
ure S5C). Adenoviral shLRP5 successfully silenced LRP5 expression in vivo (Figure S5D).

Hemodynamic analyses revealed that LRP5 overexpression displayed a higher
end-diastolic pressure-volume relationship (EDPVR) slope than Ad-lacZ MI controls
(Figure 7A). In addition, cardiac function was significantly damaged in the Ad-LRP5 MI
models, as evidenced by decreased ejection fraction (EF), increased blood pressure, and a
reduction in the maximal rate of decrease in the left ventricular pressure (-dp/dt) com-
pared to Ad-lacZ MI models (Figure 7B). Conversely, LRP5-silenced models showed
prevention of I/R-induced cardiac injury compared with shLamin MI models (Figure
7A,B). Furthermore, smaller infarct size and fibrosis were observed in sShLRP5-MI hearts,
whereas Ad-LRP5 MI showed increased infarct size and fibrosis compared with Ad-lacZ
MI models (Figure 7C,D). In addition, the expression levels of HIF-1a were negatively
correlated with the levels of LRP5 in the I/R-injured myocardium (Figure 7E). Moreover,
we observed that PHD2 activity was significantly increased in Ad-LRP5-injected heart
tissues compared with that in Ad-lacZ hearts, and the levels were rescued in
shLRP5-injected hearts (Figure 7F). These results demonstrate that control of LRP5 ex-
pression enhances HIF-1a stability under ischemia, leading to decreased myocardial
damage and improved heart function.

3. Discussion

In this study, we show for the first time that LRP5 regulates PHD2-mediated HIF-1a
stability in the ischemic myocardium. First, LRP5 expression was significantly increased
in hypoxia-induced cardiomyocytes and was negatively correlated with the viability of
cardiomyocytes under acute hypoxia, whereas LRP6 expression was likely positively
correlated. In addition, LRP5 destabilized HIF-1a by interacting with PHD2, leading to
suppression of HIF-1a transcriptional target genes. Last, the LRP5-dependent regulation
of HIF-1a stability was independent of Wnt/(3-catenin signaling and specifically medi-
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ated by LRP5 phosphorylation at 51503. LRP5 silencing protected against I/R injury both
in vitro and in vivo. Taken together, these findings provide strong evidence suggesting
the potential use of LRP5 as a therapeutic target for ischemic myocardium.
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Figure 7. LRP5 silencing protects I/R injury in vivo. (A) Representative image of pressure-volume
loop analysis. (B) Statistical analysis of the results from the hemodynamic analysis, including ejec-
tion fraction (EF), heart rate, dp/dt max, and dp/dt min in each group. n = 5-8 rats/group. Means *
SD. * p <0.05, *** p < 0.001 versus sham control; # p < 0.05, # p < 0.01 Ad-LRP5 versus Ad-lacZ; ¥ p <
0.05 shLRP5 versus shLamin; NS, no significance. (C) Representative photographs of TTC-stained
myocardium sections from each experimental group. LV infarct size (white areas) is presented as a
percentage of the total ventricular area. n = 4 rats/group. Means + SD. ** p < 0.001 versus sham
control; #¥ p < 0.001 Ad-LRP5 versus Ad-lacZ; %% p < 0.001 shLRP5 versus shLamin. (D) Repre-
sentative Masson’s trichrome-stained images two weeks after I/R operation. Quantification is ex-
pressed as the percentage of fibrosis from the total area. Scale bars: 100 um. n = 4 rats/group. Means
+ SD. ** p < 0.001 versus sham control; # p < 0.01 Ad-LRP5 versus Ad-lacZ; # p < 0.05 shLRP5 ver-
sus shLamin. (E) Representative images of HIF-1a immunohistochemical staining in each experi-
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mental group. (F) Biotinylated HIF-1a oxygen-dependent degradation domain and hydroxylated
control peptide were detected using TMB substrate at 650 nm. n = 4 rats/group. Means + SD. # p <
0.05 Ad-LRPS5 versus Ad-lacZ; % p < 0.01 shLRP5 versus shLamin. (G) Schema of LRP5-mediated
HIF-1a stability regulation under hypoxia. Under normoxia, PHD2 hydroxylates HIF-1a; then,
proteasomal degradation of HIF-1a is facilitated. Under hypoxia, the hydroxylated activity of
PHD?2 is blocked and HIF-1a is stabilized. However, the phosphorylation of LRP5 at 51503 is in-
creased and interacted with PHD2 under hypoxia, leading to maintenance of its hydroxylated ac-
tivity. Consequently, HIF-1a is still partly degraded. All images shown are representative of those
obtained from at least three independent experiments.

To date, our understanding of LRP5 has been mostly limited to its role as a
co-receptor in canonical Wnt signaling. Wnt signaling has diverse functions in cardiac
development, homeostasis, and the repair process [33]. It is usually silent in normal adult
myocardium and reactivated after experimental MI injury in various animal models,
leading to cardio-hazardous results [37-39]. Cardiomyocyte-specific deletion of 3-catenin
or secreted frizzled-related proteins (sFRP) 1 and sFRP2-based Wnt antagonism has been
demonstrated to improve cardiac function and reduce infarct size, fibrosis, and neutro-
phil infiltration [21,22,40-42]. In addition, injection of DKK2, an antagonist of Wnt sig-
naling, binding to LRP5 and LRP6, was shown to be beneficial for infarct healing in a
cardiac ischemia/reperfusion model [43]. These results were partly supported by our
results showing that LRP5 overexpression increases I/R injury, whereas LRP5 silencing
decreases it. However, the direct role of LRP5 and its underlying mechanism in ischemic
myocardium have not yet been reported.

LRP5 is structurally similar to LRP6, and these two receptors have been proposed to
function similarly in the same contexts and signaling pathways. It was reported that loss
of either LRP5 or LRP6 alone did not show any alterations in intestinal differentiation
[44]. Another study found that LRP5 and LRP6 redundantly control skeletal develop-
ment in the mouse embryo [45]. However, recent studies showed that they display dis-
tinct functions [46]. For example, although LRP5 is expressed during embryogenesis,
Lrp57 mice are viable and do not show any developmental abnormality, whereas Lrp6--
mice die at birth, indicating that LRP6 is more critical than LRP5 in developmental pro-
cesses [44,47]. Moreover, LRP6 appears to be crucially important for glucose and lipid
metabolism signaling [29,48], while LRP5 plays a more important role in bone-mass
phenotype [47,49].

In this study, we identified the unique role of LRP5 in the ischemic myocardium.
LRP5 overexpression significantly increased apoptotic signals and subsequently led to
decreased viability of cardiomyocytes under hypoxia. We further identified for the first
time the direct interaction between LRP5 and PHD2, leading to enhanced HIF-1a deg-
radation and decreased transcriptional levels of its target genes, Pfkfb3, Glut-1, and EPO.
In mammals, three PHD isoforms (termed PHDI1-3) exist, and PHD2 and PHD3 are
known to be highly expressed in the heart [50]. Consistently, although we observed that
both PHD2 and PHD3, but not PHD1, were significantly upregulated under hypoxic
conditions, LRP5 only interacted with PHD?2, increasing its hydroxylation activity. All
PHD enzymes operate on both HIF-1a and HIF-2a, although relative isoform selectivity
is observed. PHD2 is the most important enzyme in regulating the general levels of
HIF-1a,, whereas the more tissue-restricted isoforms PHD1 and PHD3 seem to be
somewhat more active against HIF-2a [36,50].

Our data from the RNA-seq analysis showed an evident relationship between LRP5
and HIF-1a signaling in cardiomyocytes. The expression of most HIF-1a transcriptional
target gene sets (approximately 39 genes) was affected by LRP5 levels, with the exception
of several genes. These exceptions might be due to variations in the experimental condi-
tions such as the hypoxia incubation time. Moreover, these results are consistent with
previous reports showing that HIF-1a governs the acute adaptation to hypoxia, whereas
HIF-2 and HIF-3 expression is triggered during chronic hypoxia. [51]. Although some
reports have shown that both HIF-1a and HIF-2a were stabilized under low-oxygen
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conditions, HIF-1a levels remained high to mediate the acute response and decreased
during prolonged hypoxia, whereas HIF-2a stabilized to regulate the cellular response
under prolonged hypoxia [52,53]. HIF-2a seems to be more stable than HIF-1a at higher
oxygen levels. Other reports also support that HIF-2a levels are stabilized relatively later
and tend to play a crucial role during chronic hypoxia (24-72 h) [54-57]. Therefore,
HIF-1a activation in acute ischemic hearts has been considered a target for therapeutic
strategies. Based on our results, we suggest the potential use of LRP5 as a target to regu-
late HIF-1a activation in the ischemic myocardium.

Moreover, we compiled evidence demonstrating the different functions of LRP5 and
LRP6 in the ischemic myocardium. LRP5 and LRP6 showed opposite expression patterns
in hypoxia-induced cardiomyocytes. The viability of cardiomyocytes under hypoxia was
significantly decreased in LRP5-overexpressed cells. Consistently, apoptotic signals were
more activated in hypoxic cardiomyocytes after LRP5 overexpression. In addition, it is
remarkable that LRP6 deletion led to a decrease in cell viability and increases in apoptotic
signals including caspase-3 activity and Bax/Bcl-2 ratio (Figure 1G-I). We further ob-
served that LRP6 did not interact with PHD2. These results demonstrated that LRP5 and
LRP6 have distinct roles in cardiac biology. A previous study showed that the double
deletion of LRP5 and LRP6 promotes ischemia-induced DNA damage in vivo [25].
However, this study could not address the independent role of LRP5 because the results
of the study were obtained using double deletion mutants to achieve absolute abrogation
of Wnt signaling. Conversely, another study showed the protective potential of LRP6 in
brain ischemic injury [26]. Therefore, the unique role of LRP6 distinguished from LRP5 in
ischemic myocardium and its underlying mechanisms need to be further investigated.

Another remarkable difference between LRP5 and LRP6 function is that their role in
Wnt signal activation might be different, although both LRP5 and LRP6 are known as
Wnt co-receptors. Similarly, while LRP5 weakly activates Wnt signaling in mammalian
cell cultures in the absence of exogenous Wnt ligands, LRP6 is highly active in this re-
gard. The difference between the two receptors might be due to the differential signaling
activity in the cytoplasmic domain [16,28,44]. In addition, we showed that the regulation
of HIF-1a stability by LRP5 is mediated by the phosphorylation of PPP[S/T]P motifs,
specifically T1492 and S1503, in the cytoplasmic domain. These results indicate that
PPPSP motifs in LRP5 or LRP6 independently participate in their unique signaling
pathways. Consistently, our results also demonstrated that only LRP6 silencing in car-
diomyocytes was implicated in the downregulation of [3-catenin expression (Figure 6A),
indicating that LRP6 is a more effective transducer of Wnt activation than LRP5. As
shown in Figure 6B, {-catenin levels did not change at low O: levels (1.2%) and short
exposure time (30-120 min), indicating that the Wnt/{3-catenin signaling pathway is not
affected by acute hypoxic conditions. Several studies have reported that Wnt signaling is
activated during remodeling processes such as wound healing followed by MI and that
the increase in Wnt signaling-related genes is observed one week after MI, gradually
decreasing after two weeks [58,59]. Therefore, the role of LRP5 in the myocardium under
acute ischemia is independent of Wnt signaling, while Wnt signaling activation occurs
during infarct healing in inflammation, fibrosis, and neovascularization.

In this study, we demonstrate a novel regulatory mechanism in ischemic myocar-
dium consisting of the direct interaction between LRP5 and PHD2, which influences the
stability of HIF-1a, a key molecule involved in the protection of cardiac death under is-
chemia. Indeed, hydroxylated HIF-1a expression was significantly increased by overex-
pression of PHD2 alone. Overexpression of LRP5 alone also resulted in a similar trend of
increased hydroxylated HIF-1aw expression. However, siRNA knockdown of LRP5 and
overexpression of PHD2 did not further upregulate the expression of hydroxylated
HIF-1a (Figure 4E). In addition, our findings indicate that the phosphorylation of LRP5 at
51503 is increased, thereby resulting in the interaction with PHD2 and maintaining its
hydroxylation activity, then promoting the proteasomal degradation of HIF-1a (Figure
7G).
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These findings suggest a novel role of LRP5 in the regulation of HIF-1a under hy-
poxia and that LRP5 might be a fine regulator that controls HIF-1a stability depending
on the oxygen concentrations under hypoxic conditions. Although the PHD inhibitors are
licensed for clinical use in chronic kidney disease [60], our data provide a new cardio-
myocyte-or heart-specific target against hypoxic insult. This may expand the research
approach for developing a treatment for ischemia-induced heart injury. We suggest that
the role of LRP5 as a regulator of HIF-1a stability under hypoxic conditions can be ex-
ploited as a novel therapeutic strategy targeting LRP5 for the treatment of myocardial
infarction.

4. Materials and Methods
4.1. Primary Culture of Rat Cardiomyocytes

Neonatal rat cardiomyocytes were isolated from the hearts of rat pups using the
method previously described [61]. Briefly, isolated hearts were washed with Dulbecco’s
phosphate-buffered saline solution (pH 7.4, WELGENE, Korea), minced to approxi-
mately 0.5 mm? sized pieces, and treated with 5 mL collagenase II (1.4 mg/mL, 270
units/mg, Gibco; Thermo Fisher Scientific, Waltham, MA, USA) solution for 5 min. Then,
the supernatants were removed and washed with alpha modification minimum essential
medium (a-MEM) with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin
solution (Carpricorn Scientific, Ebsdorfergrund, Germany). The pellets were resus-
pended in collagenase II and incubated in a 37 °C humidified atmosphere chamber con-
taining 5% CO: for 7 min. This procedure was repeated until the tissues were completely
digested. The resulting cell pellets were resuspended in a-MEM, and cells were attached
to 100 mm culture dishes for 30 min at 37 °C. Non-adherent cardiomyocytes were cul-
tured for the experiment in a-MEM containing 10% FBS, 1% penicillin/streptomycin so-
lution, and 0.1 mM Bromodeoxyuridine (BrdU, Sigma-Aldrich, St. Louis, MO, USA) to
eliminate fibroblast expansion.

4.2. Production, Purification, and Administration of the Adenoviruses

Recombinant adenoviruses expressing full-length human LRP5 with a C-terminal
Myc tag (named Ad-LRP5) and full-length human LRP6 with a C-terminal VSVG tag
(named Ad-LRP6) were constructed using ViraPower™ Adenovirus Expression System
(Invitrogen; Thermo Fisher Scientific). @An adenoviral vector expressing
lacZ-B-galactosidase (named Ad-lacZ) was used as infection control. The constructs were
then used in an LR recombination reaction with the pAd/CMV/V5/DEST gateway vector
to generate an adenoviral expression clone. Then, the constructed adenoviral vector was
transfected into 293A cells using Lipofectamine 2000 reagent (Invitrogen; Thermo Fisher
Scientific) after digestion with Pac I restriction enzyme. Adenoviral particles were titered
using the Adeno-X™ qPCR titration kit (Takara; Clontech, Otsu, Japan). Isolated cardi-
omyocytes were infected with Ad-LRP5 (multiplicity of infection (MOI) of 10) or
Ad-LRP6 (MOI of 10) for 48 h before exposure to hypoxic conditions. The shRNA tar-
geting rat LRP5 (named shLRP5) and rat LRP6 (named shLRP6) were generated using a
BLOCK-iT™ Adenoviral RNAi Expression system (Invitrogen; Thermo Fisher Scientific).
The RNAIi nucleotide sequence targeting rat LRP5 was
5-GCUGUUCAGCCAG-AAAUUU-3" and that targeting rat LRP6 was
5-GGUUGUUCCCAUUUGUGUU-3'. Double-stranded oligonucleotides cloned in the
BLOCK-iT™ U6 entry vector were used in an LR recombination reaction with the
PAd/BLOCK-iT™-DEST vector to generate an adenoviral expression clone. The
pAd-GW/U6-laminshRNA adenoviral vector (named shLamin) was used as an infection
control. Adenoviral particles were titered using the Adeno-X™ qPCR titration kit (Takara;
Clontech). Isolated cardiomyocytes were infected with shLRP5 (MOI of 40) or shLRP6
(MOQI of 40) for 72 h before exposure to hypoxic conditions. Point mutagenesis of the
LRP5 phosphorylation site was performed with a QuikChange site-directed mutagenesis
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Kit (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer’s in-
structions. The lists of mutagenic primers are provided in Table 1.

4.3. siRNA Transfection

For siRNA-mediated knockdown of PHD1-3, cells were transfected with 60 nM of
the targeting or negative siRNA using siLentFect (Bio-Rad Laboratories, Hercules, CA,
USA) for 72 h according to the manufacturer’s instructions. The sequences of siRNA
targeting PHD1-3 and the negative control are provided in Table 1.

4.4. Hypoxia Treatment

Hypoxia treatment was induced using the method previously described [62,63].
Briefly, cardiomyocytes were carefully washed twice with hypoxic medium (serum-free
and replacing with N2 gas for 30 min) and subjected to hypoxia to mimic the in vivo
conditions of myocardial ischemia. The cells were placed in an incubator at 37 °C. N2
(95%) and CO: (5%) were flushed into the incubator to bring the oxygen content down to
1.2%, which was monitored using an oxygen probe (Vision Scientific, Korea). Normoxic
cardiomyocytes were maintained at 37 °C in a separate incubator with a normoxic at-
mosphere (0221%).

4.5. Cell Viability

For the cell viability assay, experimental cells were evaluated on both MTT and
Trypan blue assays. MTT assay was performed using the CellTiter 96 Aqueous One So-
lution Cell Proliferation Assay (Promega, Madison, WL, USA) according to the manu-
facturer’s instructions. The absorbance was measured at 490 nm using an ELISA reader
(TECAN, infinite M200 PRO; Life Sciences, Redmond, WA, USA). For Trypan blue assay,
cells were detached by trypsinization and stained with 0.4% Trypan blue dye. Viable cells
were counted under the microscope using a hemocytometer counter. The viability of the
control was regarded as 100%.

4.6. Luciferase Reporter Assay

To analyze the in vitro relationship between LRP5 and HIF-1a under hypoxic con-
ditions, a luciferase reporter assay was performed. A luciferase reporter construct con-
taining three HREs was purchased from Addgene (26731). HRE-luciferase reporter
plasmid and Renilla luciferase vector (pRL-TK; Promega) were transiently transfected
into control, LRP5-overexpressed- or LRP5-silenced cardiomyocytes for 24 h. Next, cells
were exposed to normoxic or hypoxic conditions. Cell lysates were harvested for both
firefly and Renilla luciferase assay analyses using the Dual-Luciferase Reporter Assay
System (Promega) as described in the manufacturer’s protocol. The HRE-Luciferase ac-
tivity was measured using a Micro-Lumat Plus LB96V luminometer (EG&G Berthold,
Bad Willdbad, Germany). Data were normalized to the Renilla luciferase activity to ac-
count for differences in transfection activity.

4.7. Nuclear Extract Preparation

Cells were lysed with cytosol extraction buffer (10 mM HEPES; pH 7.5, 3 mM MgCl,
14 mM KCl, 5% glycerol, and 1 mM DTT) for 10 min on ice. Then, NP-40 at a 0.4% final
concentration was added and vortexed for 10 s. The cell suspensions were centrifuged for
2 min at 5000 rpm at 4 °C, and the supernatants containing the cytosolic fractions were
removed. The pellets were washed three times in the same lysis buffer and then lysed
with nuclear extraction buffer (10 mM HEPES; pH 7.5, 3 mM MgClz, 400 mM NaCl, 5%
glycerol, and 1 mM DTT) and sonicated. After 30 min of incubation, the pellet suspen-
sions were centrifuged for 10 min at 14,000 rpm at 4 °C. Supernatants containing the nu-
clear fractions were used for western blotting. Anti-lamin B (sc-374015; Santa Cruz Bio-
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technology) and anti-a-tubulin (sc-5286; Santa Cruz Biotechnology) were used as nuclear
and cytoplasmic loading controls, respectively.

4.8. Apoptosis Assay

The hypoxia-induced cardiomyocyte apoptosis rate was determined using the An-
nexin V-Cy3 apoptosis detection kit (Sigma—Aldrich) or colorimetric Caspase 3 Assay kit,
(Sigma-Aldrich) according to the manufacturer’s instructions. Annexin V-Cy3 labeled
cells were then visualized using a laser scanning confocal microscope (Fluoview FV1000,
Olympus, Tokyo, Japan). For the detection of Caspase-3 activity, cell lysates were com-
bined with an equal amount of substrate reaction buffer containing caspase-3 colorimet-
ric substrate (Ac-DEVD-pNA). Then, the absorbance was measured at 405 nm using an
ELISA reader (TECAN, infinite M200 PRO; Life Sciences).

4.9. PHD?2 Activity Assay

To analyze the in vitro activity of PHD2, we used biotinylated HIF-1a oxy-
gen-dependent degradation domain (Biotin-DLDLEALAPYIPADDDEFQL; from amino
acids 556 to 575 of HIF-la) and  hydroxylated control  (Bio-
tin-DLDLEALAP[OH]YIPADDDFQL) peptides immobilized on streptavidin and bovine
serum albumin (BSA)-coated 96 well plates. After exposure to hypoxia, cardiomyocytes
were harvested and lysed with hypotonic buffer (20 mM HEPES; pH 7.4, 5 mM NaF, 10
UM NasVOs, 0.1 mM EDTA, protease inhibitor cocktail, and 2 mM DTT) for 20 min. Then,
NP-40 at a 0.5% final concentration was added. Equal quantities of protein (50 ug/well)
were incubated with reaction buffer (Tris-Cl; pH 7.5, 5 mM KCl, 1.5 mM MgCl2, 2 mM
DTT, 0.5 mM 2-OG, and 1 mM ascorbate) for 1 h at RT. Samples were incubated with
anti-hydroxy-HIF-1a primary antibody (3434P; Cell Signaling Technology), followed by
the addition of goat anti-rabbit HRP-conjugated secondary antibody. Peptide hydrox-
ylation was detected at 650 nm using TMB substrate.

4.10. Proximity Ligation Assay

In situ interaction between LRP5 and PHD2 was detected using a Proximity Ligation
Assay kit, Duolink (Sigma—-Aldrich, DUO92101). Cells were fixed and permeabilized as
described in the immunofluorescence method. Antibody incubation and probe amplifi-
cation were performed according to the manufacturer’s instructions. A negative control
experiment was performed where only one primary antibody was incubated with the
PLA probes. The fluorescent signals in the cells were visualized using laser scanning
confocal microscopy (Fluoview FV1000, Olympus).

4.11. Immunoprecipitation Assay and Western Blotting

To analyze the interaction between LRP5 and PHD2, we performed an immunopre-
cipitation assay. Cells were washed once in PBS and lysed in RIPA buffer containing
protease inhibitor cocktail and 1 mM phenylmethylsulfonyl fluoride (PMSF). Protein
concentrations were determined using a Bradford Protein Assay Kit (Bio-Rad). Equal
quantities of protein were separated on 6-12% SDS-PAGE and transferred to a polyvi-
nylidene difluoride membrane (Bio-Rad). After membrane blocking with Tris-buffered
saline-Tween 30 (TBS-T, 0.1% Tween 20) containing 5% skim milk for 1 h at RT, the
membranes were incubated with primary antibodies overnight at 4 °C using the follow-
ing antibodies: rabbit anti-HIF-1a (NB100-479), rabbit anti-PHD2 (NB100-2219), rabbit
anti-PHD3 (NB100-139) from Novus Biologicals; rabbit anti-LRP5 (5731), rabbit an-
ti-LRP6 (2560), rabbit anti-Hydroxy-HIF (Pro564) (3434P), rabbit anti-Bax (2772), mouse
anti-Myc tag (2276) and rabbit-anti LRP6 (phospho 51490) (2568) from Cell Signaling
Technology; rabbit anti-f3-catenin (ab32572), rabbit anti-PHD1 (ab113077) and rabbit an-
ti-LRP5 (phospho T1492) (ab203306) from Abcam; mouse anti-Bcl-2 (610538) from BD
Biosciences; rabbit anti-VSVG tag (ADI-MSA-115) from Enzo Life Sciences. Blots were
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washed five times for 25 min with TBS-T (0.1% Tween 20) and then incubated with a
horseradish peroxidase-conjugated secondary antibody for 1 h at RT. Immuno-reactive
proteins were detected using an ECL system. Image ] software was used for quantifica-
tion. For the immunoprecipitation assay, lysates were precleared with protein
A/G-Agarose beads (Santa Cruz Biotechnology) before adding the antibody. Then, after
removing the protein beads by centrifugation, the supernatants were incubated over-
night at 4 °C with the following primary antibodies: mouse anti-myc tag (2276) from Cell
Signaling Technology, mouse anti-PHD2 (AM09354PU) from Origene Technologies or
isotype control immunoglobulin G (IgG) (sc-2025) from Santa Cruz Biotechnology. Next,
A/G-Agarose beads were added and incubated for 4 h at 4 °C with rotation, after which
bead-antibody complexes were washed four times with EBC washing buffer (20 mM Tris,
500 mM NaCl, 1 mM EDTA, 0.5% NP-40). Inmunoprecipitated proteins were denatured
in SDS sample buffer and boiled for 5 min. Samples were analyzed using western blot-
ting.

4.12. Gene Expression Analysis and Heat Map

Total RNA isolation from Ad-lacZ-infected normoxic cells and Ad-lacZ- or
Ad-LRP5-infected hypoxic cells was performed using Trizol reagent (QIAGEN, Hilden,
Germany) according to the instructions provided by the manufacturer. mRNA sequenc-
ing and analysis were performed by the e-biogen Company. A p-value of < 0.05 was used
to generate lists of differentially expressed genes. Gene Ontology enrichment analysis
and KEGG enrichment analysis were conducted using the DAVID 6.8 tool
(http://david.abcc.ncifcrf.gov/, accessed date: Feb. 20. 2020). Heat maps were created us-
ing the FunRich 3.1.3 software (http://www.funrich.org/, accessed date: Feb. 20. 2020). A
p-value of < 0.05 was regarded as significant.

4.13. Quantitative Real-Time PCR (RT-qPCR) Analysis

Total RNA was isolated from cells using Trizol reagent (QIAGEN) according to the
instructions provided by the manufacturer. Total RNA was subjected to reverse tran-
scription using the 1st-Strand cDNA Synthesis kit (Takara). Real-time quantitative PCR
with realHelix TM qPCR kit (NanoHelix, Daejeon, Korea) was performed by the SYBR
Green method using an Applied Rotor-Gene 3000™ (Corbett Research, Sydney, Austral-
ia). Primer efficiency was calculated for RT-qPCR using the slope of the calibration curve
according to the equation: E = 10"slopel [64]. Relative mRNA levels were normalized to
the arithmetic mean of values from three reference genes (GAPDH, f-actin, and
a-tubulin). A list of the primers is provided in Table 1.

Table 1. List of primers and oligos used for qPCR, site-directed mutagenesis, and siRNA silencing.

qPCR Primers
Gene Forward (5'-3') Reverse (5-3')
LRP5 AGGCCCTACATCATTCGAGG GGGGTCTGAGTCCGAATTCA
BNIP3 CTGCACTTCAGCAATGGG CTCTTGGAGCTGCTTCGT
PFKFB3 CAGTCCTGAAACTGACGC GACAGCCTCTGACCTCTC
GLUT-1 GCCTGAGACCAGTTGAAAGCAC CTGCTTAGGTAAAGTTACAGGAG
VEGF TTACTGCTGTACCTCCACC ACAGGACGGCTTGAAGATG
EPO AGGGTCACGAAGCCATGAAG GATTTCGGCTGTTGCCAGTG
HIF-1a GGTGGATATGTCTGGGTTGAG TTCAACTGGTTTGAGGACAGA
B-CATENIN AGGGGTCCTCTGTGAACTTG CAGCAGTCTCATTCCAAGCC
WNT3a ATTTGGAGGAATGGTCTCTCG GCAGGTCTTCACTTCGCAAC
AXIN2 CGCTAGGCGGAATGAAGA GTATGCACCATCTTGGTC
GAPDH CAGTGCCAGCCTCGTCTCAT TGGTAACCAGGCGTCCGATG
B-ACTIN AGGGAAATCGTGCGTGAC CGCTCATTGCCGATAGTG
a-TUBULIN GGTTGAGCCCTACAATTCC CAATGTCGAGGTTTCTACG
Site-Directed Mutagenesis
Mutants Forward (5'-3') Reverse (5-3')
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T1492D TCCAGCACGAAGGCCgacCTGTACCCGCCGATC GATCGGCGGGTACAGgtcGGCCTTCGTGCTGGA
S1503A  ATCCTGAACCCGCCGCCCgCCCCGGCCACGGACCCCT AGGGGTCCGTGGCCGGGGGGGCGGCGGGTTCAGGAT
T1541D AATGGCGCCCCCGACGgacCCCTGCAGCACCGACG CGTCGGTGCTGCAGGGgtcCGTCGGGGGCGCCATT
T1578D TATCCACCCCCACCCgacCCCCACAGCCAGTAC GTACTGGCTGTGGGGgtcGGGTGGGGGTGGATA
S1598A GGACAGCTGCCCGCCCgCGCCCGCCACCGAGAG CTCTCGGTGGCGGGCGcGGGCGGGCAGCTGTCC
S1609A CTTCCCGCCCCCTCCGgCCCCCTGCACGGACTC GAGTCCGTGCAGGGGGcCGGAGGGGGCGGGAAG
Oligos for siRNA

Gene Sequence (5-3')

PHD1 GCUAGCAUCGGGACAGAAAGG

PHD2 GCGGAGGUAUUCUUCGAAUUU

PHD3 GGCUGGAUCUGGAGAAGAUCG

Negative control

UUCUCCGAACGUGUCACGU

4.14. Immunofluorescence Staining

Cardiomyocytes were cultured in 24-well plates with cover glass. Cells were fixed
with 4% paraformaldehyde for 15 min and permeabilized with 0.2% Triton X-100 for 10
min at RT. After washing, cells were blocked with 2% BSA in PBS for 1 h, removed from
the blocking solution, and incubated overnight at 4 °C with rabbit anti-HIF-1a
(NB100-479; Novus biologicals) and mouse anti-LRP5 (sc-390267; Santa Cruz Biotech-
nology). Cells were washed and incubated with mouse anti-rabbit IgG-TR (sc-3917; Santa
Cruz Biotechnology) and goat anti-mouse IgG-FITC (ab6785; Abcam) at RT for 1 h in the
dark. Then, cells were gently washed with PBS and visualized using laser scanning con-
focal microscopy (Fluoview FV1000, Olympus).

4.15. Animal Models of Ischemia/Reperfusion Injury

All animal studies were conducted in accordance with the International Guide for
the Care and Use of Laboratory Animals. The protocol was approved by the Animal Re-
search Committee of the Chosun University School of Medicine (Protocol No.
CIACUC2018-50004). Sprague Dawley Rats (seven weeks old) and neonatal rats on
Sprague Dawley background were purchased from Samtako Bio Korea company under
specific pathogen-free (SPF) conditions. Animals were fed a standard laboratory diet
with water and kept on a 12-h light/12-h dark cycle in a temperature-controlled room. An
ischemic/reperfusion (I/R) model was established in 7-week-old Sprague-Dawley male
rats (250 g) by surgical occlusion of the left anterior descending (LAD) coronary artery as
described previously [63,65]. Briefly, rats were anesthetized with a Zoletil 50 (Tiletamine
25 mg, Zolazepam 25 mg/mL)-Rompun (Xylazine HCL 23.3 mg/mL) mixture (5:1, 45
mg/kg intraperitoneally) and ventilated with room air via tracheal intubations connected
to a Harvard ventilator. Following the left lateral thoracotomy located between the third
and fourth ribs, the pericardium was incised and the left anterior descending coronary
artery was ligated with sterile 6-0 silk suture. Proper ligation for the myocardial infarc-
tion model was verified by visual observation of the left ventricle wall turning pale. After
60 min of regional myocardial ischemia, the ligation was released after removal of the 6-0
silk suture to allow reperfusion. Sham-operated animals underwent the same procedure
without occlusion of the left anterior descending coronary artery. To determine the effect
of LRP5 in myocardial infarction models in vivo, animals were injected with adenoviral
constructs expressing lacZ, LRP5, shLamin, or shLRP5 (2 x 10" particles) before operat-
ing. The adenovirus constructs were injected at three different sites into the anterior left
ventricular free wall using a 32G needle. Sham-animals were injected with saline. Ade-
novirus infection efficiency was assessed using western blot analysis after three days.
Sham, Ad-lacZ, Ad-LRP5, shLamin, and shLRP5 injected experimental animals were
re-anesthetized three days later, and left anterior descending coronary artery ligation was
performed.



Int. J. Mol. Sci. 2021, 22, 6581

21 of 25

4.16. X-gal Staining of Tissues

To analyze the in vivo expression of adenoviral vectors, we performed a
[-galactosidase activity assay. For visualization of p-galactosidase activity, lacZ adeno-
virus-injected fresh rat heart tissues were excised and post-fixed with 4% paraformal-
dehyde for 4 h at 4 °C followed by incubation with 30% sucrose overnight at 4 °C. The
heart tissues were mounted on a standard cryomold with OCT compound and cut into 20
um serial sections using a cryostat (Thermo Fisher Scientific). Then, serial sections were
stained overnight at 37 °C with X-gal using a senescence [3-galactosidase histochemical
staining kit (Sigma—Aldrich). Stained sections were captured using microscopy (Olym-

pus).

4.17. Histological Analysis and Immunohistochemistry

To analyze the functional effects of adenoviral vector introduction in vivo, we per-
formed histological analysis and immunohistochemistry. Briefly, the hearts were excised
and fixed with 4% formaldehyde. After dehydration, the heart tissues were embedded in
paraffin wax and sectioned at 4 um thickness. The levels of collagen deposition were
determined with Masson’s trichrome staining (American MasterTech, Lodi, CA, USA).
Areas of fibrosis tissue and total tissue in each field were measured and evaluated as the
percentage of fibrosis tissue area to total tissue area using the SABIA (Solution for Au-
tomatic Bio-Image Analysis) program (e-Biogen, Seoul, Korea). In addition, immuno-
histochemistry was performed according to the avidin biotinylated-horse radish perox-
idase (HRP) complex (ABC)-based method using the Vectastain ABC kit (Vector Labor-
atories, Burlingame, CA, USA). Briefly, paraffin-embedded heart sections were deparaf-
finized and rehydrated through xylenes and graded ethanol series before antigen re-
trieval. The sections were then incubated with 0.3% hydrogen peroxide in 60% methanol
for 30 min and blocked with normal goat serum for 1 h at 4 °C. This was followed by
incubation with primary antibodies. Immunoreactivity was achieved using
3'-diaminobenzidine (DAB, Sigma-Aldrich). The sections were counterstained with
Mayer’s hematoxylin solution (Sigma-Aldrich), dehydrated, defatted, and mounted with
malinol (Muto Pure Chemicals, Tokyo, Japan). The stained structures were observed
under a microscope (BX41, Olympus). Image ] software was used for quantification. Five
images from non-overlapping fields of stained sections were captured from each section
per animal using microscopy (Olympus), and quantitative analysis of positive staining
areas (%) in images was done using Image ] software.

4.18. Infarct Size Determination

Sham and ischemic/reperfusion (I/R)-injured animals were euthanized with CO2 two
weeks after the operation, and their hearts were excised and washed with PBS. The heart
was snap-frozen in liquid nitrogen, sectioned transversely, and incubated in 1%
2,3,5-Triphenyltetrazolium chloride (TTC) solution (pH 7.4 buffer at 37 °C) for 20 min.
The tissue was immersed in 10% PBS buffered formalin overnight at 4 °C. The size of
myocardial infarction was evaluated as a percentage of the sectional area of the infarcted
tissue of the left ventricle to the sectional area of a total ventricular area. Overall infarct
size was assessed using Image ] software (National Institutes of Health, Bethesda, MD,
USA).

4.19. Hemodynamic Analysis

The hemodynamic assessment was performed using a Mikro-Tip Research Pressure
System (Millar Instruments, Houston, TX, USA). Briefly, rats were anesthetized, and 2F
Pressure-volume (P-V) catheter (SPR-838, Millar Instruments) was inserted into the right
carotid artery and advanced into the ascending aorta. Then, the catheter was advanced
into the LV cavity until stable P-V loops were obtained. EF, Heart rate, dP/dt max, and
dP/dt min were computed and calculated using PV analysis program (PVAN, Millar In-
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struments). The slopes (Ees) of the LV end-systolic P-V relationship (ESPVR) were cal-
culated as load-independent indices of LV contractility. At the end of each experiment,
100 pL of hypertonic saline was injected intravenously, and from the shift of P-V rela-
tions, parallel conductance volume was calculated by the software and used for correc-
tion of the cardiac mass volume. Finally, the data were analyzed using LabChart data
analysis software (Millar Instruments).

4.20. Statistical Analysis

All quantified data from at least triplicate samples were analyzed with GraphPad
Prism 8.0 software (La Jolla, CA, USA). Data are expressed as means + SD. Statistical
comparisons between two groups were performed using Student’s t-test. Statistical
comparisons among multiple groups were performed using one-way ANOVA followed
by the Bonferroni post hoc test when the F statistic was significant. A two-tailed p < 0.05
value was considered statistically significant.

Supplementary Materials: The following are available online at
www.mdpi.com/article/10.3390/ijms22126581/s1. Figure S1: Altered expression of LRP5 in cardi-
omyocytes under hypoxia, Figure S2: Construction of LRP5/6 and shLRP5/6 adenoviral vectors and
their effects on the viability of hypoxic cardiomyocytes, Figure S3: LRP5 does not regulate HIF-1x
expression at the transcriptional level but inhibits nuclear translocation of HIF-1«, Figure S4: Al-
tered expression of Wnt3a in LRP5-silenced cardiomyocytes and effects of hypoxia on 3-catenin
expression, Figure S5: In vivo myocardial gene delivery using adenoviruses, Table S1: Functional
enrichment analysis of common genes by GO-terms, Table S2: KEGG enrichment analysis of
common genes in hypoxic cardiomyocytes.
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Abbreviations

Bnip3l BCL2/adenovirus E1B interacting protein 3-like
BSA Bovine serum albumin

CAD C-terminal transactivation domain
CHX Cycloheximide

Cx43 Connexin 43

DMOG Dimethyloxalylglycine

EPO Erythropoietin

FBS Fetal bovine serum

FIH Factor inhibiting HIF

Glut-1 Glucose transporter-1

GSK3p Glycogen synthase kinase 33
HIF-1a Hypoxia-inducible factor-1a

HREs Hypoxia-response elements
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ICD Intracellular domain

I/R Ischemia/reperfusion

LDLR Low-density lipoprotein receptor

LRP5 Low-density lipoprotein receptor-related protein 5
MI Myocardial infarction

PHD2 Prolyl hydroxylase 2

PMSEF Phenylmethylsulfonyl fluoride

TCF T-cell factor

a-MEM Alpha-minimum essential medium
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