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Abstract

Microvascular dysfunction predicts adverse cardiovascular events despite absence of large vessel
disease. A shift in the mediator of flow-mediated dilation (FMD) from nitric oxide (NO) to
mitochondrial-derived hydrogen peroxide (H,05) occurs in arterioles from patients with coronary
artery disease (CAD). The underlying mechanisms governing this shift are not completely
defined. Lipid phosphate phosphatase 3 (LPP3) is a transmembrane protein that dephosphorylates
lysophosphatidic acid, a bioactive lipid causing a receptor-mediated increase in reactive oxygen
species. A single nucleotide loss-of-function polymorphism in the gene coding for LPP3
(rs17114036) is associated with elevated risk for CAD, independent of traditional risk factors.
LPP3 is suppressed by miR-92a, which is elevated in the circulation of patients with CAD.
Repression of LPP3 increases vascular inflammation and atherosclerosis in animal models. We
investigated the role of LPP3 and miR-92a as a mechanism for microvascular dysfunction in CAD.
We hypothesized that modulation of LPP3 is critically involved in the disease-associated shift

in mediator of FMD. LPP3 protein expression was reduced in left ventricle tissue from CAD
relative to non-CAD patients (p=0.004), with mRNA expression unchanged (p=0.96). Reducing
LPP3 expression (non-CAD) caused a shift from NO to H,0, (% maximal dilation: Control
78.1+11.4% vs Peg-Cat 30.0+11.2%; p<0.0001). miR-92a is elevated in CAD arterioles (Fold
change: 1.940.0.1 p=0.04), while inhibition of miR-92a restored NO-mediated FMD (CAD) and
enhancing miR-92a expression (non-CAD) elicited H,O,-mediated dilation (p<0.0001). Our data
suggests LPP3 is crucial in the disease-associated switch in the mediator of FMD.
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Graphical Abstract.

Maintenance of Lipid Phosphate Phosphatase 3 (LPP3) Maintains Microvascular Function in
Health and Disease.
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A. In healthy microvasculature, LPP3 helps tranduce the production of shear-induced nitric oxide
(NO) formation to induce smooth muscle relaxation (flow-mediated dilation).

B. In microvascular disease, such as coronary artery disease, miR-92a inhibits expression of
LPP3, and increases production of mitochondrial-derived reactive oxygen species (ROS) to cause
a switch in the mechanism of microvascular flow-mediated dialtion from NO to H,0,

Keywords
FMD; LPP3; miR-92a; CAD

Introduction

Shear stress is one of the most physiologically relevant regulators of endothelial-dependent
vasomotor tone, stimulating the release of nitric oxide (NO) from the endothelium, acting in
a paracrine fashion on the underlying smooth muscle cells to elicit dilation of conduit and
resistance-size vessels (flow-mediated dilation, FMD) (Moncada et a/., 1988; Palmer et al.,
1988). Presence of NO promotes vascular quiescence by maintaining an anti-inflammatory,
anti-thrombotic and anti-proliferative environment (Kubes ef a/., 1991; Ahluwalia et al.,
2004). Alterations in endothelial function in the form of reduced NO bioavailability and
elevation in reactive oxygen species (ROS) are some of the earliest manifestations of
vascular disease (e.g., endothelial dysfunction)(Stauss et af., 1999; Ponnuswamy et al.,
2012).
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In resistance arterioles (50 — 250 um) from patients with prior diagnosed CAD, the mediator
of FMD shifts away from NO to hydrogen peroxide (H205) (Liu et al., 2003; Miura et al.,
2003; Liu et al,, 2011). Although H,0,, is sufficient to preserve vasodilator capacity to shear
stress, the loss of NO corresponds with a simultaneous reduction in vascular quiescence.
These changes in vascular milieu have significant clinical implications, especially at the
level of microcirculation where they are highly predictive of the development of clinical
cardiovascular disease (Pepine et al., 2010; van de Hoef et al, 2014). The basis of this shift
in vasodilator mechanism with CAD is poorly understood, thus uncovering the mechanisms
leading to the shift could provide insights into the earliest manifestations of atherosclerosis
and further our understanding of vascular pathophysiology.

Advances in bioactive lipid signaling have identified novel factors that play important roles
in maintaining normal vascular function (Freed et al., 2014). Lipid phosphate phosphatase
(LPP3), an integral plasma membrane protein, dephosphorylates and terminates outside-in
signaling of lysophosphatidic acid (LPA), a glycerol-based lipid. Elevated levels of LPA
are implicated in cardiovascular disease and are associated with vascular dysfunction
(Smyth et al., 2008; Morris & Smyth, 2013; Panchatcharam et al., 2014; Smyth et al.,
2014; Chabowski et al,, 2018). An increase in LPA levels has been observed with LPP3
knockdown/knockout mouse models (Busnelli ef al., 2017; Chandra et al., 2018), while
overexpression of LPP3 significantly reduces LPA levels (Wu et al., 2015). Genome-wide
association studies identified risk alleles in the gene coding for LPP3, the presence of
which might cause a decrease in expression of LPP3, and an increase in CAD susceptibility
(Schunkert et al., 2011). Additionally, miR-92a, a negative regulator of LPP3 (Wu et al,
2015), is elevated in vascular tissue and the circulation of patients with CAD (de Winther
& Lutgens, 2014; Rong et al., 2017; Zhang et al., 2017), while inhibition of miR-92a
improves vascular function in a murine model of atherosclerosis, and improves wound
healing (Loyer et al., 2014; Gallant-Behm et a/., 2018). Inhibition of miR-92a is an attractive
therapeutic target and is the subject of clinical trials on wound healing (NCT03603431,
NCTO03494712) (Abplanalp et al., 2020). Lower expression of LPP3 drive by miR-92a may
cause LPA to accumulate and enhance signaling through LPA receptors 1 and 3, which have
been implicated in microvascular dysfunction (Chabowski et al., 2018) and atherosclerosis
(Smyth et al., 2014). Together, these findings demonstrate that LPP3 may play an integral
role in maintaining normal vascular function by regulating LPA signaling.

Despite strong implications that LPP3 might play a mechanistic role in vascular function,
little evidence exists corroborating these findings in human microcirculation. In this study,
we compared expression of LPP3 in human heart and resistance arterioles from patients with
and without CAD. We also examined whether increasing expression of LPP3 via targeted
suppression of miR-92a function would restore NO-mediated vasodilation in resistance
arterioles from patients with CAD. We hypothesized that modulation of LPP3 in resistance
arterioles would elicit shifts in the mediator of FMD in arterioles from non-CAD and CAD
patients: A decrease in expression of LPP3 in arterioles from non-CAD patients cause a loss
of NO-mediated FMD with a compensatory shift to H,O, as the mediator of FMD, while
elevated levels of LPP3 in arterioles from CAD patients restore NO-mediated FMD.
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Methods

All data is available upon reasonable request to Senior Authors.

Ethical Approval and Tissue acquisition

Protocols for de-identified, surgical discard tissue acquisition and processing were

approved by the Institutional Review Board (IRB) of the Medical College of Wisconsin
(PRO00000114). All tissue used within this study was deemed discarded surgical tissue,
collected through a de-identified process and was deemed exempt by MCW IRB from
requiring informed consent. The study conformed to the standards set by the Declaration

of Helsinki, except for registration in a database. Human adipose tissue (subcutaneous

and visceral) was obtained as discarded tissue at the time of surgery and immediately

placed in 4°C HEPES buffer [(in mM) NaCl 275, KCI 7.99, MgSQ, 4.9, CaCl, -2H,0

3.2, KH,PO,4 2.35, EDTA 0.07, glucose 11, HEPES acid 20)]. Cardiac tissue was obtained
through the Wisconsin Donor Network. Inclusion and exclusion criteria pertain to all subject
groups. De-identified patient demographics are collected and stored using an assigned
non-PHI containing 1D number. Tissue from patients without clinically diagnosed CAD

and no more than one risk factor (Table 1, n = 8 independent samples) were categorized

as the non-CAD group. Risk factors used for classification were derived from a patient
information survey completed by medical personnel in a de-identified manner and include
cigarette smoking, diabetes mellitus, hypertension, hyperlipidemia, and family history of
cardiovascular disease. Conditions such as obesity, hyperuricemia or rheumatoid arthritis
are also occasionally present. Tissue was defined as CAD were obtained from tissue from
subjects with clinically diagnosed CAD (Table 1, n = 10 independent samples). Tissues from
subjects with multiple cardiovascular risk factors but no CAD were excluded.

Cannulated Arteriole Preparation and Flow-Mediated Dilation

Human resistance arterioles (101+31 pm, n = 33 non-CAD, 22 CAD) were isolated from
adipose tissue and excess adipose/connective tissue was removed. The arterioles were
cannulated onto glass micropipettes of matched impedance in an organ chamber filled with
Krebs Solution ([in mM] pH 7.4, 37°C NaCl 123, KCI 4.7, MgSO4 1.2, CaCl, -2H,0 2.5,
NaHCO3 16, EDTA 0.03, glucose 11, KH,PO,4 1.2), as previously published (Kuo et a.,
1991; Miura et al., 2003). Arterioles were pressurized, and pre-constricted (30-50% of max.
diameter) with endothelin-1 (ET-1) prior to initiation of flow. On average, 0.36+0.01 nM of
ET-1 was needed to achieve desired stable constriction, and the dose used was not influence
by vessel treatment. Flow through the cannulated arterioles was achieved by changing

the height of each reservoir in equal amounts in opposite directions, thus minimizing any
changes in intraluminal pressure. In response to flow, internal diameters were measured
using on-screen calibrated calipers after 5 minutes at a given pressure gradient. Two
flow-response curves were generated; first with vehicle, then a second with inhibitor(s),
including L-NAME or PEG-cat (see Pharmacological Intervention). Time controls were
generated with no intervention between the two flow-response curves. At the end of each
experiment, papaverine (100 uM) was added to assess vasodilator capacity/smooth muscle
function(Kadlec et al., 2017; Chabowski et al., 2018). Data are reported as a percent
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of the maximal diameter obtained by exposure to the endothelial-independent vasodilator
papaverine.

Pharmacological Intervention

The pharmacological agents added to the organ bath constituted <1 % of the total circulating
bath volume. To determine whether the mediator of FMD was NO or H,0,, the nitric oxide
synthase (NOS) inhibitor [N®-nitro-L-arginine methyl ester (L-NAME), 100 uM] or the
H,0, scavenger polyethylene glycol-catalase (Peg-Cat) 500 U/mL, respectively, were added
to the organ chamber for 30 min prior to pre-constriction. Two consecutive pressure gradient
(flow) studies were performed on the majority of the vessels, where the first flow study was
the control, while the second flow study was with either L-NAME or Peg-Cat. Prior studies
have shown these doses to effectively block NO and H,O, components of FMD, respectively
(Miura et al., 2003; Phillips et al., 2007).

Molecular Interventions

To assess the mechanism of vasodilation under various molecular interventions, isolated
arterioles and human umbilical vein cells (HUVEC; ATCC) were transfected with control
or targeting siRNAs (detailed below) as our group has previously described. (Kadlec et
al., 2017; Chabowski et al., 2018). Briefly, one end of isolated arterioles were cannulated
and siRNA (control or targeting siRNA) were infused into the lumen of the arterioles.

The free end of the arteriole was then tied closed, followed by slipping the cannulated

end off of the pipette, cinching it closed as well. In this way, the endothelial cells are
directly exposed to the siRNA. For functional studies, the tied ends were clipped off, and
the arterioles were cannulated as described above. Depending on the experimental condition,
the following transfection agents were used: silencer negative control (Ambion, AM4611,
final concentration 50 nM, 24 hour) or LPP3 (Ambion, AM16708; final concentration

50 nM, 24 hour) targeting siRNA, silencer negative control anti-miR (scramble, miR
inhibitor, Qiagen, Y100199006-DDA, final concentration 50 nM, 48 hours), anti-miR-92a
(miR-92a inhibitor, ThermoFisher, Assay ID PM12524), final concentration 50 nM, 48
hours) or miR-92a mimic (ThermoFisher, Assay ID MC12524, final concentration 50 nM,
48 hours). All the transfections were carried out using Opti-MEM™ media (ThermoFisher,
31985062) supplemented with Lipofectamine RNAiMax (ThermoFisher, 13778030) to
improve transfection efficiency. After intraluminal incubation, the vessels were removed
from the media and placed in fresh cold HEPES buffer, the suture ties were cut off and the
vessels were either re-cannulated for functional assessment or snap frozen in liquid nitrogen
and stored at —80°C for molecular studies.

Western Blot

Human hearts from deceased subjects were obtained through the organ procurement
protocols at Versiti/Blood center of Wisconsin and Wisconsin Donor Network. Adipose
resistance arterioles were collected from surgical discard tissue, and HUVEC lysates were
both collected following transfection. Proteins from all tissues (arterioles, left ventricle
[LV]) were prepared via standard protocols (Beyer et al., 2016; Ait-Aissa et al., 2019). The
following primary antibodies were used to detect target proteins: LPP3 (Thermo Scientific,
39-1000, 1:500) and GAPDH (Abcam, ab8245, 1:10000). After incubation with the primary
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antibodies, the membranes were incubated for 1-hour in room temperature with secondary
anti-mouse antibodies conjugated to horseradish peroxidase [Millipore, AP308P, 1:5,000]
followed by the chemiluminescent substrate (Bio-Rad) for 5 min. Once the primary target
(LPP3) was detected, the membranes were stripped using commercial stripping buffer
(Restore PLUS Western Blot Stripping Buffer, Invitrogen #46430) for 2 hours in room
temperature. The membranes were then incubated again in 5% milk blocking solution for
an hour in room temperature, washed and incubated with primary antibody against GAPDH,
followed by the secondary peroxidase-conjugated anti-mouse antibody (Millipore, AP308P,
1: 10,000) and chemiluminescent substrate as described above. Expression of proteins was
quantified using the digitized images (TIFF extension) and Image J (www.imagej.net)
software using the densitometry analysis. The values obtained for LPP3 expression were
normalized to values obtained for corresponding GAPDH expression and reported in the
results section as relative Units.

RNA Isolation from Left Ventricle and Resistance Arterioles

Freshly frozen LV samples of tissue were thawed and homogenized using the tissue rupturer
(Fisher Scientific, PowerGen 125) in TRIzol™ (Thermo Fisher, 15596026) as previously
(Ait-Aissa et al., 2019). Isolated and cleaned human adipose resistance arterioles were

snap frozen in liquid nitrogen and stored in —80°C until further processing. Total RNA

was extracted from samples using RNAqueous ' -Micro Total RNA Isolation Kit (Ambion,
AM1931). 25 ng of total RNA was used to synthesize cDNA using High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, 4368814). RNA was quantified using
NanoDrop™ 2000/C spectrophotometer (Thermo Fisher). Samples were stored in —80°C
until further use.

Quantitative Real-Time Polymerase Chain Reaction

Quantification of the target gene expression was performed using PrimerPCR™ SYBR®
Green Assay for LPP3 (BioRad, PPAP2B, Human Catalog #10025636), and Qiagen
QuantiTect Primer Assay for eNOS (Hs_NOS3 1 SG, QT00089033) and normalized

to 18s (Hs_RRN18S 1 SG, QT100199367). miRNA levels were assessed in similar

ways. Previously frozen arterioles were used for total RNA extraction via Monarch®

Total RNA Miniprep Kit (New England BioLabs, T2010S) according to manufacturer
recommendations. RNA quantified with NanoDrop™ (Thermo Scientific, 13-400-518) and a
total of 10 ng of RNA per sample was used for the Reverse Transcriptase reactions (Qiagen,
miScript® 11 RT Kit, 218160) and quantitative PCR analysis (Qiagen, miScript SYBR®
Green PCR Kit, 218073). Detection of miR-92a was achieved using hsa-miR-92a-3p primer
(Qiagen, YP00204258) and was normalized to RNU6 (Qiagen, MS00033740). Expression
analysis was performed using BioRad CFX96 Touch Real-Time PCR Detection System.

Statistical analysis

All data tested by parametric tests are expressed as mean + SD. For vascular studies, the
data are expressed as a percent of maximal diameter, where 100% represents full relaxation
to the maximal diameter noted throughout the experiment. Generally this was the diameter
following papaverine. To compare dilator responses relationship, a 2-way ANOVA RM
was used with pressure gradient (flow stimulus intensity) and treatment as parameters,
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with multiple comparisons made using Tukey post hoc tests. Non-Gaussian distribution
was assumed for all the expression studies (protein, mMRNA); thus, non-parametric tests
(Mann Whitney U-test) were used to test for significance. Where samples were paired, the
Wilcoxon test was used. Appropriate statistical tests are reported in Figure Legends. All
analyses were performed using GraphPad Prism 7.04 (GraphPad Software, San Diego, CA)
with statistical significance defined at A<0.05.

Discarded hearts were collected from a total of 18 patients, 10 with CAD and 8 non-
CAD. Adipose tissue (subcutaneous, visceral) was collected from a total of 55 patients,
where 33 were categorized as non-CAD while 22 had clinically diagnosed CAD. Patient
demographics are detailed in Table 1 for heart tissue and Table 2 for adipose tissue.

LPP3 Expression is Reduced in Human LV and Adipose Arterioles from Patients with CAD

Knockdown

To investigate whether the expression of LPP3 correlates with presence of CAD, we
compared the protein expression and mRNA transcript in the human LV tissue and adipose
resistance arterioles from patients with and without CAD. In LV samples from patients with
CAD LPP3 protein expression was significantly reduced compared to patients classified as
non-CAD (Mann Whitney non-parametric U-test p = 0.004; Figure 1A). Conversely, there
were no differences in LPP3 mRNA levels between patients with and without CAD in LV
tissue or adipose resistance arterioles (Figure 1B and 1C, Mann Whitney non-parametric
U-test, p = 0.96 and 0.14, respectively).

of LPP3 in Non-CAD Arterioles Induces CAD-like Dilator Phenotype

LPP3 siRNA tended to reduce expression of LPP3 by approximately 50% in HUVECs
(Figure 2A; Mann Whitney U-test p = 0.05), with directionally similar trends using adipose
arterioles from non-CAD patients (Figure 2B; Wilcoxon t-test, p = 0.13). Non-CAD adipose
arterioles transfected with control siRNA-maintained NO-mediated FMD (inhibited by L-
NAME) (% Max. Diameter at 100 cm H,O: Control 77.5+7.1, n=4 vs L-NAME 12.2+8.7;
2-way RM ANOVA, p < 0.0001 vs. control), while Peg-Cat, had no effect on the dilation
(Figure 2C. 2-way RM ANOVA p = 0.49). When non-CAD arterioles were treated with
LPP3-targeting siRNA, Peg-Cat but not L-NAME significantly reduced dilation to flow (%
Max. Diameter at 100 cm H,0: Control 78.1+11.4, n=9 vs. Peg-Cat 30.0+11.2; 2-way RM
ANOVA, p <0.0001, Figure 2D) indicating that suppression of physiological LPP3 via
siRNA causes a pathological switch in the mechanism of dilation.

Blocking miR-92a, an Inhibitor of LPP3 Expression, Restores NO-Mediated FMD in Human
Arterioles from Subjects with CAD

Expression of miR-92a was increased in adipose resistance arterioles from patients with
CAD relative to non-CAD (Mann Whitney U-test, p = 0.04, n = 15 each group; Figure 3A).
Transfection (48-hours) of adipose arterioles from patients with CAD using anti-miR92a
abolished mRNA expression of miR-92a (Wilcoxon Signed Rank test, p = 0.03, n = 6 each
group; Figure 3B) and induced a switch in the mechanism of vasodilation from H,0, to NO,
(% maximal dilation: Control 71.3+7.7, n=7 vs L-NAME 1.4+26.1, 2-way RM ANOVA p
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<0.0001, n =5-7; Figure 3D) with no effect of the control siRNA on the mechanism of
dilation (% maximal dilation: Control 76.4+8.1, vs Peg. Cat 6.4+12.7, 2-way RM ANOVA p
<0.0001; n = 3 - 5; Figure 3C). Interestingly, anti-miR92a transfection did not change LPP3
(n = 13 each) or eNOS mRNA expression (n = 13 each) in adipose arterioles from patients
with CAD (Figure 4 A & B, Wilcoxon Signed Rank test p = 0.15 and 0.54 respectively)

Next, we determined whether decreasing LPP3 expression in arterioles from non-CAD
patients would elicit a switch in the mechanism of dilation from NO to H,O,. Arterioles
from non-CAD patients were transfected with a miR92a mimic or control. Paradoxically,
miR-92a mimic increased LPP3 (Figure 5A; Wilcoxon Signed Rank test p=0.03,n=6
each) did not alter eNOS mRNA expression (Figure 5B; Wilcoxon Signed Rank test p =
0.34, n = 6 each), but did induce a switch in the mechanism of FMD from NO to H,0,
(Figure 5C; % maximal dilation: Control 73.8+16.6, vs. Peg-Cat 23.5+30.5, 2-way RM
ANOVA p <0.0001; n=5-6)

Discussion

This is the first study to demonstrate that LPP3 contributes to the regulation of the mediator
of FMD in the human microcirculation. There are three major novel findings. First, we
demonstrate that LPP3 protein expression is reduced in the LV from patients with CAD
relative to non-CAD, while there are no differences in mMRNA expression in either the LV or
adipose resistance arterioles. Second, and unexpectedly, reducing the expression of LPP3 in
adipose resistance arterioles from non-CAD patients via siRNA elicits a pathological switch
in the mechanism of vasodilation from NO to H,O,. Third, we demonstrate that expression
of miR-92a, the negative regulator of LPP3, is increased in adipose resistance arterioles
from CAD patients relative to non-CAD, and inhibition of miR-92a in adipose resistance
arterioles from CAD subjects induces a switch in the mediator of FMD from H,05 to NO.
Conversely, miRNA-92a mimic results in a pathological switch in the mechanism of FMD
in arterioles from non-CAD patients, despite paradoxical increases in LPP3 expression.
Collectively, these findings suggest that LPP3 may be required for maintaining normal
endothelial function (NO-mediated FMD). Changes in the expression/function of this
protein may have consequences at the microvascular level, potentially driving the functional
vascular phenotype typically observed in patients with CAD.

LPP3 Expression within the Human Microcirculation

Several large genomic studies examining SNPs associated with cardiovascular (dys)function
identified important polymorphisms in gene sequences coding for proteins with key
functions in endothelial and smooth muscle cells (Coronary Artery Disease Genetics, 2011;
Erbilgin et al,, 2013). These new CAD risk loci revived the interest in vascular wall-specific
mechanisms that contribute to vascular pathologies. A genetic variant, rs17114036, located
at 1p32.2 in a noncoding region of the sequence for LPP3 is a risk allele that is highly
predictive of increased susceptibility for CAD independent of traditional risk factors such as
hypertension, obesity, or type 2 diabetes mellitus (Schunkert et al., 2011). Because the loci
containing major risk-associated LPP3 SNP is associated with lower LPP3 protein levels
(Erbilgin et al., 2013), only a few studies have evaluated the expression of LPP3 specifically
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in the vasculature from either animal models or humans, (Wu et a/., 2015), but none in the
microcirculation. Considering the prognostic importance of microvascular dysfunction, we
evaluated the expression of LPP3 in human tissues relevant to the cardiovascular function.
Samples taken from human LV from subjects with clinically diagnosed CAD confirmed a
reduction in protein expression, however transcription, (MRNA) was not different in either
the LV or adipose resistance arterioles between CAD and non-CAD, which would be in line
with a posttranscriptional effect of miRNA-92a to decrease LPP3 protein levels. However,
with present data, it is unclear whether the observed reduction in protein expression is a
result of, or a contributor to cardiovascular disease, and several groups have evaluated the
role of LPP3 in cardiovascular function through /in vitroand in vivo pharmacological and
genetic inhibition of LPP3 function/expression. For example, genetic knockout of LPP3

is embryonically lethal due to an underdeveloped vasculature (Escalante-Alcalde et al,
2003; Ren et al., 2013), while inducible knockout results in vascular cell proliferation and
increased inflammation (Panchatcharam et al., 2013; Panchatcharam et a/., 2014). Tissue-
specific inactivation of LPP3 also results in the development of atherosclerotic lesions, and
elevation in circulating lipids, such as LPA, the main substrate of LPP3, is known to play
arole in atherosclerosis (Busnelli et al., 2017). Decreased expression of LPP3 is associated
with SMC proliferation around regions of vascular injury (Panchatcharam et al., 2013),
along with upregulation of inflammatory markers (Wu et al., 2015). These effects are likely
the result of increased LPA signaling as blocking either LPA receptors or autotaxin (the
enzyme responsible for generating majority of the circulating LPA) significantly reduced
these responses (Panchatcharam et al., 2014; Wu et al., 2015).

Role of LPP3 in Maintaining Microvascular Function

While the majority of studies focus on the large, conduit arteries, little is known about the
role LPP3 plays in the microcirculation. Small arterioles do not develop atherosclerosis,

but like large vessels, experience activated endothelium and hyperplasia of the tunica
media. However, more important might be the loss of endothelial function in the form

of reduced bioavailability of NO and increased ROS as these compounds are the two major
components of microvascular endothelial dysfunction (Crea et al., 2014; Gutterman et al.,
2016). Previous data from our lab demonstrates the effects of microvascular dysfunction in
CAD (switch in mechanism from NO to H,0,) (Phillips et al, 2007; Beyer et al., 2016).

To evaluate whether LPP3 is involved in maintaining NO-mediated FMD in non-CAD
arterioles, the mediator of FMD was assessed in non-CAD adipose arterioles transfected
with siRNA targeting LPP3. While not reaching statistical significance, there was a trend
toward a 50% reduction in LPP3 expression (Figure 2) with a shift from NO-mediated FMD
to H,0», recapitulating the functional phenotype observed in the presence of CAD. This
observation suggests that reduced expression and/or function of LPP3 may contribute to the
CAD phenotype characterized by FMD being mediated by H,0,.

Considering that 1) the function of LPP3 is to deactivate localized LPA signaling by
removing the phosphate group (Morris & Smyth, 2014), 2) LPA levels are elevated in
subjects with risk factors for or CAD itself (Dohi et al., 2012), and 3) studies from our
laboratory show that increasing LPA redirects the mediator of FMD from NO to H,O5 in
non-CAD arterioles (Chabowski ef al., 2018), it is intriguing to speculate that in CAD, the
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H,0,-mediated FMD is a result of elevated LPA signaling caused by decreased expression
of LPP3. Whether a direct causative relationship exists between reduced expression of LPP3,
elevated LPA signaling and loss of NO-mediated FMD requires further investigation.

miR-92a and Microvascular Function

Several studies identified miR-92a as an important regulator of vascular function with
implications in cardiovascular pathophysiology (Bonauer et al., 2009; de Winther &
Lutgens, 2014; Huang et al., 2017; Wang et al., 2022). Additionally, miR-92a has been
identified as a shear-sensitive, direct negative regulator of LPP3 expression in the HAECs
(Wu et al., 2015). Recent evidence demonstrates that miR-92a regulates arterial stiffness

in mice by regulating vascular smooth muscle phenotype (Wang et al., 2022). Collectively,
these findings provide evidence that manipulation of miR-92a is a viable cardiovascular
therapeutic. Indeed, current clinical trials (NCT03603431, NCT03494712) (Abplanalp et al.,
2020), are investigating the effects of repressing miR-92a on cardiovascular parameters. The
present study is the first to report that miR-92a transcript expression is elevated in human
adipose arterioles from CAD patients vs. non-CAD (Figure 3A). The reciprocal changes

in expression of LPP3 (decreased in CAD) and miR-92a (elevated in CAD) are consistent
with the observation that the mediator of FMD was restored to NO after treatment with
anti-miR-92a (Figure 3D). Collectively, miR-92a represents a new target for improving
microvascular endothelial dysfunction in CAD.

No difference in LPP3 expression was observed in CAD arterioles treated with anti-miR-92a
oligo and control anti-miR oligo. (Figure 4A). This was unexpected and suggests that a
different mechanism might be responsible for the functional phenotype. It is possible that the
decrease in miR-92a was sufficient to restore NO-mediated dilation, but not sufficient to be
detected by molecular means. A more likely explanation is that miR-92a has targets other
than LPP3 that could influence the mediator of dilation. In fact, miR-92a has been shown to
regulate Kruppel-like Factor 2 and 4, which are transcription factors capable of regulating
eNOS expression under certain conditions (Wu et al., 2011; Fang & Davies, 2012; Loyer et
al., 2014). However, when LPP3 and eNOS expression were evaluated under anti-miR-92a
treatment, transcript levels were unchanged (Figure 4A and 4B).

Experimental Considerations

LPP3 protein was not detected (Western blot or IHC) in human adipose arterioles from
subjects with or without CAD despite using similar protocols. Three different commercially
available antibodies: PPAP2B (Novusbio, Cat. Number: NBP1-82825), VCIP (ZV002,
ThermoFisher, Cat. Number: 39-1000) and PPAP2B (Sigma, Prestige Antibodies, Cat.
Number: HPA028892) were tested with lysates for Western blot prepared from human
arterioles (data not shown). Other studies use human-sourced cultured cell preparations, or
overexpression of tagged/flagged LPP3 for detection of the tag rather than the LPP3 or
animal LPP3 knockout/overexpression models. It is possible that LPP3 is not expressed in
human adipose arterioles. This is unlikely considering LPP3 has been detected in in the
endothelium of large vessels (Wu et al., 2015; Aldi et al., 2018), cultured endothelial cells
from large human vessels (Wu et al., 2015; Touat-Hamici et a/., 2016), mouse endothelium
(Panchatcharam et al., 2014), and in microvascular endothelial cells (Chatterjee et al.,, 2016).
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LPP3 has also been detected in SMC of animal and human large vessels (Panchatcharam

et al., 2013; Van Hoose et al., 2022) but with limited data on microvasculature. It is

possible that the protein levels in human arterioles are below the detection limit using the
immunological methods and other, more sensitive methods need to be employed, such

as mass spectrometry. At present, we cannot differentiate whether the shift from NO

to H,O,-mediated FMD is due to reduced expression of LPP3 or the increase in LPA.
Furthermore, we did not investigate the source of H,O, generation within these experiments,
however previous evidence from our lab has demonstrated that mitochondria are the primary
source of HyO5 in CAD (Liu ef al., 2003). It is also possible that the absence/reduction

of expression of LPP3 interferes with the canonical function of LPP3 (de-phosphorylation
of LPA and other lipids), causing the dysfunction. Finally, it is possible that endothelial

cells are much more sensitive and require less LPP3. Even a minimal reduction in LPP3 in
endothelial cells could induce a phenotypical change. Furthermore, while the knockdown of
LPP3 initiated intraluminally would affect endothelial cells first, the vascular smooth muscle
would not be spared from the molecular modulation. However, it is possible that these small
expression changes in the tunica intima and media thus reductions in LPP3 in endothelial
cells, but not vascular smooth muscle would not be observed using Western blot techniques.

Studies involving transfecting vessels with different agents (SiIRNA or miR) are limited by
the length of time the vessels are viable post-dissection. The upper limit for most human
arterioles is 48 hours. It is possible that a functional effect is observed before a significant
knock-down is achieved. Transfection times beyond the 48-h mark were not attempted due
to the high degree of failed quality control at 72 or 96 hours (over 50%, unpublished

data). However, higher concentrations need to be selected with caution as they may induce
reagent-dependent vascular toxicity, masking the true effect of the transfection.

Previous work by our group has demonstrated that the switch in dilator mechanism in the
microvasculature is a phenomenon associated with the presence of CAD and aging per se
does not result in this switch (Beyer et al., 2017). It should be noted that while this study
was not designed nor powered to investigate sex differences, it should be pointed out that
there is a disparate number of females that were included in the non-CAD group, and a
larger number of male patients in the CAD group. Previous investigations by our group have
not found sex differences in this switch in dilator mechanism(Beyer et al., 2017).

Conclusion

Collectively, observations made in this study support the concept that LPP3 plays a critical
role in maintaining normal microvascular endothelial function, and decreased expression is
seen with CAD. Our study extends these findings into the human microcirculation, where
loss of LPP3 recapitulates the phenotype observed in arterioles from subjects with CAD.
miR-92a, an inhibitor of LPP3 expression is elevated in arterioles from subjects with CAD.
Inhibition of this miR restores NO-mediated FMD in CAD arterioles. Whether this is
through an increase in eNOS rather than LPP3 is an area for future investigation. LPP3
resides in the cell membrane where it degrades LPA. Whether the observed changes in

the mechanism of FMD under reduced expression of LPP3 are a result of increased LPA
signaling is an important focus of future work.

J Physiol. Author manuscript; available in PMC 2024 March 29.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chabowski et al.

Acknowledgments:

Page 12

The authors would like to thank the following locations for their assistance in providing tissue for these studies:
Versiti, Wisconsin Donor Network. Wheaton Franciscan Healthcare’s ElImbrook Memorial Hospital and, Froedtert

Memorial Lutheran Hospital

Funding:

This work was supported by American Heart Association 17PRE33410986 (to D.S.C), and American Heart

Association 20POST35050017 (to W.E.H); National Institute of Health National Heart Lung and Blood Institute

R01-HL133029; R01-HL-135901 (to A.M. Beyer) and R01-HL-157025 (to D.D. Gutterman).

Data Availability Statement:

All data is available upon request.

Non-Standard Abbreviations and Acronyms

CAD
ET-1
FMD
H,0,
HUVEC
L-NAME
LPA
LPP3
LV

miR

NO
NOS
Peg-Cat
ROS

SIRNA

References

Coronary artery disease
Endothelin-1

Flow-mediated dilation
Hydrogen peroxide

Human umbilical vein cells
L-NC-Nitro arginine methyl ester
Lysophosphatidic Acid

Lipid phosphate phosphatase 3
Left ventricle

Micro RNA

Nitric oxide

Nitric oxide synthase
Polyethylene glycol catalase
Reactive oxygen species

Silent interfering RNA

Abplanalp WT, Fischer A, John D, Zeiher AM, Gosgnach W, Darville H, Montgomery R, Pestano
L, Allée G, Paty I, Fougerousse F & Dimmeler S. (2020). Efficiency and Target Derepression of
Anti-miR-92a: Results of a First in Human Study. Nucleic acid therapeutics 30, 335-345. [PubMed:

32707001]

Ahluwalia A, Foster P, Scotland RS, McLean PG, Mathur A, Perretti M, Moncada S & Hobbs AJ.
(2004). Antiinflammatory activity of soluble guanylate cyclase: cGMP-dependent down-regulation

J Physiol. Author manuscript; available in PMC 2024 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chabowski et al.

Page 13

of P-selectin expression and leukocyte recruitment. Proceedings of the National Academy of
Sciences of the United States of America 101, 1386-1391. [PubMed: 14742866]

Ait-Aissa K, Blaszak SC, Beutner G, Tsaih SW, Morgan G, Santos JH, Flister MJ, Joyce DL, Camara
AKS, Gutterman DD, Donato AJ, Porter GA Jr. & Beyer AM. (2019). Mitochondrial Oxidative
Phosphorylation defect in the Heart of Subjects with Coronary Artery Disease. Scientific reports 9,
7623. [PubMed: 31110224]

Aldi S, Matic LP, Hamm G, van Keulen D, Tempel D, Holmstrom K, Szwajda A, Nielsen BS,
Emilsson V, Ait-Belkacem R, Lengquist M, Paulsson-Berne G, Eriksson P, Lindeman JHN,

Gool AJ, Stauber J, Hedin U & Hurt-Camejo E. (2018). Integrated Human Evaluation of the
Lysophosphatidic Acid Pathway as a Novel Therapeutic Target in Atherosclerosis. Mol Ther
Methods Clin Dev 10, 17-28. [PubMed: 30003117]

Beyer AM, Freed JK, Durand MJ, Riedel M, Ait-Aissa K, Green P, Hockenberry JC, Morgan RG,
Donato AJ, Peleg R, Gasparri M, Rokkas CK, Santos JH, Priel E & Gutterman DD. (2016). Critical
Role for Telomerase in the Mechanism of Flow-Mediated Dilation in the Human Microcirculation.
Circulation research 118, 856-866. [PubMed: 26699654]

Beyer AM, Zinkevich N, Miller B, Liu Y, Wittenburg AL, Mitchell M, Galdieri R, Sorokin A &
Gutterman DD. (2017). Transition in the mechanism of flow-mediated dilation with aging and
development of coronary artery disease. Basic research in cardiology 112, 5. [PubMed: 27995364]

Bonauer A, Carmona G, Iwasaki M, Mione M, Koyanagi M, Fischer A, Burchfield J, Fox H, Doebele
C, Ohtani K, Chavakis E, Potente M, Tjwa M, Urbich C, Zeiher AM & Dimmeler S. (2009).
MicroRNA-92a controls angiogenesis and functional recovery of ischemic tissues in mice. Science
324, 1710-1713. [PubMed: 19460962]

Busnelli M, Manzini S, Hilvo M, Parolini C, Ganzetti GS, Dellera F, Ekroos K, Janis M, Escalante-
Alcalde D, Sirtori CR, Laaksonen R & Chiesa G. (2017). Liver-specific deletion of the Plpp3 gene
alters plasma lipid composition and worsens atherosclerosis in apoE-/— mice. Sci Rep 7, 44503.
[PubMed: 28291223]

Chabowski DS, Kadlec AO, Ait-Aissa K, Hockenberry JC, Pearson PJ, Beyer AM & Gutterman
DD. (2018). Lysophosphatidic acid acts on LPA1 receptor to increase H2 O2 during flow-induced
dilation in human adipose arterioles. British journal of pharmacology 175, 4266—4280. [PubMed:
30153326]

Chandra M, Escalante-Alcalde D, Bhuiyan MS, Orr AW, Kevil C, Morris AJ, Nam H, Dominic P,
McCarthy KJ, Miriyala S & Panchatcharam M. (2018). Cardiac-specific inactivation of LPP3 in
mice leads to myocardial dysfunction and heart failure. Redox biology 14, 261-271. [PubMed:
28982073]

Chatterjee |, Baruah J, Lurie EE & Wary KK. (2016). Endothelial lipid phosphate phosphatase-3
deficiency that disrupts the endothelial barrier function is a modifier of cardiovascular
development. Cardiovascular research 111, 105-118. [PubMed: 27125875]

Coronary Artery Disease Genetics C. (2011). A genome-wide association study in Europeans and
South Asians identifies five new loci for coronary artery disease. Nature genetics 43, 339-344.
[PubMed: 21378988]

Crea F, Camici PG & Bairey Merz CN. (2014). Coronary microvascular dysfunction: an update.
European heart journal 35, 1101-1111. [PubMed: 24366916]

de Winther MP & Lutgens E. (2014). MiR-92a: at the heart of lipid-driven endothelial dysfunction.
Circulation research 114, 399-401. [PubMed: 24481837]

Dohi T, Miyauchi K, Ohkawa R, Nakamura K, Kishimoto T, Miyazaki T, Nishino A, Nakajima N,
Yaginuma K, Tamura H, Kojima T, Yokoyama K, Kurata T, Shimada K, Yatomi Y & Daida
H. (2012). Increased circulating plasma lysophosphatidic acid in patients with acute coronary
syndrome. Clin Chim Acta 413, 207-212. [PubMed: 21983165]

Erbilgin A, Civelek M, Romanoski CE, Pan C, Hagopian R, Berliner JA & Lusis AJ. (2013).
Identification of CAD candidate genes in GWAS loci and their expression in vascular cells.
Journal of lipid research 54, 1894-1905. [PubMed: 23667179]

Escalante-Alcalde D, Hernandez L, Le Stunff H, Maeda R, Lee HS, Jr Gang C, Sciorra VA,

Daar I, Spiegel S, Morris AJ & Stewart CL. (2003). The lipid phosphatase LPP3 regulates
extra-embryonic vasculogenesis and axis patterning. Development 130, 4623-4637. [PubMed:
12925589]

J Physiol. Author manuscript; available in PMC 2024 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chabowski et al.

Page 14

Fang Y & Davies PF. (2012). Site-specific microRNA-92a regulation of Kruppel-like factors 4 and 2
in atherosusceptible endothelium. Arteriosclerosis, thrombosis, and vascular biology 32, 979-987.
[PubMed: 22267480]

Freed JK, Beyer AM, LoGiudice JA, Hockenberry JC & Gutterman DD. (2014). Ceramide changes
the mediator of flow-induced vasodilation from nitric oxide to hydrogen peroxide in the human
microcirculation. Circulation research 115, 525-532. [PubMed: 24920698]

Gallant-Behm CL, Piper J, Dickinson BA, Dalby CM, Pestano LA & Jackson AL. (2018). A synthetic
microRNA-92a inhibitor (MRG-110) accelerates angiogenesis and wound healing in diabetic and
nondiabetic wounds. Wound repair and regeneration : official publication of the Wound Healing
Society [and] the European Tissue Repair Society 26, 311-323.

Gutterman DD, Chabowski DS, Kadlec AO, Durand MJ, Freed JK, Ait-Aissa K & Beyer AM. (2016).
The Human Microcirculation: Regulation of Flow and Beyond. Circulation research 118, 157-172.
[PubMed: 26837746]

Huang Y, Tang S, Ji-Yan C, Huang C, Li J, Cai AP & Feng YQ. (2017). Circulating miR-92a
expression level in patients with essential hypertension: a potential marker of atherosclerosis. J
Hum Hypertens 31, 200-205. [PubMed: 27629245]

Kadlec AO, Chabowski DS, Ait-Aissa K, Hockenberry JC, Otterson MF, Durand MJ, Freed JK, Beyer
AM & Gutterman DD. (2017). PGC-1alpha (Peroxisome Proliferator-Activated Receptor gamma
Coactivator 1-alpha) Overexpression in Coronary Artery Disease Recruits NO and Hydrogen
Peroxide During Flow-Mediated Dilation and Protects Against Increased Intraluminal Pressure.
Hypertension 70, 166-173. [PubMed: 28533333]

Kubes P, Suzuki M & Granger DN. (1991). Nitric oxide: an endogenous modulator of leukocyte
adhesion. Proceedings of the National Academy of Sciences of the United States of America 88,
4651-4655. [PubMed: 1675786]

Kuo L, Chilian WM & Davis MJ. (1991). Interaction of pressure- and flow-induced responses in
porcine coronary resistance vessels. The American journal of physiology 261, H1706-1715.
[PubMed: 1750529]

Liu Y, Bubolz AH, Mendoza S, Zhang DX & Gutterman DD. (2011). H202 is the transferrable factor
mediating flow-induced dilation in human coronary arterioles. Circulation research 108, 566-573.
[PubMed: 21233456]

Liu 'Y, Zhao H, Li H, Kalyanaraman B, Nicolosi AC & Gutterman DD. (2003). Mitochondrial sources
of H202 generation play a key role in flow-mediated dilation in human coronary resistance
arteries. Circulation research 93, 573-580. [PubMed: 12919951]

Loyer X, Potteaux S, Vion AC, Guerin CL, Boulkroun S, Rautou PE, Ramkhelawon B, Esposito B,
Dalloz M, Paul JL, Julia P, Maccario J, Boulanger CM, Mallat Z & Tedgui A. (2014). Inhibition of
microRNA-92a prevents endothelial dysfunction and atherosclerosis in mice. Circulation research
114, 434-443. [PubMed: 24255059]

Miura H, Bosnjak JJ, Ning G, Saito T, Miura M & Gutterman DD. (2003). Role for hydrogen peroxide
in flow-induced dilation of human coronary arterioles. Circ Res 92, e31-40. [PubMed: 12574154]

Moncada S, Palmer RM & Higgs EA. (1988). The discovery of nitric oxide as the endogenous
nitrovasodilator. Hypertension 12, 365-372. [PubMed: 3049340]

Morris AJ & Smyth SS. (2013). Lysophosphatidic acid and cardiovascular disease: seeing is believing.
Journal of lipid research 54, 1153-1155. [PubMed: 23509404]

Morris AJ & Smyth SS. (2014). Lipid phosphate phosphatases: more than one way to put the brakes on
LPA signaling? Journal of lipid research 55, 2195-2197. [PubMed: 25271297]

Palmer RM, Ashton DS & Moncada S. (1988). Vascular endothelial cells synthesize nitric oxide from
L-arginine. Nature 333, 664-666. [PubMed: 3131684]

Panchatcharam M, Miriyala S, Salous A, Wheeler J, Dong A, Mueller P, Sunkara M, Escalante-
Alcalde D, Morris AJ & Smyth SS. (2013). Lipid phosphate phosphatase 3 negatively
regulates smooth muscle cell phenotypic modulation to limit intimal hyperplasia. Arteriosclerosis,
thrombosis, and vascular biology 33, 52-59. [PubMed: 23104851]

Panchatcharam M, Salous AK, Brandon J, Miriyala S, Wheeler J, Patil P, Sunkara M, Morris
AJ, Escalante-Alcalde D & Smyth SS. (2014). Mice with targeted inactivation of ppap2b in

J Physiol. Author manuscript; available in PMC 2024 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chabowski et al.

Page 15

endothelial and hematopoietic cells display enhanced vascular inflammation and permeability.
Avrteriosclerosis, thrombosis, and vascular biology 34, 837-845. [PubMed: 24504738]

Pepine CJ, Anderson RD, Sharaf BL, Reis SE, Smith KM, Handberg EM, Johnson BD, Sopko G &
Bairey Merz CN. (2010). Coronary microvascular reactivity to adenosine predicts adverse outcome
in women evaluated for suspected ischemia results from the National Heart, Lung and Blood
Institute WISE (Women’s Ischemia Syndrome Evaluation) study. Journal of the American College
of Cardiology 55, 2825-2832. [PubMed: 20579539]

Phillips SA, Hatoum OA & Gutterman DD. (2007). The mechanism of flow-induced dilation in human
adipose arterioles involves hydrogen peroxide during CAD. American journal of physiology Heart
and circulatory physiology 292, H93-100. [PubMed: 17040967]

Ponnuswamy P, Schrottle A, Ostermeier E, Gruner S, Huang PL, Ertl G, Hoffmann U, Nieswandt
B & Kuhlencordt PJ. (2012). eNOS protects from atherosclerosis despite relevant superoxide
production by the enzyme in apoE mice. PloS one 7, €30193. [PubMed: 22291917]

Ren H, Panchatcharam M, Mueller P, Escalante-Alcalde D, Morris AJ & Smyth SS. (2013). Lipid
phosphate phosphatase (LPP3) and vascular development. Biochimica et biophysica acta 1831,
126-132. [PubMed: 22835522]

Rong X, Jia L, Hong L, Pan L, Xue X, Zhang C, Lu J, Jin Z, Qiu H, Wu R & Chu M. (2017). Serum
miR-92a-3p as a New Potential Biomarker for Diagnosis of Kawasaki Disease with Coronary
Avrtery Lesions. J Cardiovasc Transl Res 10, 1-8. [PubMed: 27981487]

Schunkert H, Konig IR, Kathiresan S, Reilly MP, Assimes TL, Holm H, Preuss M, Stewart AF,
Barbalic M, Gieger C, Absher D, Aherrahrou Z, Allayee H, Altshuler D, Anand SS, Andersen K,
Anderson JL, Ardissino D, Ball SG, Balmforth AJ, Barnes TA, Becker DM, Becker LC, Berger
K, Bis JC, Boekholdt SM, Boerwinkle E, Braund PS, Brown MJ, Burnett MS, Buysschaert I,
Cardiogenics, Carlquist JF, Chen L, Cichon S, Codd V, Davies RW, Dedoussis G, Dehghan A,
Demissie S, Devaney JM, Diemert P, Do R, Doering A, Eifert S, Mokhtari NE, Ellis SG, Elosua
R, Engert JC, Epstein SE, de Faire U, Fischer M, Folsom AR, Freyer J, Gigante B, Girelli D,
Gretarsdottir S, Gudnason V, Gulcher JR, Halperin E, Hammond N, Hazen SL, Hofman A, Horne
BD, lllig T, Iribarren C, Jones GT, Jukema JW, Kaiser MA, Kaplan LM, Kastelein JJ, Khaw KT,
Knowles JW, Kolovou G, Kong A, Laaksonen R, Lambrechts D, Leander K, Lettre G, Li M,

Lieb W, Loley C, Lotery AJ, Mannucci PM, Maouche S, Martinelli N, McKeown PP, Meisinger
C, Meitinger T, Melander O, Merlini PA, Mooser V, Morgan T, Muhleisen TW, Muhlestein JB,
Munzel T, Musunuru K, Nahrstaedt J, Nelson CP, Nothen MM, Olivieri O, Patel RS, Patterson
CC, Peters A, Peyvandi F, Qu L, Quyyumi AA, Rader DJ, Rallidis LS, Rice C, Rosendaal FR,
Rubin D, Salomaa V, Sampietro ML, Sandhu MS, Schadt E, Schafer A, Schillert A, Schreiber

S, Schrezenmeir J, Schwartz SM, Siscovick DS, Sivananthan M, Sivapalaratnam S, Smith A,
Smith TB, Snoep JD, Soranzo N, Spertus JA, Stark K, Stirrups K, Stoll M, Tang WH, Tennstedt
S, Thorgeirsson G, Thorleifsson G, Tomaszewski M, Uitterlinden AG, van Rij AM, \Voight BF,
Wareham NJ, Wells GA, Wichmann HE, Wild PS, Willenborg C, Witteman JC, Wright BJ, Ye S,
Zeller T, Ziegler A, Cambien F, Goodall AH, Cupples LA, Quertermous T, Marz W, Hengstenberg
C, Blankenberg S, Ouwehand WH, Hall AS, Deloukas P, Thompson JR, Stefansson K, Roberts
R, Thorsteinsdottir U, O’Donnell CJ, McPherson R, Erdmann J, Consortium CA & Samani NJ.
(2011). Large-scale association analysis identifies 13 new susceptibility loci for coronary artery
disease. Nature genetics 43, 333-338. [PubMed: 21378990]

Smyth SS, Cheng HY, Miriyala S, Panchatcharam M & Morris AJ. (2008). Roles of lysophosphatidic
acid in cardiovascular physiology and disease. Biochimica et biophysica acta 1781, 563-570.
[PubMed: 18586114]

Smyth SS, Mueller P, Yang F, Brandon JA & Morris AJ. (2014). Arguing the case for the autotaxin-
lysophosphatidic acid-lipid phosphate phosphatase 3-signaling nexus in the development and
complications of atherosclerosis. Arteriosclerosis, thrombosis, and vascular biology 34, 479-486.
[PubMed: 24482375]

Stauss HM, Godecke A, Mrowka R, Schrader J & Persson PB. (1999). Enhanced blood pressure
variability in eNOS knockout mice. Hypertension 33, 1359-1363. [PubMed: 10373216]

Touat-Hamici Z, Weidmann H, Blum Y, Proust C, Durand H, lannacci F, Codoni V, Gaignard
P, Therond P, Civelek M, Karabina AS, Lusis AJ, Cambien F & Ninio E. (2016). Role of
lipid phosphate phosphatase 3 (LPP3) in human aortic endothelial cell function. Cardiovascular
research.

J Physiol. Author manuscript; available in PMC 2024 March 29.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chabowski et al.

Page 16

van de Hoef TP, van Lavieren MA, Damman P, Delewi R, Piek MA, Chamuleau SA, Voskuil M,
Henriques JP, Koch KT, de Winter RJ, Spaan JA, Siebes M, Tijssen JG, Meuwissen M & Piek
JJ. (2014). Physiological basis and long-term clinical outcome of discordance between fractional
flow reserve and coronary flow velocity reserve in coronary stenoses of intermediate severity.
Circulation Cardiovascular interventions 7, 301-311. [PubMed: 24782198]

Van Hoose PM, Yang L, Kraemer M, Ubele M, Morris AJ & Smyth SS. (2022). Lipid phosphate
phosphatase 3 in smooth muscle cells regulates angiotensin Il-induced abdominal aortic aneurysm
formation. Scientific reports 12, 5664. [PubMed: 35383201]

Wang C, Wu H, Xing Y, Ye Y, He F, Yin Q, Li Y, Shang F, Shyy JYJ & Yuan Z-Y. (2022). Endothelial-
derived extracellular microRNA-92a promotes arterial stiffness by regulating phenotype changes
of vascular smooth muscle cells. Scientific reports 12, 344. [PubMed: 35013491]

Wu C, Huang RT, Kuo CH, Kumar S, Kim CW, Lin YC, Chen Y/, Birukova A, Birukov KG, Dulin
NO, Civelek M, Lusis AJ, Loyer X, Tedgui A, Dai G, Jo H & Fang Y. (2015). Mechanosensitive
PPAP2B Regulates Endothelial Responses to Atherorelevant Hemodynamic Forces. Circ Res 117,
e41-53. [PubMed: 26034042]

Wu W, Xiao H, Laguna-Fernandez A, Villarreal G Jr., Wang KC, Geary GG, Zhang Y, Wang WC,
Huang HD, Zhou J, Li YS, Chien S, Garcia-Cardena G & Shyy JY. (2011). Flow-Dependent
Regulation of Kruppel-Like Factor 2 Is Mediated by MicroRNA-92a. Circulation 124, 633-641.
[PubMed: 21768538]

Zhang Y, Cheng J, Chen F, Wu C, Zhang J, Ren X, Pan Y, Nie B, Li Q & Li Y. (2017). Circulating
endothelial microparticles and miR-92a in acute myocardial infarction. Bioscience reports 37.

J Physiol. Author manuscript; available in PMC 2024 March 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chabowski et al.

Page 17

Key Points
LPP3 expression is reduced in patients with coronary artery disease (CAD).

Loss of LPP3 in CAD is associated with an increase in the LPP3 inhibitor,
miR-92a.

Inhibition of LPP3 in the microvascular of healthy patients mimics the CAD
FMD phenotype.

Inhibition of miR-92a restores NO-mediated FMD in the microvasculature of
CAD patients.
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Figure 1.
Expression of LPP3 in human heart and adipose arterioles. A) LPP3 protein expression in

human heart left ventricle from non-CAD (open bar, black circle) and CAD patients (grey
bar, black square) (Mann Whitney U-test p = 0.004, n = 4 non-CAD, 8 CAD). Protein
levels of LPP3 were significantly reduced in the presence of CAD. Blots represent 3 CAD
and 3 non-CAD patient samples. B) LPP3 mRNA expression in human heart left ventricle
from non-CAD and CAD patients. Presence of clinically diagnosed CAD had no effect on
MRNA levels (Mann Whitney U-test, p = 0.96, n = 9 independent non-CAD samples, 8
independent CAD samples). C) LPP3 mRNA expression in human adipose arterioles from
non-CAD and CAD subjects. LPP3 mRNA levels are not significantly reduced in arterioles
from subjects with CAD (Mann Whitney U-test p = 0.14 n = 15 each group). Statistical
analysis for protein and mRNA were performed using Mann Whitney non-parametric tests
and are expressed as mean + SD. (n) indicates the number of subjects.
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Figure 2.

Effects of LPP3 downregulation on flow-induced dilation (FMD) in non-CAD vessels.
Confirmation of siRNA-driven knock-down of A) LPP3 Protein in HUVECs (Mann-
Whitney U-test p = 0.05, n = 3 for both groups) and B) mRNA with RT-qPCR in

non-CAD human vessels (Wilcoxon signed-rank test p = 0.13, n = 3 for both groups).

C) The magnitude of FMD is preserved in human arterioles treated for 24 hours with
scramble siRNA. L-NAME inhibits the dilation, while Peg-Cat has no effect. (2-way RM
ANOVA, *p<0.0001 vs. control curve, n = 3 — 4) D) The magnitude of FMD is preserved in
non-CAD human arterioles treated for 24-hours with LPP3-tergetting siRNA. Peg-Catalase
significantly reduces FMD, whereas L-NAME has no effect (2-way RM ANOVA, p <
0.0001 vs. control curve, n = 6 — 7). Statistical analysis for protein and mMRNA were
performed using Mann Whitney and Wilcoxon non-parametric tests, respectively, while
FMD responses were performed using a 2-way RM ANOVA. Results are expressed as mean
+ SD. (n) indicates the number of subjects.
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Figure 3.
Role of miR-92a in regulation the mechanism of FMD in CAD vessels. A) Levels of

miR-92a is increased in vessels from subjects with CAD as compared to hon-CAD.
Expression normalized to RNUG and expressed as fold change from non-CAD. (Mann
Whitney U-test, p = 0.04 vs. non-CAD, n = 15 each group). B) Expression of miRNA-92a

is decreased after treatment for 48 hours with anti-miR-92a in CAD arterioles in comparison
to scramble anti-miR (Wilcoxon signed-rank test, p = 0.03 vs. control anti-miR, n = 6
matched pairs). C) The magnitude of FMD is preserved in human arterioles treated for

48 hours with control anti-miR. Peg-Catalase inhibits the dilation, while L-NAME has no
effect (2-way RM ANOVA, *p < 0.0001 vs control curve, n = 3 — 5). D) The magnitude

of FMD is preserved in CAD human arterioles treated for 48 hours with anti-miR-92a.
L-NAME significantly reduces FMD, whereas Peg-Cat has no effect (2-way RM ANOVA,
*p < 0.0001 vs control curve, n =5 — 7). Statistical analysis for mRNA were performed
using Mann Whitney and Wilcoxon non-parametric tests, respectively, while FMD responses
were performed using a 2-way RM ANOVA. Results are expressed as mean = SD. (n)
indicates the number of subjects
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Effects of miR-92a downregulation on expression of LPP3 and eNOS. A) Transcript
expression of LPP3 are not different from control in response to 48-hours treatment with
anti-miR-92a in adipose arterioles from patients with CAD. Expression normalized to 18s
(Wilcoxon test, p = 0.15, n = 13 matched pairs). B) Transcript levels of eNOS are unchanged
in response to 48-hours treatment of anti-miR-92a in adipose arterioles from patients with
CAD. Expression normalized to 18s. (Wilcoxon test, p = 0.54, n = 13 matched pairs).
Statistical analysis for mRNA were performed using Wilcoxon non-parametric comparisons.
Results are expressed as mean + SD (n) indicates the number of subjects
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Figure 5.

miR-92a mimic does not decrease expression of LPP3 or eNOS in resistance arterioles from
non-CAD patients. A) Transcript levels of LPP3 are significantly elevated in response to
48-hours of treatment with miR-92a mimic (Wilcoxon signed-rank test, p = 0.03 vs control,
n = 6 matched pairs). Expression normalized to 18s. B) Transcript levels of eNOS are not
increased in response to 48-hours treatment with miR-92a mimic. Expression normalized to
18s (Wilcoxon signed-rank test, p = 0.34, n = 6 matched pairs). C) Treatment (48 hours)
with miR-92a mimic induces a switch from NO to H,O5 in resistance arterioles from
non-CAD patients. Peg-Cat significantly reduces FMD, whereas L-NAME has no effect.
(2-way RM ANOVA, *p < 0.0001 vs control curve, n =5 — 6). Statistical analysis for mMRNA
were performed using Wilcoxon signed-rank test, while FMD responses were performed
using a 2-way RM ANOVA. Results are expressed as mean + SD. (n) indicates the number
of subjects.
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Table 1.

Patient Demographics for Heart Samples

Non-CAD (n=8) CAD (n=10)

Sex, Male/Female 2/6 4/6
Age, years (mean+SD) 4544157 55.845.5
Body mass index (mean+SD) 29.6+8.3 35.846.3

Underlying Conditions
Coronary artery disease 0 10
Diabetes mellitus

Hypertension

Myocardial infarction

0
0
Hyperlipidemia 0
0
Congestive heart failure 0

8

o r A B N O

None of the above

*
p<0.0001 Non-CAD vs CAD.
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Table 2:

Patient Demographics for Arterioles

Non-CAD (n=33) CAD (n=22)

Sex, Male/Female 8/25 18/4
Age, years (mean+SD) 49+16 71+10
Body mass index (mean+SD) 29.3+5.2 29.3+7.2
Underlying Conditions

Coronary artery disease 0 22
Diabetes mellitus 1 7
Hypertension 3 15
Hyperlipidemia 2 15
Myocardial infarction 0 4
Congestive heart failure 1 3
A-Fib 0 5
None of the above 26 0

*
p<0.0001 Non-CAD vs CAD.
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