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CAD increases the long noncoding RNA PUNISHER
iIn small extracellular vesicles and regulates
endothelial cell function via vesicular shuttling

Mohammed Rabiul Hosen,"® Qian Li,">¢ Yangyang Liu,' Andreas Zietzer,! Katharina Maus,' Philip Goody,"
Shizuka Uchida,’® Eicke Latz,* Nikos Werner,” Georg Nickenig,' and Felix Jansen'

'Heart Center Bonn, Molecular Cardiology, Department of Internal Medicine II, University Hospital Bonn, Rheinische Friedrich-Wilhelms University of Bonn
Venusberg-Campus 1, 53127 Bonn, Germany; 2Department of Cardiology, Second Hospital of Jilin University, 218 Ziqiang St., Changchun, China; 3Center for RNA
Medicine, Department of Clinical Medicine, Aalborg University, Frederikskaj 10B, 2, DK-2450 Copenhagen SV, Denmark; “Institute of Innate Immunity, University
Hospital Bonn, University of Bonn, 53127 Bonn, Germany; *Department of Internal Medicine/Cardiology, Krankenhaus der Barmherzigen Briider Trier, Nordallee 1,

54292 Trier, Germany

Long noncoding RNAs (IncRNAs) have emerged as biomarkers
and regulators of cardiovascular disease. However, the expres-
sion pattern of circulating extracellular vesicle (EV)-incorpo-
rated IncRNAs in patients with coronary artery disease
(CAD) is still poorly investigated. A human IncRNA array re-
vealed that certain EV-IncRNAs are significantly dysregulated
in CAD patients. Circulating small EVs (sEVs) from patients
with (n = 30) or without (n = 30) CAD were used to quantify
PUNISHER (also known as AGAP2-antisense RNA 1 [ASI]),
GAS5, MALATI, and H19 RNA levels. PUNISHER (p =
0.002) and GAS5 (p = 0.02) were significantly increased in pa-
tients with CAD, compared to non-CAD patients. Fluorescent
labeling and quantitative real-time PCR of sEVs demonstrated
that functional PUNISHER was transported into the recipient
cells. Mechanistically, the RNA-binding protein, heteroge-
neous nuclear ribonucleoprotein K (hnRNPK), interacts with
PUNISHER, regulating its loading into sEVs. Knockdown of
PUNISHER abrogated the EV-mediated effects on endothelial
cell (EC) migration, proliferation, tube formation, and sprout-
ing. Angiogenesis-related gene profiling showed that the
expression of vascular endothelial growth factor A (VEGFA)
RNA was significantly increased in EV recipient cells. Protein
stability and RNA immunoprecipitation indicated that the
PUNISHER-hnRNPK axis regulates the stability and binding
of VEGFA mRNA to hnRNPK. Loss of PUNISHER in EVs abol-
ished the EV-mediated promotion of VEGFA gene and protein
expression. Intercellular transfer of EV-incorporated PUN-
ISHER promotes a pro-angiogenic phenotype via a VEGFA-
dependent mechanism.

INTRODUCTION

Coronary artery disease (CAD) and its cardiovascular sequelae repre-
sent the leading cause of mortality worldwide.' * Emerging data sug-
gest that noncoding RNAs (ncRNAs) are crucial regulators of patho-
logical conditions, such as atherosclerosis. ncRNAs exert their

388 Molecular Therapy: Nucleic Acids Vol. 25 September 2021 © 2021 The Authors.

biological effects intracellularly but can also be released into the cir-
culation.™® Thus, circulating ncRNAs can provide useful information
for the diagnosis of CAD as well as monitoring the progression of the
disease,” which has recently been referred to as a liquid biopsy.® '
Although there are abundant ribonucleases in the bloodstream,
ncRNAs remain relatively resistant to degradation. The stability of
ncRNAs in plasma is mediated by their incorporation into and pro-
tection by extracellular vesicles (EVs) or through binding to exoge-
nous proteins or lipids."'

MicroRNAs (miRNAs; ~22 nucleotides in length'*) and long ncRNAs
(IncRNAs; >200 nucleotides with no potential for translation into
proteins'”'’) are the most prominent kinds of ncRNAs.'® We and
others circulating EV-incorporated
miRNAs are significantly differentially regulated under pathological
conditions and therefore are of high value for the diagnosis of cardio-
vascular disease.””*” ** However, miRNAs are not the most abundant
ncRNAs within EVs.” Recent studies have highlighted that IncRNAs
also participate in intercellular communication by way of EV-medi-
ated cell-to-cell transfer. IncRNAs may exert their function by con-
trolling gene expression in the nucleus or regulating other processes,
such as RNA stability, in the cytoplasm.*®*®

have demonstrated that

EVs are usually divided into two main classes according to their
diameter: small EVs (sEVs; <150 nm) and large EVs (IEVs;
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A Workflow of clinical IncRNA study
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150—1,000 nm).* Circulating sEVs and their molecular cargoes have
recently emerged as promising diagnostic tools for various diseases
including CAD.”” Previous studies have provided evidence that circu-
lating sEV are one of the main sources for IncRNAs in the blood-
stream.>! ** However, whether sEV-incorporated IncRNAs are differ-
entially expressed in CAD and actively involved in disease
progression is still poorly understood.

In the present study, we identified the sEV-incorporated IncRNA
PUNISHER (also known as AGAP2-antisense RNA 1 [ASI]) as being
significantly upregulated in CAD patients. In vitro, we found that
PUNISHER can be selectively exported into sEVs via a heterogeneous
nuclear ribonucleoprotein K (hnRNPK)-dependent mechanism. sEV-
mediated intercellular transfer of PUNISHER increased the expression
of vascular endothelial growth factor A (VEGFA) in recipient cells and
promoted an angiogenic response. Our mechanistic studies indicate
that PUNISHER exerts its function by interacting with the RNA-bind-
ing protein (RBP), hnRNPK, to regulate the expression of the proan-
giogenic protein VEGFA in endothelial cells (ECs).

RESULTS

Isolation and characterization of circulating sEV

A scheme of the workflow for the clinical IncRNA study is shown in Fig-
ure 1A. Circulating sEV's were isolated from the plasma of patients using
a differential ultracentrifugation method (Figure S1A), as previously
described.”” sEVs isolated from plasma samples were characterized
prior to the isolation of RNA. The sEV's were characterized according
to the current recommendations of the International Society for Extra-
cellular Vesicles (ISEV).”> Immunoblotting analyses revealed that the
isolated sEV expressed a distinct set of marker proteins, including
CD9, CD81, and Syntenin1’>*® (Figure S1B). Nanoparticle tracking
analysis (NTA) showed that most of the isolated vesicles were 50-
150 nm in diameter (Figure S1C), which is in line with the characteristic
size (<150 nm) of sEVs."? Transmission electron microscopy (TEM)
confirmed the size and morphology of the sEV's (Figure S1D).

Identification of candidate IncRNAs

In order to explore whether sEV-incorporated IncRNAs are regulated
differently in patients with or without CAD (non-CAD [NCAD]), a
PCR-based human IncRNA array was performed in the screening
cohort, which consisted of patients with stable CAD (n = 3) and
NCAD (n = 3). The IncRNA array revealed a number of IncRNAs
that were differentially expressed in sEVs. When thresholds of a
>2-fold difference and a p value <0.05 were applied, the IncRNA

Molecular Therapy: Nucleic Acids

PUNISHER was shown to be significantly upregulated in CAD pa-
tients, along with several other IncRNAs (ABHDI11-ASI, GAS5,
APOCIPI, DISC2, etc.) (Figure 1B; Table S5). To validate the IncRNA
array results, we prospectively studied another 60 patients, one-half
with CAD (n = 30) and one-half NCAD (n = 30). Based on the results
of the array and the well-known regulatory roles for certain IncRNAs
in atherosclerosis, four IncRNAs (MALAT1,”"** GAS5,”*" AGAP2-
AS1 [PUNISHER],"" and H19*>*’) were selected for single quantita-
tive real-time PCR (qRT (reverse transcriptase)-PCR) analysis in
the validation cohort (Table S2).

sEV-encapsulated IncRNA PUNISHER is upregulated in the
plasma of CAD patients

Single qRT-PCR results showed that two of the IncRNAs had signif-
icantly higher expression levels in patients with stable CAD than pa-
tients with NCAD: PUNISHER (p = 0.0023; Figure 1C) and GAS5 (p =
0.0251; Figure S2A). H19 and MALAT]I showed no significant differ-
ences between the two groups (Figures S2B and S2C). In summary,
PUNISHER showed the most significant difference in expression
levels between CAD and NCAD patients among the four IncRNAs
studied (Figure 1D).

Baseline characteristics for the validation cohort are presented in Ta-
ble 1. There was no significant difference with respect to age or gender
between the two groups. Stable CAD patients were more frequently
on low-dose aspirin and clopidogrel regimens (p = 0.005 and p =
0.001). The NCAD group had higher levels of high-density lipopro-
tein (HDL) cholesterol (p = 0.016), but other standard laboratory pa-
rameters were similar between the two groups (Table 1).

Comorbidities or medications have been shown to potentially affect
the expression levels of sEV-bound ncRNAs.** A binary logistic
regression analysis showed that higher or lower levels of PUNISHER
were not significantly associated with any comorbidities. Further-
more, PUNISHER levels were found to be independent of the use of
medications (Table S3).

To explore whether circulating extracellular PUNISHER is encapsu-
lated into sEVs or bound to protein complexes, we performed a
vesicle-RNA degradation assay. We found that digestion of proteins
only (using proteinase K), before treatment with RNase, did not affect
the levels of PUNISHER RNA. In contrast, treatment with Triton
X-100, which acts as a detergent to disrupt the phospholipid mem-
brane of vesicles, before treatment with RNase, led to an almost

Figure 1. IncRNA expression in circulating small extracellular vesicles (sEVs) from patients with coronary artery disease (CAD) or without CAD (non-CAD

[NCAD])

(A) Schematic representation of the clinical long noncoding RNA (IncRNA) study. (B) Volcano plot showing differentially regulated human IncRNAs in sEV's derived from patient
plasma by using a PCR-based human IncRNA array. Thresholds (dotted lines) of a 2-fold change and p values (false discovery rate [FDR] adjusted) <0.05 were set to
distinguish the INcRNAs of interest; n = 3 for NCAD; n = 3 for CAD. (C) Expression of circulating sEV-associated PUNISHER was analyzed in NCAD (n = 30) and stable CAD

(n = 30) patients by gRT-PCR. Values were normalized to GAPDH and expressed as 2™

INcRNA) — CTGAPDHI 0 - Data are presented as the mean + SD (p = 0.0023, by

Student’s t test). (D) List of the four INcRNAs analyzed in plasma sEV from the NCAD (n = 30) and stable CAD (n = 30) groups by gRT-PCR. (E) Top, a schematic representation
of the vesicle-RNA degradation assays; bottom, plasma sEVs were treated in parallel using different conditions following RNase A digestion. PUNISHER was quantified by
gRT-PCR (*p < 0.05, compared with the untreated group; ns, not significant, n = 3, by 1-way ANOVA with Bonferroni correction for multiple comparisons test).
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Table 1. Baseline characteristics of the study population in the screening
phase

Table 1. Continued

Total (n = NCAD (n = Stable CAD p
Total (n= NCAD (n= Stable CAD p Characteristic 60) 30) (n =30) value
Characteristic 60) 30) (n =30) value 176.6 +
646 = Cholesterol (mg/dL) 494' - 186.5+54.0 166.6 + 42.9 0.121
Age (year) 10'7 - 63.8+11.1 653 +104 0.584 .
. 50.5 =
HDL cholesterol (mg/dL 551+ 164 40.6=+11.8 0.016
Gender (no; %) 0542 SRR TY
F It 14 (23.39 26.7% 20.0% 106.0 =
emae (233%) 8(267%) 6 (200%) LDL cholesterol (mg/dL) 32620 * 1103395 1017313 0349
Male 46 (76.7%) 22 (73.3%) 24 (80.0%) |
Cardiovascular risk factors C-reactive protein (mg/L) 59+108 53x94 6.5+ 123 0.665
(%) Leukocytes (109/L) 73+21 7219 75+23 0.600

Arterial hypertension 44 (73.3%) 23 (76.7%) 21 (70.0%) 0.559
Hyperlipoproteinemia 23(38.3%) 11 (36.7%) 12 (40.0%) 0.791
Family history 13 (21.7%) 9 (30.0%) 4 (13.3%) 0.117
Diabetes 21 (35.0%) 11 (55.0%) 10 (33.3%) 0.524
Smoking 17 (28.3%) 7 (23.3%) 10 (33.3%) 0.390
Body mass index, kg/m* 274+39 272x46 27730 0.655
Medical history (%)

Previous bypass 0 (0%) 0 (0%) 0 (0%) 1.000
Previous MI (6 months) 0 (0%) 0 (0%) 0 (0%) 1.000
Previous stroke 2 (3.3%) 2 (6.7%) 0 (0%) 0.150
Chronic kidney disease 2 (3.3%) 1 (3.3%) 1(3.3%) 1.000
PCI

Previous 36 (60%) 18 (43.3%) 23 (76.7%) 0.008
Coronary artery disease (no.; 0.001
%)

1 vessel 3 (5.0%) 0 (0%) 3 (10.0%)

2 vessels 12 (20.0%) 0 (0%) 12 (40.0%)

3 vessels 13 (21.7%) 0 (0%) 13 (43.3%)

Medication on administration
(no.; %)

ACE inhibitors 42 (70.0%) 18 (60.0%) 24 (80.0%) 0.091
Angiotensin receptor blockers 11 (18.3%) 5 (16.7%) 6 (20.0%) 0.739
Beta blockers 51 (85.0%) 25 (83.3%) 26 (86.7%) 0.718
Calcium channel blockers 10 (16.7%) 5 (16.7%) 5 (16.7%) 1.000
Diuretics 24 (40.0%) 13 (43.3%) 11 (36.7%) 0.598
Statins 48 (80.0%) 20 (66.7%) 28 (93.3%) 0.010
Nitrates 4 (6.7%) 2 (6.7%) 2 (6.7%) 1.000
Aspirin 47 (78.3%) 19 (63.3%) 28 (93.3%) 0.005
Clopidogrel 10 (16.7%) 0 (0%) 10 (33.3%) 0.001

Laboratory parameters

Glucose é;(?; * 1163 +37.2 1252 +77.8 0.583
Hb Alc (%) 6.8 +39 6.1 £0.7 75+54 0.179
Serum creatinine (mg/dL) 1.0+£03 1.0+04 1.0+54 0.637
Glomerular filtration rate 65.6 £
4+ 11.1 7 +09. 91
(mL/min) 10.3 654 = 657 %95 0913
. . 1312 +
Triglycerides (mg/dL) 763 120.5+48.7 142.2 £ 96.7 0.278

(Continued)

Continuous variables are presented as the mean + SD, and categorical variables are pre-
sented as the percentage of patients. NCAD, non-coronary artery disease; stable CAD,
stable coronary artery disease; MI, myocardial infarction; PCI, percutaneous coronary
intervention; ACE, angiotensin-converting enzyme; Hb Alc, hemoglobin Alc; LDL,
low-density lipoprotein; HDL, high-density lipoprotein. Chronic kidney disease was
defined as a glomerular filtration rate <60 mL/min.

complete degradation of PUNISHER RNA. These findings indicate
that the circulating extracellular PUNISHER is primarily incorporated
into sEVs, which protect the RNA from resident nucleases (Fig-
ure 1E). Additionally, we investigated the stability of the PUNISHER
transcript in sEVs isolated from freshly collected plasma versus
plasma stored at —80°C for 5 years. There was no significant differ-
ence in PUNISHER expression levels between the two groups (Fig-
ure S2D), confirming the stability of ncRNAs in frozen plasma over
several years, if stored correctly.*’

Atherosclerotic stimuli cause endothelial SEV to be enriched in
PUNISHER in vitro

Because we found that sEVs containing PUNISHER were significantly
upregulated in patients with CAD, and previous studies show that
PUNISHER is an endothelial-specific IncRNA,**** we next explored
whether pro-atherosclerotic conditions might regulate cellular or
sEV-incorporated PUNISHER expression levels in vitro. First, EC-
derived sEVs were isolated from human coronary artery ECs
(HCAECs) through a series of differential ultracentrifugation steps,
as previously described (Figure S2A). The resulting SEVs were char-
acterized by immunoblotting for sEV marker expression, NTA for
size distribution, and TEM for morphology (Figures S3A—S3C). To
confirm that PUNISHER is expressed primarily in the heart, expres-
sion profiling of PUNISHER in eight major human tissues was per-
formed by using qRT-PCR on commercially available cDNA from
eight different tissues (major organs) of human origin (Human Total
RNA Master Panel II; Clontech; #636643) (Figure S3D). The origins
of PUNISHER-enriched vesicles were investigated further by the uti-
lization of different vascular cells (vascular smooth muscle cells,
HCAECs, and human umbilical vein endothelial cells [HUVECs]),
as well as immune cells, such as platelets. Interestingly, we found
that the IncRNA PUNISHER is enriched in ECs and their correspond-
ing sEVs (Figure S3E).*! The expression of PUNISHER in HCAECs
and the corresponding sEVs was confirmed by qRT-PCR (Fig-
ure S4A). Recent investigations indicated that oxidized low-density

Molecular Therapy: Nucleic Acids Vol. 25 September 2021 391
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Figure 2. Atherosclerotic stimuli increase PUNISHER
expression in endothelial cells (ECs) and
corresponding sEVs in vitro

(A and B) PUNISHER was analyzed in ECs upon stimulation

with different concentrations of oxidized low-density lipo-
protein (oxLDL) or tumor necrosis factor o (TNF-a) by using
gRT-PCR (*p < 0.05, **p < 0.01, **p < 0.001, n = 4, by
1-way ANOVA with Bonferroni correction for multiple
comparisons test). (C and D) PUNISHER was analyzed in
sEVs following stimulation with different concentrations of
oxLDL or TNF-a by using gRT-PCR. Cycle of threshold (CT)
values were normalized to GAPDH, and expression was

PUNISHER expression in sEV
(TNF-a stimulation)

N depicted as fold change (*p < 0.05, *p < 0.01,n =4, by 1-
way ANOVA with Bonferroni correction for multiple com-
parisons test). Data represent the mean + SD.

PUNISHER exerts its function via interaction
with the RBP hnRNPK
We next aimed to study the mechanism that reg-
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- 60 investigate the molecular mechanism of ncRNA
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lipoprotein (oxLDL) or tumor necrosis factor alpha (TNF-a) plays
pivotal roles in the development of atherosclerosis and endothelial
dysfunction, and they are extensively used in vitro and in vivo as
atherosclerotic stimuli.*’ ' Intriguingly, stimulation with oxLDL or
TNF-a caused significant upregulation of PUNISHER levels, both
in the parental ECs and in EC-derived sEVs, without affecting the
overall number of sEVs (Figures 2A-2D; Figure $4B).

Based on the current annotation, AGAP2-AS1 (also known as PUN-
ISHER) is an RNA gene, which has been categorized to the ncRNA
class. Unlike protein-coding genes, PUNISHER does not contain
any obvious open reading frame (ORF)."!

By definition, the IncRNA PUNISHER is not translated into a protein.
In silico predictions of the protein-coding potential of PUNISHER
indicate that it is a bona fide IncRNA that does not encode proteins.
Since the subcellular localization of a given transcript may be consid-
ered an important clue about its function, we investigated PUNISHER
localization and demonstrated that PUNISHER is localized to both
the cytosol and nucleus by fractioning the RNA followed by qRT-
PCR-based quantification. Intriguingly, PUNISHER is highly en-
riched in the cytosolic fraction, compared to the nuclear fraction, of
ECs (Figure S5A).

392 Molecular Therapy: Nucleic Acids Vol. 25 September 2021

dates that were identified were annotated as

RBPs, according to the SwissProt database. In
particular, hnRNPs were prominently expressed in isolated EVs,
including hnRNPA2B1, hnRNPU, and hnRNPK, as previously pub-
lished by our group.”

hnRNPs are a large family of RBPs that have been reported to mediate
the loading of ncRNAs into EV.”>*” To examine whether the pack-
aging of PUNISHER into EVs is mediated by hnRNPs, we utilized
publicly available online tools to predict PUNISHER-hnRNP interac-
tion partners by using the catRAPID omics algorithm.’® In this way,
we identified hnRNPK as the top-ranked potential interaction partner
for PUNISHER in silico (Table S4). We performed a cross-linked RNA
immunoprecipitation (RIP) experiment by using an antibody against
hnRNPK in ECs and sEVs to experimentally confirm the binding
between PUNISHER and hnRNPK (Figures 3A-3C). Interestingly,
qRT-PCR analysis revealed that the interaction of hnRNPK with
PUNISHER is specific, and no other IncRNAs (GAS5, MALATI,
and H19) are enriched in either EC or sEVs from the RIP experiments
(Figures 3A and 3B). To further investigate whether hnRNPK inter-
acts with other IncRNAs that were upregulated in our clinical sam-
ples, we used the RNA Interactome (RNAlnter) database to make
an in silico prediction of the interaction of hnRNPK with IncRNAs,
based on the coverage score. We found that PUNISHER and MALATI
are predicted to bind to hnRNPK, but not H19 and GAS5, based on
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A RNA immunoprecipitation B RNA immunoprecipitation Figure 3. Interaction between PUNISHER and
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the high-interaction scores that they give”” and compared with other
databases (Figure 3D; Table S6).58‘59

We then evaluated the effect of hnRNPK knockdown on sEV-incor-
porated PUNISHER levels and other IncRNA expression in ECs (Fig-
ure 3E). We found that upon hnRNPK knockdown in EC, the expres-
sion of PUNISHER is reduced, whereas other IncRNAs remain
unchanged, suggesting that the interaction of hnRNPK to PUNISHER
is specific (Figure 3E). Importantly, hnRNPK depletion reduced the
levels of PUNISHER in ECs and the corresponding sEVs (Figures
3F-3H), demonstrating that hnRNPK may participate in the loading
of PUNISHER into sEVs. Furthermore, in vitro atherosclerotic stim-
ulus, oxLDL-induced PUNISHER upregulation within sEVs, was
abrogated upon hnRNPK knockdown, which confirms the impor-
tance of hnRNPK-mediated PUNISHER packaging under atheroscle-
rotic conditions (Figure 3H; Figure S5B). Loss of PUNISHER and

T
siScr

n = 4, by Student’s t test). (H) Western blot analysis of
hnRNPK protein expression was performed on the
hnRNPK siRNA- or control siRNA-transfected ECs. B-actin
was used as a marker. hnRNPK protein levels were as-
sessed using ImageJ image analysis software (*p < 0.01,
n =4, by Student’s t test). (I) Prior to oxLDL treatment, ECs
were transfected with hnRNPK siRNA or control siRNA.
PUNISHER expression was analyzed in the corresponding
sEVs by gRT-PCR. GAPDH was used as an endogenous
control (*p < 0.05, n = 3—4, by Student’s t test).

sihnRNPK

Control
oxLDL

hnRNPK function leads to a reduction of PUNISHER and hnRNPK
mRNA level in the corresponding sEVs, but no significant effects
were observed in the case of other IncRNAs, namely, GAS5, H19,
and MALATI, further suggesting that hnRNPK is an interaction part-
ner for PUNISHER and regulates the packaging of ncRNA into sEVs
(Figure 3I). In summary, our data clearly indicate that hnRNPK is an
interaction partner for PUNISHER, which may regulate the loading of
PUNISHER into sEVs.

sEV-incorporated PUNISHER regulates target EC function

Increasing evidence suggests that sEVs act as a vehicle for the intercel-
lular transfer of their contents to modulate the fate of recipient
39336061 Because circulating SEV-containing PUNISHER might
exert its main biological effect on target ECs, we first investigated
whether endothelial-derived sEVs could deliver PUNISHER
into target ECs. By co-incubating sEVs and ECs, we observed a

cells.
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Figure 4. sEV-incorporated PUNISHER is transferred
into recipient ECs

(A) PKH67-labeled SEVs (green) were cultured with recipient
ECs for 0, 0.5, 6, and 24 h. The nuclei of the cells were
stained with 4’,6-diamidino-2-phenylindole (DAPI; blue),
and images were taken by using immunofluorescence
microscopy. Scale bar, 20 um. (B) PUNISHER expression
was assessed in target ECs that were treated with
SEVPUN/SHER downregulated or SEVmocK transfected using qRT—
PCR. CT values were normalized to GAPDH and were ex-
pressed as fold change (*p < 0.05, n =3, by Student’s t test).
(C) PUNISHER expression was analyzed in PUNISHER-
SiRNA- or control-siRNA-transfected ECs and the corre-
sponding sEVs by gRT-PCR. GAPDH was used as an
endogenous control (*p < 0.05, **p < 0.001, n = 3—4, by
Student’s t test). (D—F) PUNISHER expression was as-

sessed in target ECs that were treated with PBS, sEVs,
SEVPUN/SHER downregulated or SEVmoCk transfected USiﬂg copy

number analysis (*p < 0.05, **p < 0.001, n = 4, by 1-way
ANOVA with Bonferroni multiple comparisons test). (E)
Transwell experiments with normal, siScr, siPUNISHER,
and sihnRNPK in donor cells and recipient cells. PUNISHER
expression was quantified in donor and target ECs that were
treated with sEVs from cells transfected with siRNAs.
GAPDH was used as a control. (*p < 0.01, ***p < 0.001,
Student’s t test). HCAECs, human coronary artery ECs.

ISHER transfer exists in vitro, we established
a Transwell-based experiment by utilizing
PUNISHER-/hnRNPK-silenced donor cells and
comparing them with control ECs. We observed
that the sEV's have the potential to deliver PUN-
ISHER to the recipient cells. These data indicate
that there is reduced transfer of PUNISHER
from both PUNISHER- and hnRNPK-silenced
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time-dependent internalization of sEVs into the recipient ECs (Fig-
ure 4A). The transfer of PUNISHER into target ECs was diminished
using PUNISHER-downregulated sEVs (sEVPUNSHER downregulated)
which were generated from ECs following transfection with PUN-
ISHER small interfering RNAs (siRNAs) (Figure 4B). The efficiency
of PUNISHER downregulation following siRNA transfection was
confirmed using QRT-PCR in ECs and the corresponding sEV's (Fig-
ure 4C), without affecting other IncRNAs (Figures S6A—S6C). An
qRT-PCR-based absolute quantification assay in target ECs confirmed
the efficient delivery of PUNISHER by sEV (Figure S6D); furthermore,
compared with sEVs, SEVPUNISHER downregulated .. sforred less PUN-
ISHER into the recipient ECs (Figures 4D-4F). Moreover, to distin-
guish between endogenous and exogenously delivered PUNISHER,
we performed copy number analysis on PUNISHER-downregulated
recipient ECs. The results demonstrated that SEV transfer could rescue
the reduced level of PUNISHER in PUNISHER-silenced target ECs
(Figure 4E; Figure S6D). To confirm whether sEV-mediated PUN-
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& donor cells into the corresponding recipient ECs
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via SEV and suggest that hnRNPK is involved in
EV-mediated PUNISHER transfer.
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Next, we investigated the function of sEV-incorporated PUN-
ISHER. Because PUNISHER has been shown to be a major regu-
lator of EC function,*' we investigated whether the PUNISHER
RNA found in sEVs can directly affect target EC migration, prolif-
eration, in vitro sprouting, and network formation. Treatment of
target ECs with sEVs caused an increase in EC migration (Fig-
ure 5A; Figure S7A), proliferation (Figures 5B and 5C), and
network formation (Figures 5D and 5E; Figures S7B and S7C),
whereas PUNISHER silencing reduces in vitro sprouting of ECs
(Figures 5F and 5G). Importantly, sEV-mediated effects on the
recipient ECs were abolished when sEVPUNISHER downregulated
were used, indicating that the PUNISHER found in the sEVs reg-
ulates target EC function and phenotypes by promoting angiogenic
responses. Consistent with these findings, the downregulation of
PUNISHER in ECs resulted in reduced migration (Figures S8A
and S8B), proliferation (Figure S8C), and network formation (Fig-
ures S8D—S8G).
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Figure 5. PUNISHER in sEVs regulates target EC function

SEVPUNISHER downregulated gy gpyymock transfected \yare separately derived from parent ECs transfected with PUNISHER siRNA or control siRNA. ECs were co-incubated with
SEVs, sEVPUNISHER downregulated g mock transfected - yiahile, (A) A scratch-migration assay was performed, and representative images of cells migrating into the scratched
region after 0, 4, and 8 h are shown. Quantitative analysis of the migration was measured as a percentage of total cell-free area (p < 0.05, **p < 0.01, **p < 0.001, n =5, by
1-way ANOVA with Bonferroni multiple comparisons test). Scale bars, 100 um. (B and C) Bromodeoxyuridine (BrdU) incorporation was determined by immunofluorescence
(red). Nuclei were stained with DAPI (blue). The percentage of BrdU-positive cells was compared with the total number of cells ("p < 0.05, **p < 0.01, n = 6, by 1-way ANOVA with
Bonferroni’s multiple comparisons test). Scale bars, 20 um; 100x magnification. (D and E) Network formation assays of ECs. Capillary tubes were imaged with an

(legend continued on next page)
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sEV-mediated transfer of PUNISHER regulates VEGFA
transcripts in recipient ECs

To explore the underlying mechanism of PUNISHER (delivered via
sEVs) for the regulation of angiogenic functions in the recipient
ECs, we used two independent experimental approaches: (1) direct
downregulation of PUNISHER expression in ECs using siRNAs
(PUNISHER siRNA versus control siRNA) and (2) treatment of recip-
ient ECs with sEVs in which PUNISHER has been downregulated
(SEVPUNISHER downregulated versus sEVmock transfected). An RT2 Profiler
PCR array, which covers 84 key genes that are involved in modulating
the biological processes of angiogenesis, was performed on both of the
above-mentioned models. In the cellular model of PUNISHER knock-
down, analysis of the array results revealed that a series of pro-angio-
genic genes, including pro-inflammatory factors (interleukin 1 beta
[IL-1B], IL-6, and TNF-a.), as well as other cellular factors (chemo-
kines, vascular endothelial factors), were significantly downregulated
(Figure 6A). When ECs were treated with sEVFUNISHER downregulated
and compared with sEV™Ock ranstected the array results showed that
the anti-angiogenic C-X-C motif chemokine 10 (CXCL10) was upre-
gulated, and four pro-angiogenic genes were downregulated by at
least 2-fold, namely jaggedl (JAGI1), matrix metalloproteinase-2
(MMP-2), angiopoietin 4 (ANGPT4), and VEGFA (Figure 6B). Inter-
estingly, when the overall angiogenesis gene-expression profile was
compared between the two models, VEGFA, a well-known, potent
pro-angiogenic factor,”” was found to be decreased upon downregu-
lation of PUNISHER in both arrays (Figures 6A and 6B).

To confirm the above findings, single QRT-PCR, immunoblotting,
and enzyme-linked immunosorbent assay (ELISA) were performed.
Notably, PUNISHER downregulation in ECs resulted in a reduction
in VEGFA expression on both the mRNA (Figure 6E) and protein
levels (Figure 6G; Figure S9A). Besides this, we also analyzed the
expression of another dysregulated gene, CXCL10, in donor and
recipient cells (Figures S9D and S9E). In line with these findings,
ECs treated with sEV?UNISHER downregulated o}, 50v0 4 reduced expression
of VEGFA mRNA (Figure 6F), protein (Figure 6H; Figure S9B), and in
the cellular supernatants (Figures 7A and 7B) compared to sEV™°*
transfected By rthermore, upon PUNISHER knockdown, although
VEGFA mRNA was downregulated in the parent and recipient ECs
(Figure 6E; Figure 7B), VEGFA mRNA was not significantly
decreased in the corresponding sEVs (sEVPUNISHER downregulatey (Fig-
ures S9B and S9C). These data exclude the possibility of VEGFA
mRNA transfer via SEVs but instead raise a question: how does PUN-
ISHER regulate mRNA expression or protein synthesis of VEGFA?
To explore this mechanistically, we performed hnRNPK immunopre-
cipitation (IP) and RIP experiments using EC cellular lysates, which
confirmed that hnRNPK is an interaction partner for PUNISHER.
hnRNPK has been reported to bind to the 3’ UTR (untranslated re-
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gion) of mRNA, to post-transcriptionally regulate its levels by regu-
lating its stability,**
pathway by acting as a transcriptional activator of VEGFE.”> To
confirm this, we performed RIP followed by qRT-PCR (RIP-qPCR),
which indicated a reduction in VEGFA mRNA binding to hnRNPK.
Although enrichment of VEGFA mRNA in PUNISHER- or hnRNPK-
silenced cells is comparable with scramble control short-interfarying
RNA (siScr)-treated cells, a lower level of enrichment was recorded in
both cells (Figure 7C). To examine whether such binding has any ef-
fect on the transcript stability of VEGFA upon PUNISHER silencing,
we treated cells with actinomycin D (5 pg/mL) to inhibit RNA synthe-
sis and measured the VEGFA expression profile via qRT-PCR. Inter-
estingly, we observed that the expression of the VEGFA transcript is
downregulated in PUNISHER-silenced cells, in comparison to siScr-
treated cells, suggesting that PUNISHER may regulate VEGFA tran-
scription (Figure 7D). Next, to experimentally validate the involve-
ment of hnRNPK in the post-translational regulation of VEGFA,
cycloheximide (CHX; an inhibitor of protein synthesis)-mediated
protein stability assays were performed upon PUNISHER silencing,
and the stability of cellular VEGFA was detected (Figure 7E). In addi-
tion, we investigated whether impairment of the angiogenic response
in PUNISHER-silenced ECs and recipient ECs can be rescued by
exogenous supplementation with the VEGFA protein. To address
this point, we performed a recipient EC network formation assay,

and is known to regulate the angiogenesis

with or without VEGFA supplementation. Our rescue experiments
revealed that the angiogenic activity in EC receiving EVs from PUN-
ISHER-silenced cells can only be rescued by adding a high concentra-
tion of extracellular VEGFA (5,000 pg/mL; Figure S10) but not with a
lower concentration (500 pg/mL; data not shown). This result
excluded that there are different levels of VEGFA mRNA transport
by EVs (Figure 7F).

DISCUSSION

Circulating ncRNAs are a novel class of biomarkers in cardiovascular
disease.”” Previous studies have highlighted that circulating EV's are
one of the major vehicles for ncRNAs in the bloodstream, providing
protection from circulating RNases and promoting stability in the
plasma.”®® Previously, we found that EV-incorporated, but not freely
circulating, ncRNAs (miRNA-126 and miRNA-199a) could predict
the occurrence of cardiovascular events in patients with stable
CAD.” Thus far, miRNAs and IncRNAs are the most prominent
and well-characterized ncRNAs. However, there is evidence that
miRNAs are not the most abundant ncRNAs in EVs.”””' Whereas
EV-incorporated miRNAs have already been characterized in a num-
ber of studies, the function of EV-incorporated IncRNAs, especially in
CAD, is largely unknown. Moreover, in the bloodstream, the quantity
of IncRNAs in sEVs is higher than in other types of EVs.”> In this

immunofluorescence microscope. Total tube length was measured and quantitated by using ImagedJ image analysis software (NIH, USA; *p < 0.01, **p < 0.001, n = 6, by
1-way ANOVA with Bonferroni multiple comparison test). Scale bar, 200 um. (F and G) In vitro sprouting assay in which ECs are co-incubated with sEVs with or without vascular
endothelial growth factor A (VEGFA; 5 pg/mL), sEV"UNSHER downregulated | o gpymock transfected | 5 mylative sprouting length was measured and quantitatively analyzed using
digital imaging analysis software (AxioVision Rel. 4.8; Carl Zeiss; ***p < 0.001, n = 6, by 1-way ANOVA with Bonferroni multiple comparisons test). Scale bar, 200 pm.
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Figure 6. sEV-mediated transfer of PUNISHER RNA regulates the level of VEGFA in recipient ECs

RT? Profiler PCR array analyses (angiogenesis) were performed on ECs treated with PUNISHER siRNA and control siRNA-transfected ECs (n = 3). The same array was
performed on ECs treated with sSEVMoCk ransfected o g\ PUNISHER downregulated (1 — 3 Ribosomal protein lateral stalk subunit PO (RPLPO; as PCR array control) was used as an
endogenous control in the PCR array. (A) A scatterplot shows the differentially regulated genes between PUNISHER knockdown and control ECs by PCR array. The
downregulated genes with a >2-fold change are labeled and listed. (B) A scatterplot shows the differentially regulated genes in target ECs after sEymock-transfected o
SEVPUNISHER-downregulated yraatment by PCR array. The five genes with a >2-fold change are labeled and listed. (C) Differentially expressed genes in the PCR array with their

(legend continued on next page)
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study, we sought to elucidate the role of sEV-incorporated IncRNA
PUNISHER in CAD patients and to understand their impact on the
regulation of vascular integrity.

We utilized a PCR-based human IncRNA array to investigate differ-
entially regulated IncRNAs in sEV's that were derived from plasma of
patients with CAD or NCAD. This array revealed a number of
IncRNAs that were highly upregulated in CAD patients. Based on
the results of our array as well as the current literature, we investigated
the plasma-sEV levels of four atherosclerosis-related IncRNAs: PUN-
ISHER, GAS5, H19, and MALATI. Among them, the largest differ-
ence between NCAD and stable CAD patients was seen for PUN-
ISHER. The majority of IncRNA studies in CAD have focused on
whole circulating IncRNAs (in plasma, serum, or whole blood) rather
than EV-incorporated circulating IncRNAs.””> Notably, a recent
study demonstrated that the IncRNA CoroMarker, which is consid-
ered to be a novel biomarker for CAD, is primarily found in circu-
lating EVs.”* Our current findings provide further in-depth insights
into the regulation of the EV-incorporated IncRNA PUNISHER un-
der the clinical and experimental conditions of vascular diseases.

In analogy to our clinical findings, the in vitro experiments revealed
that PUNISHER levels increased following stimulation with oxLDL
and TNF-a in ECs and EC-derived sEVs, which indicates a response
to two independent pro-atherogenic stimuli. Recent studies indicated
that IncRNAs act as key players in atherosclerosis-related patholog-
ical conditions, e.g., EC functional dysregulation and vasculariza-
tion.”>’® PUNISHER is known to be required for angiogenesis."'

It has been shown previously that ncRNAs are selectively packaged by
cells into the corresponding EVs.”” Previous studies have revealed
RBPs, including the hnRNP family, which can facilitate selective pack-
aging of ncRNAs into EV (e.g., hnRNPA2BI, Y box binding protein 1
[Y-BOX1], SYNCRIP, and Argonaute protein 2 [AGO2]).”>”" In the
present study, we discovered that the multifunctional RBP hnRNPK in-
teracts with PUNISHER and facilitates its loading into sEVs, providing
novel mechanistic insights into the cellular sorting and packaging of
IncRNAs into sEVs. Finally, in recipient cells, PUNISHER regulates
transcription and expression levels of the pro-angiogenic gene VEGFA.

The horizontal transfer of SEV cargoes represents an effective means
of biological signaling between parent and recipient cells in diverse
settings.78 Within this context, the exosome-transmitted IncRNA
ARSR has been shown to ameliorate drug resistance in cancer.”
Furthermore, the cholangiocyte-derived exosomal IncRNA HI19 was
reported to accelerate cholestatic liver injury.””*’

Although studies have revealed that sEVs deliver IncRNAs in onco-
logic or other diseases, a role for sEV-mediated IncRNA transfer in

Molecular Therapy: Nucleic Acids

the regulation of vascular function has not been previously shown.
Our data show, for the first time, that sSEV-mediated transfer of a
vascular IncRNA, namely PUNISHER, into target ECs promotes an
angiogenic response. sEV-incorporated PUNISHER downregulates
mRNA levels of the pro-angiogenic protein VEGFA in recipient
ECs. The role of angiogenesis in CAD is thought to have a duel ef-
fect.*"7%78 In ischemic heart disease (IHD), pro-angiogenetic factors
could accelerate neointima formation and promote microvascular
network growth, thus contributing to the improvement of myocardial
reperfusion.”® In the adult organism, angiogenesis only takes place
during the female menstrual cycle and during wound healing. Under
pathological conditions, angiogenesis is involved in tumor develop-
ment, diabetic retinopathy, and IHD, which can be a consequence of
atherosclerosis, a sequelae of CAD. In atherosclerosis, angiogenesis fa-
cilitates the growth of atherosclerotic lesions; angiogenesis within pla-
ques plays a crucial role in plaque destabilization and rupture.”' In our
study, we found that the pro-angiogenic IncRNA PUNISHER is upre-
gulated in the plasma sEVs of stable CAD patients. In vitro, PUN-
ISHER was found to regulate the angiogenic function of recipient
ECsvia the transport of PUNISHER-incorporated sEVs. This result in-
dicates that the increased level of PUNISHER in sEVs might be trig-
gered by ischemia and can ameliorate myocardial ischemia in CAD
patients by promoting neovascularization. However, in patients with
stable plaques, the participation of PUNISHER in intraplaque angio-
genesis and the potential for a resulting plaque rupture should also
be considered. However, these findings are important to understand
the mechanism of angiogenesis in CAD as well as other pathological
settings (cancer), hinting that future investigations are required to
provide deeper explanations for the clinical significance. Our results
demonstrate that sEV-incorporated PUNISHER expression is signifi-
cantly higher in CAD patients when compared with NCAD patients.
In vitro, we found that functional PUNISHER can be transferred to
target ECs, which promotes an angiogenic response. Pharmacological
inhibition of PUNISHER expression is accompanied by an impair-
ment of the angiogenic response and a decrease in cell proliferation.

Mechanistically speaking, the binding partner of PUNISHER,
hnRNPK, is a multifunctional RBP that regulates the cytoplasmic
fate of mRNAs by regulating their stability or translation, and it is
known to bind a number of mRNAs, including VEGFA.%>** We
found that PUNISHER binds to the RBP hnRNPK, which changes
the binding of hnRNPK to its cognate mRNA, VEGFA, by binding
to its 3’ UTR, as previously reported.®>** The stability of the VEGFA
mRNA transcript is downregulated in PUNISHER-silenced cells in
comparison to siScr-treated cells, suggesting that PUNISHER may
also regulate the transcription of VEGFA. When we further analyzed
the protein stability of VEGFA in these cells, it was confirmed that
PUNISHER also regulates the stability of VEGFA protein, thereby
controlling the angiogenic function of ECs.

respective fold change in donor and recipient ECs. (D) Venn diagram showing common genes in both assays. VEGFA was the only gene shared by the two PCR arrays (fold
change = 2.0). (E and F) Individual qRT-PCR validation of VEGFA, which was downregulated in the angiogenesis arrays. The downregulation of the VEGFA gene from the
array was confirmed by individual gRT-PCR in ECs. VEGFA RNA expression was analyzed in ECs by gRT-PCR (*p < 0.5, n = 3, by Student’s t test). (G and H) VEGFA protein

levels in donor or recipient ECs were quantified from western blotting.
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(A and B) ECs were transfected with PUNISHER siRNA or control siRNA. Secreted VEGFA protein levels were quantified via enzyme-linked immunosorbent assay (ELISA)
from donor-EC culture media and recipient cells treated with sEVs after siScr and siPUNISHER treatment (*p < 0.01, n = 6 by Student’s t test). (C) Cross-linked RIP ex-
periments followed by gRT-PCR quantification to confirm consequence of PUNISHER or hnRNPK silencing regulate binding of VEGFA mRNA to RBP. This reciprocal binding
of PUNISHER to hnRNPK in human ECs is important to control VEGFA protein synthesis. From RIP experiments, binding of hnRNPK was quantified in comparison to IgG
(negative control) upon siRNA treatment. Quantification was performed by normalizing the values with the inputs (10%). Data represent the mean + SD (***p < 0.001, n > 4, by
Student’s t test). (D) The stability of PUNISHER and VEGFA RNA by using actinomycin D (Ac-D) treatment (5 ng/mL for different time points) upon siRNA knockdown of
PUNISHER or a scrambled control. The expression of mRNAs was analyzed by gRT-PCR in donor cells after siRNA treatment (*p < 0.5, n = 6, by Student’s t test). (E) Stability
of VEGFA protein was analyzed at different time points by using cells treated with cycloheximide (CHX) to a final concentration of 25 ug/mL upon siRNA treatment against

(legend continued on next page)
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Most importantly, when RIP-qPCR was performed with primer pairs
that target the 3’ UTR (which contains the VEGFA-binding regions),
significantly less binding of hnRNPK to VEGFA was recorded in
PUNISHER- or hnRNPK-silenced cells (Figures 3D-3F). This result
suggests that the interaction between PUNISHER and hnRNPK is
indispensable for the efficient binding of VEGFA. When hnRNPK
is knocked down, it is possible that the expression of VEGFA is
reduced, which could be facilitated by the IncRNA PUNISHER,
as we observed more binding on normally grown ECs than
PUNISHER-silenced ECs and confirmed that PUNISHER is impor-
tant for EC function. To our knowledge, this is the first time that
clinical and experimental atherosclerotic conditions have been shown
to promote the packaging of functional PUNISHER into sEVs, thus
inducing an angiogenic phenotype in the recipient ECs. Taking all
of the above-mentioned data together, we have confirmed that
PUNISHER silencing lowers the stability of the basal level of VEGFA,
which is regulated via the hnRNPK-PUNISHER interaction, thereby
regulating the angiogenic function of ECs.

However, our study has some limitations, namely, the patient samples
were all collected at the University of Bonn, Germany; thus, the pa-
tient-derived data presented are limited to the Caucasian race. In
addition, we generated sEV?UNISHER downregulated 41, 6,61 the efficient
knockdown of PUNISHER in sEV-producing parent ECs. Although
the expression levels of the other four IncRNAs analyzed were not
affected in these sEVs, as confirmed by qRT-PCR, it is technically
challenging to completely exclude that there was a change to any of
the other biological contents of the sEVs.

In conclusion, our findings offer the following insights into the role of
IncRNAs as intercellular signaling molecules. (1) We show for the first
time that sEV-incorporated IncRNAs are regulated under the clinical
and experimental conditions of atherosclerosis. (2) The IncRNA PUN-
ISHER is primarily incorporated within sEVs, and this packaging hap-
pens in an hnRNPK-dependent manner. (3) PUNISHER is shuttled
between cells via sEVs to increase the angiogenic response by
increasing VEGFA expression in the recipient ECs. In summary, our
study has revealed that sEV-incorporated PUNISHER has a dual func-
tion as both a biomarker and effector of vascular integrity.

MATERIALS AND METHODS

Study subjects

The study enrolled patients presenting in our outpatient and emer-
gency departments between August 2012 and July 2013. All clinical
samples were collected with the appropriate informed consent from
patients in the department. Ethical approval was granted from the
Ethics Committee of the University of Bonn (approval number [no.]
05/12) and followed the principles outlined in the Declaration of Hel-
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sinki. Based on the data from the clinical presentation, laboratory pa-
rameters, and coronary angiography, patients were classified into two
groups: angiographic exclusion of obstructive CAD (<50% stenosis of
a major coronary artery, named as NCAD) and stable CAD. Further
exclusion criteria for our study were as follows: (1) chronic inflamma-
tory disease, (2) acute kidney or liver disease, (3) malignant disease,
and (4) the patients who declined to participate.

Preparation of blood samples

Blood samples were collected under sterile conditions from the cubital
vein and buffered by using sodium citrate. In order to generate platelet-
deprived plasma samples, blood was first centrifuged at 1,500 x g for
15 min; the supernatant was then centrifuged at 13,000 x g for
20 min. Platelet-deficient plasma samples were stored at —80°C, and
repeated freeze-thaw cycles were avoided until the SEVs were isolated.

Cell culture

HCAECs (PromoCell) were cultured in EC growth media with endo-
thelial growth media supplement mix (PromoCell; #C-39225) under
standard cell culture conditions (37°C, 5% CO,) in a standard humid-
ified incubator. Cells from passages 5-7 were used. At least three bio-
logically independent batches of cells were studied in each experiment.

For the isolation of sEVs, HCAECs were cultured as previously
described.®®#1-%2 Briefly, confluent cells were first washed 3 times
with conditioned medium and then starved in conditioned medium
(basal medium without growth media supplements; PromoCell;
#C-22020) for 24 h. After starvation, the supernatant was collected
for sEV isolation.

sEV generation

A previously described ultracentrifugation method was used for the
isolation of sEVs.* Briefly, 2.5 mL plasma (following 1:4 dilution)
or 8 mL conditioned cell culture medium (collected from 8 x 10°
donor ECs) was first centrifuged at 3,000 x g, 4°C for 15 min, to
deplete the cell debris; IEVs were removed by centrifugation at
20,000 x g, 4°C for 40 min, as previously described.””*"** Then
the supernatant was centrifuged at 100,000 x g, 4°C for 90 min, in
a Beckman Coulter Optima LE-80K ultracentrifuge with a type SW
41Ti rotor (K-factor: 256.6) to pellet the sEVs. The pellet was resus-
pended in 8 mL sterile ice-cold PBS followed by re-centrifugation
at 100,000 x g, 4°C for 90 min, to purify the sEVs.5% The sEV pellet
was resuspended in sterile 1 x PBS and used immediately.

RNA isolation and gRT-PCR

Total RNA was isolated by using the miRNeasy Mini Kit (QIAGEN;
#217004) extraction method according to the instructions of the
manufacturer. RNA was diluted in UltraPure DNase/RNase-Free

PUNISHER or a scrambled siRNA control by western blotting. Anti-histone-3 (H3) was used as a loading control. (F) Schematic representation of the working model of sEV-
incorporated PUNISHER transport. Atherosclerotic stimuli increase the level of PUNISHER both in donor cells and incorporated into sEVs. hnRNPK regulates the loading of
PUNISHER into sEVs from ECs. sEV-mediated transfer of PUNISHER regulates the migration, proliferation, sprouting, and network formation of recipient ECs by controlling

VEGFA stability.
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Distilled Water (Invitrogen). RNA concentration and purity (absor-
bance at 260/280 nm [A260/A280] and A260/A230) were quantified
using a Nanodrop spectrophotometer (Table S1). 2 pg RNA
(HCAEC) or 300 pg RNA (sEV) was reverse transcribed by using
an Omniscript RT kit (QIAGEN; #205113), according to the manu-
facturer’s protocol. In addition, the purity and integrity of RNA iso-
lated from patient plasma with CAD (n = 6) and NCAD (n = 6) were
assessed by using an Agilent Bio-analyzer with the Agilent RNA 6000
Nano Kit (Agilent Technologies; #5067-1511). 5 ng of cDNA tem-
plate was used for the quantification by using TaqgMan assays
(Thermo Fisher Scientific) on a 7500 HT Real-Time PCR machine
(Applied Biosystems). The intra-/inter-assay variability of PUN-
ISHER detection in plasma sEVs was <5%.

The expression profile of PUNISHER was checked by using human
tissue samples, and purified RNA was purchased from commercial
vendors as follows: Human Total RNA Master Panel II (Clontech;
#636643; lot no. 1202050A); human heart (Amsbio; #R1234122-50;
lot no. A804058).

Human IncRNA PCR array

The expression of 372 IncRNAs with known biological functions or
disease associations as well as well-characterized functional IncRNAs
was quantified via an Arraystar Human Functional IncRNA Array
(Arraystar, Rockville, MD, USA). The samples were prepared based
on the manufacturer’s standard protocols, with only minor modifica-
tion. Briefly, total RNAs from sEVs isolated from the plasma of NCAD
and CAD patients were isolated by using a miRNeasy kit (QIAGEN,
Hilden, Germany), and 1.5 pug RNA was reverse transcribed by using
an rt-STAR First-strand cDNA synthesis kit (Arraystar; catalog [cat.]
#AS-FS-001), according to the manufacturer’s protocol. Six human
housekeeping genes, ACTB, B2M, Gusb, Hsp90abl, glyceraldehyde
3-phosphate dehydrogenase (GAPDH), and 18S rRNA, were included
as the internal qPCR normalization references.

In-plate genomic DNA controls (GDCs) were used on the array plate
to confirm the quality of the cDNA template for qRT-PCR analysis.
Quantification of IncRNAs was performed by using the 7900HT
Fast Real-Time PCR System. Data were normalized by using an in-
plate housekeeping gene, GAPDH. Data analysis was performed
with SDS 2.4 data analysis software (Applied Biosystems, USA),
and further analyses were conducted with an RQ Manager 1.2.1
data analysis tool.

Atherosclerotic stimuli treatment in vitro

Confluent HCAECs were treated with 25 pg/mL or 50 pg/mL oxLDL
(Alfa Aesar; #]65591) for 24 h. Similarly, HCAECs were treated by us-
ing different TNF-o. (R&D Systems; #210-TA-020) concentrations
(10 ng/mL, 20 ng/mL, or 50 ng/mL). Then the cells were subjected
to basal media for 24 h to generate the corresponding sEVs.

Endothelial sEV internalization into recipient EC
HCAECs were stained with PKH67 (Sigma-Aldrich; #MIDI67), ac-
cording to the manufacturer’s instructions. PKH67-labeled sEVs

were washed twice with PBS. 2 x 10° recipient ECs were co-incubated
with PKH67-labeled sEVs (1.5 pg sEV, equivalent to sEVs collected
from 8 x 10° donor ECs) for 0, 0.5, 6, or 24 h. Nuclei were counter-
stained with 4',6-diamidino-2-phenylindole (DAPI; Vector Labora-
tories; #H-1200). A Zeiss Axiovert 200M microscope and ZEN 2.3
Pro software was used to visualize the uptake of sEVs into the recip-
ient HCAECs.

Co-incubation of endothelial sEVs and recipient ECs

2 x 10° recipient ECs were co-incubated with 1.5 pg sEV (equivalent
to sEV collected from 8 x 10° donor ECs) or PBS for 24 h. Then the
ECs were washed three times with PBS. Total RNA was isolated from
all EC samples for qRT-PCR analysis.

Knockdown experiments in ECs

Transient siRNA transfection (10 nM final concentrations) of semi-
confluent HCAECs (50%-60% confluent) was carried out for 48 h us-
ing the HiPerFect reagent (QIAGEN), according to the manufac-
turer’s protocol.

RIP

A Magna RIP Kit (Millipore; #17-700) was used according to the
manufacturer’s protocol. For each RIP reaction, 100 pL of the cellular
pellet was fixed with 1% formaldehyde in PBS at room temperature
for 10 min. For one RIP reaction (i.e., one IP using one antibody),
100 WL of cell lysate or ~5.0 x 10° cells were used. The cross-linking
reaction was stopped by adding 590 pL of 2.5 M glycine. Fixed cells
were subsequently harvested and resuspended in RIP lysis buffer sup-
plemented with protease/RNase inhibitors. The lysates were obtained
using a Dounce homogenizer on ice (10 passes to release the nuclei)
followed by incubation on ice for 15 min. An equal volume of RIP
lysis buffer was added to the cellular pellet. From the solution,
10 puL (10%) of the lysates was removed and stored as an “input,”
as recommended by the manufacturer. For each RIP reaction,
100 pL of lysate was mixed with 5 pug of mouse anti-immunoglobulin
G (IgG; negative control provided with the kit) or anti-hnRNPK anti-
body (Abcam) that had been previously conjugated with protein A/G
magnetic beads (provided with the kit). After incubating overnight at
4°C, the RNA-protein precipitate was extensively washed with RIP
Wash Buffer (provided with the kit). The cross-linking was reversed
by incubation with proteinase K. The RIP was purified through
phenol/chloroform/isoamyl alcohol (125:24:25) isolation. The puri-
fied RIP was treated with DNase I (Thermo Fisher Scientific;
#AM?2239) and reverse transcribed using SuperScript VILO Master
Mix (Thermo Fisher Scientific; #11755050).

hnRNPK IP

IP was performed using the Dynabeads Protein G Immunoprecipita-
tion Kit (Invitrogen). For one sample, with respective controls, 7.2 x
10" HCAECs were lysed in Nonidet P-40 (NP-40) cell lysis buffer (In-
vitrogen) and centrifuged at 13,000 x g for 20 min at 4°C. The lysate
was pre-cleared with 50 pL Dynabeads per 1,000 pL lysate for 60 min
at 4°C. After coupling of 10 pug of monoclonal mouse anti-hnRNPK
antibody (Abcam) or mouse IgG1 kappa monoclonal isotype control
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antibody (Abcam) to 50 puL Protein G Dynabeads for 1 h at room tem-
perature, 1,000 uL of lysate was incubated with the antibody-coupled
beads for 16 h at 4°C. Samples were washed extensively, and the RNA
was eluted twice with 20 pL of the provided elution buffer. Protein
samples were isolated according to the recommended protocol of
the manufacturer.

Western blotting

As a control for the sEVs isolated from plasma in immunoblotting,
whole plasma was used, whereas for endothelial sEVs, cell lysate
and conditioned media (growth media without growth media sup-
plements; PromoCell; #C-22020) were used as the control. Cells
were homogenized in radioimmunoprecipitation assay buffer
(RIPA) buffer (Sigma-Aldrich; #R0278) including a protease inhib-
itor cocktail (Roche; #11 873 580 001) on ice. The protein concen-
tration of the corresponding samples was measured by a Lowry
protein assay (BioRad; #500-0116). An equal amount of protein
(20 pg) for sEVs, plasma, or cells was loaded onto 4%-15% precast
polyacrylamide gels (BioRad; #456-1084). Then the gel was trans-
ferred to a polyvinylidene fluoride (PVDF) membrane (Thermo
Fisher Scientific; #88585), followed by blocking in 5% BSA in
Tris-buffered saline with 0.1% Tween 20 (TBST). The blots were
incubated with the appropriate primary antibodies, and detection
was performed by using the appropriate secondary antibody. The
membranes were imaged using chemiluminescence via an
Enhanced Chemiluminescence (ECL) Detection Kit (GE Health-
care; #RPN2232).

Electron microscopy

For TEM, sEVs from plasma or from ECs were pelleted by centrifu-
gation, fixed in 1.25% glutaraldehyde in 0.1 M cacodylate buffer over-
night, dehydrated with ethanol and propylene oxide, and embedded
in Epon 812 (Serva), also overnight. After double-contrast staining
with uranyl acetate and an aqueous lead solution, images were taken
with a CM 10 electron microscope (Philips).

Vesicle-RNA degradation assay

For the degradation assay, 45 pL proteinase K (Thermo Fisher Scien-
tific; #25530049) was used for protein digestion, with or without the
presence of 45 pL Triton X-100 (Sigma-Aldrich; #T8787) for 30 min
at 37°C. The samples were then treated with 5 uL. RNase A (Thermo
Fisher Scientific; #AM2271) for 20 min at 37°C. The untreated group
was used as a normal control. Total RNA was isolated from all SEV
samples for qRT-PCR analysis.

Manipulated sEV generation and recipient EC treatment

To gener ate SEVPUNISHER downregulated and SEVmock transfected’ HCAECs
were transfected with PUNISHER siRNA or control siRNA using
HiPerFect for 48 h and exposed to conditioned media for 24 h to
generate the modified sEVs. 2 x 10° recipient HCAECs were co-incu-
bated with the same amount (1.5 p1g) of sEVs, SEVPUNISHER downregulated
or sgymock transfected 1, 4 PBS for 24 h. ECs were washed three times
with PBS. The ECs from different groups were then used for the
following functional assays.
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A total of 20,000 HUVECs were plated into a 6-well plate (Greiner
bio-one; cat. #657160) prior to incubation for 24 h under optimal
cell-growth conditions (5% CO, and 37°C in an incubator). After-
ward, the growth medium was replenished, followed by two times
more after incubation. Cells were induced with 5 pg/mL actinomycin
D (Sigma-Aldrich; product no. A9415) added to the culture medium,
followed by a time-wise collection of RNA with TRIzol (Invitrogen) at
1,2,4, 6,12, and 24 h. For CHX, 500 mg CHX powder was dissolved
and homogenized in 5 mL sterile DMSO to prepare 10 mg/mL stock
solution. A similar number of cells were treated with CHX to a final
concentration of 25 ng/mL. Protein and RNA from untreated cells at
0 h were also collected as a control. For cDNA preparation, 1 pg RNA
was treated with DNase I and reverse transcribed by using Super-
Script VILO Master Mix (Invitrogen; cat. no. 11755050) prior to
cDNA preparation, which was finally diluted to 1 ng/pL for qRT-
PCR analysis.

In vitro network formation assay

After thawing overnight at 4°C, 250 pL Growth Factor Reduced
(GFR) Matrigel (Thermo Fisher Scientific; #A1413202) was placed
into each well of cold 24-well plates using cold pipette tips, and the
plates were then placed at room temperature for 30 min. 4 x 10*
HCAECs were placed in each of the Matrigel-coated wells and incu-
bated for 24 h under standard cell culture conditions (37°C, 5% CO,).
Wells containing PBS were used as controls. To analyze the dose-
dependent rescue, three different exogenous VEGFA concentrations:
0 pg/mL, 500 pg/mL, and 5,000 pg/mL were used. Network formation
was quantified by measuring the number of branches, number of
loops, and total length of the tube. Digital images of microtiter well
sections were obtained by using a Zeiss Axiovert 200M microscope
and ZEN 2.3 Pro software. Data were analyzed with Image] image
analysis software (NIH, USA).

Human VEGFA ELISAs

Protein levels of the human VEGFA (Abcam; #ab119566) were moni-
tored in the supernatant of EC cultures by using commercial ELISAs,
following the manufacturer’s instructions. Each sample was assayed
with two replicates (duplicates), and the absorbance was measured
by a spectrophotometer (TECAN; Infinite M200 Microplate reader)
at 450 nm as the primary wavelength. Curve fitting and data analysis
were accomplished by CurveExpert Pro software (Hyams Develop-
ment, USA).

RT2 Profiler angiogenesis PCR array gene expression

Total RNA was isolated out of HCAECs by using an RNeasy Mini Kit
(QIAGEN; #74104), according to the manufacturer’s instructions.
Then, 1 ng of the total RNA was reverse transcribed by using an
RT? First Strand Kit (QIAGEN), according to the manufacturer’s pro-
tocol. RT? Profiler PCR Array Analysis (QIAGEN; #PAHS-024Z) was
performed to measure the expression of 84 key genes involved in
modulating the biological processes of angiogenesis. PCR was carried
out on an Applied Biosystems 7500 HT Real-Time PCR machine.
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Detailed data analysis was performed by and exported from the
QIAGEN GeneGlobe Data Analysis Center.

Data availability

The raw proteomic data were recently published by our group.” The
Human Functional IncRNA Array and in silico target prediction data
have been provided in Tables S5 and S6. All further data that support
the findings of this manuscript are available on request from the cor-
responding authors.

Statistical analysis

Normally distributed continuous variables were presented as the
mean + SD. Continuous variables were tested for normal distribution
with the use of the Kolmogorov-Smirnov test. Categorical variables
are given as frequencies and percentages. For continuous variables,
a Student’s t test or Mann-Whitney U test was used for the compar-
ison between two groups. For the comparison of >2 groups, the one-
way ANOVA with Bonferroni correction for multiple comparisons
test was used. The chi-square test was used for categorical data that
resulted from classifying objects. Binary logistic regression was
applied to identify factors that were independently associated with
PUNISHER. All tests were two sided, and statistical significance was
assumed when the null hypothesis could be rejected at p < 0.05. Sta-
tistical analysis was performed with IBM SPSS Statistics version 20
(IBM, USA) and GraphPad Prism 7 (GraphPad, USA).

An extended Supplemental materials and methods can be found in
the online Supplemental information.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.0mtn.2021.05.023.
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