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Abstract

Purpose of Review—This review highlights recent advances on the mechanisms and impact of
HDL-small non-coding RNAs (SRNA) on intercellular communication in atherosclerosis.

Recent Findings—Studies demonstrate that HDL-microRNAs (miRNA) are significantly
altered in atherosclerotic cardiovascular disease (ASCVD), and are responsive to diet, obesity,
and diabetes. Immune cells, pancreatic beta cells, and neurons are shown to export miRNAs

to HDL. In turn, HDL can deliver functional miRNAs to recipient hepatocytes and endothelial
cells regulating adhesion molecule expression, cytokines, and angiogenesis. With high-throughput
SRNA sequencing, we now appreciate the full SRNA signature on circulating HDL, including

the transport of rRNA and tRNA-derived fragments. Strikingly, HDL were highly enriched with
exogenous microbial SRNAs.

Summary—HDL transport a diverse set of host and non-host SRNAs that are altered in
cardiometabolic diseases. Given the bioactivity of these SRNAs, they likely contribute to
cellular communication within atherosclerotic lesions, and are potential disease biomarkers and
therapeutic targets.
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Introduction

High-density lipoproteins (HDL) are remarkable to human health in many ways. The
number of functions assigned to HDL are rivaled only by the plurality of cargo. HDL’s
most famous constituent is cholesterol and while HDL biology has been told through the
lens of cholesterol transport, many of HDL’s alternative functions may be conferred by
non-cholesterol cargo. In circulation and biofluids, HDL particles continuously load and
unload cargo through cellular interactions and exchange cargo with other lipoproteins.
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The term HDL describes a dynamic range of particle sub-classes (7—12 nm in diameter)
that transition between discoidal and quasi-spherical shapes [1]. HDL participate in many
biological processes that are beneficial to human health and physiology; however, many

of these properties are lost during metabolic and inflammatory diseases [2, 3]. To fully
understand HDL function, and disease-associated dysfunction, a greater understanding of
HDL ’s diverse cargo and their contribution to HDL (dys)function is warranted. HDL has
been described colloquially as a circulating ball of loosely associated proteins. Currently,
>215 different proteins have been reproducibly detected in HDL pools by mass spectrometry
[4-6]. There has been considerable interest in the diversity and biological activities of
HDL proteins, and the HDL Proteome Watch maintains a remarkable database of HDL
proteomic studies [7]. Approximately 50-60% of HDL mass is proteins, 70% of which

is apolipoprotein A-1 (APOAL) which provides structure and micellular organization of

the many classes of polar lipids. Mass spectrometry has also been used to profile the
diverse species of lipids that comprise the shell and core of HDL particles [8]. In

addition to lipids and proteins, HDL also transports many types of small non-coding

RNAs (SRNA) [9+¢]. HDL-sRNAs range approximately 10-60 nucleotides (nts) in length
and are likely single-stranded [9+¢]. The most-widely studied SRNA class on HDL is
miRNA (18-22 nts in length). In plasma, HDL transports a specific profile of extracellular
miRNAs that is consistent across individuals and is distinct from extracellular vesicle (EV)
carriers, e.g., exosomes [10, 11¢]. The concentration and diversity of miRNAs on HDL

are altered in various diseases; therefore, HDL-miRNAs may hold potential as a new

class of disease biomarkers. HDL readily accepts miRNAs from multiple cell types and
can deliver functional miRNAs to recipient cells (Fig. 1). Cellular HDL-miRNA export

is likely a regulated process as each cell type secretes a specific miRNA cassette to
accepting HDL, which is not simply a representation of the most abundant miRNAs in
each donor cell type [12¢¢]. To date, a common sequence motif or molecular zip code

for miRNA selection and export to HDL has not been reported. HDL-miRNAs are also
bioactive, i.e., HDL deliver functional miRNAs to recipient cells and alter gene expression.
The field of extracellular sSRNAs has grown rapidly over the last decade and much of

this interest is driven by the potential of SRNA-mediated intercellular communication in
disease. Atherosclerosis is a complex, multicellular disease driven by local environmental
cues and stimuli. Cell-to-cell communication between local immune cells, smooth muscle
cells, and endothelial cells within the sub-endothelial space is well-established; however,
recent evidence supports novel roles for extracellular SRNAs in atherosclerosis-associated
intercellular communication. Lipoproteins are highly abundant in atherosclerotic lesions and
the space-confined nature of the atheroma provides an environment whereby HDL-miRNAS
may accumulate to sufficient concentrations to regulate gene expression and contribute to
cellular phenotypes.

HDL-miRNASs as Biomarkers of Disease

Due to HDL s accessibility in plasma, multiple groups have sought to explore
HDL-miRNAs as disease biomarkers and determine how HDL-miRNAs change in
cardiometabolic diseases [13, 14¢]. HDL-miRNAs were first reported to be altered in human
subjects with homozygous familial hypercholesterolemia (hoFH), a rare autosomal dominant
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disorder caused by mutations in the LDL receptor (LDLR) gene [10]. Clinically, FH is
characterized by severely elevated LDL-cholesterol levels and increased risk of ASCVD;
however, FH also results in dysfunctional HDL [2, 3, 15]. HDL-miR-223-3p, miR-24-3p,
and miR-222-3p levels were significantly increased in hoFH compared to control subjects,
likely due to increased atherosclerosis-associated inflammation [10]. miR-223-3p is one of
the most highly expressed miRNAs in myeloid cells and both macrophages and neutrophils
export miR-223-3p to HDL in vitro [10, 16e¢]. Heterozygous FH (hetFH) is a more common
(1:200,000 individuals) genetic disorder, and the severity of hypercholesterolemia and
atherosclerotic disease in hetFH subjects is likely determined by the specific genotype of
the LDLR gene [17]. Different LDLR gene variants can result in variable levels of LDLR
activity and pathophysiology. Recent studies have sought to define the links between LDLR
genotypes and cardiovascular phenotypes in hetFH, particularly in the context of functional
deficiencies to the LDLR [18-20]. Although FH and LDLR-deficiency primarily affects
LDL uptake, specific HDL-miRNAs may serve as valuable predictors of ASCVD risk for
individuals harboring distinct L DL R variants in hetFH. This was the basis for a recent
study which reported that specific HDL-miRNAs were indeed altered in subjects based

on LDLR genotypes causing either severe (LDLR-null) or moderate (LDLR-defective)
hetFH phenotypes [21¢]. For example, hetFH subjects harboring LDLR-null mutations had
increased miR-486-5p, miR-92a-3p, miR-24-3p, and miR-223-3p levels on HDL [21°].
Moreover, HDL-miR-486-5p, and miR-92a-3p levels were independently associated with
pulse-wave velocity, a clinical measurement of ASCVD risk [21¢]. HDL-miR-486-5p

and miR-92a-3p levels were also elevated in hetFH subjects with ASCVD compared to
LDLR-defective subjects without ASCVD, thus supporting a potential association with
HDL-miR-486-5p and miR-92a-3p levels to disease burden. These findings support earlier
studies in which the levels of these two HDL-miRNAs (miR-486-5p and miR-92a-3p)

were associated with vulnerable coronary artery disease (CAD) [22]. Furthermore, in a
separate study, circulating levels of miR-92a-3p, miR-223-3p, miR-486-5p, miR-122-5p,
miR-125a-5p, and miR-146a-5p were significantly increased on HDL in subjects with acute
coronary syndrome (ACS) compared to HDL from control subjects [23]. On the contrary, a
previous study had reported that HDL-miR-92a-3p, miR-146a-5p, and miR-30c-5p levels
were significantly decreased in ACS subjects compared to healthy subjects [24]. The
reasons for the discrepancies between these two studies on HDL-miRNA changes in

ACS are unknown and will likely require a larger sample size and further analysis of
co-variables. HDL-miRNAs have also been quantified over a transcoronary gradient to
assess HDL-miRNA flux with coronary lesions [25¢]. Most interestingly, HDL-miR-92a-3p,
miR-223-3p, and miR-16-5p levels were decreased on HDL through the transcoronary
passage in unstable ACS subjects compared to stable CAD subjects, suggesting that unstable
coronary lesions may take up more HDL-miRNAs than stable lesions [25¢].

Currently, the impact of statins on HDL-miRNAs is unknown; however, statin treatments
would likely have a great effect of HDL-miRNAs based on reduced LDL concentrations
and decreased inflammation in statin-treated patients. miR-30c-5p has been shown to be
enriched on small HDL particles and plasma levels of miR-30c-5p were significantly
increased with pravastatin treatments (1 year); however, HDL-miR-30c changes in response
to pravastatin use have not been reported [26]. In addition to inflammation, HDL-miRNA
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levels may also be linked to metabolic status. For example, hyperglycemia further increased
circulating HDL-miRNASs in ACS subjects, as HDL-miR-223-3p, miR-486-5p, miR-92a-3p,
miR-122-5p, miR-125a-5p, and miR-146a-5p levels were significantly increased compared
to HDL from ACS subjects with normo-glycemic levels [23]. HDL-miRNAs were also
altered in diabetic subjects with nephropathy as HDL-miR-132-3p levels were significantly
decreased compared to diabetic subjects without nephropathy [27¢¢]. Loss of HDL-
miR-132-3p in diabetic nephropathy subjects may contribute to microvascular injury and
loss of angiogenesis, as HDL-miR-132-3p levels were inversely correlated with a marker
of microvascular injury (plasma angiopoietin-2 levels) and HDL-miR-132-3p delivery

to recipient endothelial cells enhanced angiogenesis [27+¢]. Although the full impact of
hyperglycemia and diabetes on the HDL-miRNA profile is currently unknown, there is

a strong possibility that cellular miRNA export to HDL is altered in diabetes. We have
recently reported that pancreatic beta cells export miRNAs to HDL and this processes in
inversely regulated by glucose-stimulated insulin secretion [12¢¢]. HDL-miRNAs may also
contribute to the physiological response to diabetic ischemia, potentially angiogenesis, as
the levels of angiogenic miRNAs — miR-223-3p, miR-27b-3p, and miR-92a-3p — were
significantly increased on HDL in diabetic mice (injected with reconstituted HDL) in

early (6h-post) hindlimb ischemia [28+]. Further investigation is needed to determine if
circulating HDL-miRNA changes can be used to monitor beta cell function in pre-diabetes
and type 2 diabetes mellitus (T2DM) patients or monitor HDL function related to diabetic
complications.

Specific HDL-miRNAs may also be linked to diet. For example, HDL-miRNAs were
increased in postprandial states, as HDL-miR-223-3p and miR-92a-3p levels were
significantly increased 2h after high-fat meal consumption [29]. HDL-miRNA changes
associated with chronic dietary content may be more complicated to resolve as diets
enriched with trans-fat failed to alter HDL-miRNA levels after 4 weeks [30, 31]. Recently,
HDL-miRNA changes were assessed in a porcine (Sus scrofa) model of high-fat diet and
hypercholesterolemia [32e¢]. Pigs were fed a high-fat/ high-cholesterol diet for 10 days to
reach total cholesterol levels — HFD-treated (mean 321 mg/dL) and control-treated (mean
74 mg/ dL) — that were similar to levels observed in humans with hypercholesterolemia. A
panel of HDL-miRNAs were quantified using Locked-Nucleic Acid-based multiplex PCR
assays and the levels of five HDL-miRNAs were significant differentially altered, including
3 increased (miR-126-5p, miR-126-3p, miR-30b-5p) and 2 decreased (miR-103a-3p,
let-7g-5p) [32e¢]. This study further demonstrated that the diet-associated increase in
HDL-miR-126-5p levels likely altered HDL function, as HDL from hypercholesterolemic
pigs transferred functional miR-126-5p to recipient endothelial cells and suppressed the
expression of the predicted miR-126-5p target gene hypoxia inducible factor 1a (H/F1A)
both in vitro and in vivo [32ee].

To the delight of those that favor sweets, chocolate consumption may decrease the levels
of pro-atherogenic miRNAs on HDL. Theobromine, an active ingredient in chocolate, was
shown to decrease fasting HDL-miR-92a-3p levels in the absence of changes to HDL
cholesterol acceptance capacity [29]. miR-92a-3p likely promotes atherogenesis through
multiple mechanisms, specifically in endothelial cells [33, 34]. Chocolate consumption is
associated with decreased risk of ASCVD; however, it is unknown if the biochemical links
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underlying these associations are mediated by HDL-miRNAs [35]. Vitamin C (1250 mg/
day) may also regulate HDL-miRNA levels, as dietary vitamin C significantly decrease
HDL-miR-155-5p levels by 49% in non-smokers and 75% in smokers after 8 weeks of
consumption [36]. HDL-miRNA changes have also been reported to be linked to obesity

and weight loss. For example, HDL-miR-223-3p levels were significantly increased in
severely obese subjects compared to healthy control subjects, which may also be linked

to increased inflammation observed in obesity [37¢]. Extracellular miR-223-3p is tightly
linked to inflammation, including adipose tissue inflammation [38]. Diet-induced weight
loss (high protein vs normal protein diets) in obese subjects was associated with a significant
decrease in HDL-miR-223-3p levels [39]. Most interestingly, the method of weight loss
appears to influence HDL-miRNA changes, as HDL-miRNA levels, including miR-223-3p,
were significantly increased, not decreased, in obese subjects after surgical weight loss

[37¢]. Specifically, HDL-miR-223-3p, miR-24-3p, and miR-222-3p levels were significantly
increased on HDL from severe obese subjects 12-months post Roux-en-Y gastric bypass
surgery [37¢]. Differences in HDL-miRNA changes associated with the method of weight
loss — dietary (decreased HDL-miR-223-3p) or surgical (increased HDL-miR-223-3p) — may
be attributed to the amount of weight loss, HDL functionality, or residual inflammation.

Most HDL-miRNA studies have focused on miRNA changes on circulating HDL in plasma/
serum; however, HDL-miRNAs in other biofluids may also hold biomarker value. For
example, recent findings suggest that insulin resistance (IR) can result in decreased HDL-
miRNA levels in mesenteric lymph, as HDL-miR-223-3p levels in lymph were significantly
decreased by 60% in a rat model of IR compared to controls [40e¢]. Remarkably, dietary
niacin for 6 weeks restored HDL-miR-223-3p levels in lymph [40e¢]. This study also
reported an inverse relationship between HDL-cholesterol (HDL-C) and HDL-miRNAs,

as IR was associated with increased lymphatic HDL-C and HDL-triglyceride levels [40e¢].
In addition to lymph, HDL are present in other biofluids, including cerebral spinal fluid;
however, it remains to be determined if HDL transports miRNAs in these fluids and if they
are altered in disease.

Cellular miRNA Export to HDL

Most miRNAs are transcribed and processed in multiple cell types within the body, and
many of them are present in extracellular fluids. HDL transports a limited number of
miRNAs; however, many of these miRNAs could be exported from many different cell
types making it difficult to know the exact origin. Nonetheless, a few of the top-most
abundant miRNAs on HDL have been reported to have restricted or limited expression

to specific cell types. For example, miR-122-5p is present on circulating HDL and has

been described to be a hepatocyte-specific miRNA with limited expression outside of the
liver. miR-375-3p is another top HDL-miRNA and its transcription is largely restricted to
pancreatic beta cells [10]. Recently, we reported that human pancreatic islets and beta cells
export miR-375-3p to HDL [12¢]. Most interestingly, beta cell HDL-miRNA export was
inversely regulated by glucose-stimulated insulin secretion [12e¢]. For example, miR-375-3p
export was suppressed in high glucose conditions [12¢¢]. Moreover, tolbutamide, a chemical
inhibitor ATP-sensitive potassium channel (Karp) channel that induces insulin secretion
from beta cells, inhibited miR-375-3p export to HDL [12e¢]. Likewise, pancreatic islet HDL-
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miR-375-3p export was significantly decreased in a mouse (genetic) knockout of Abccs,

a gene that produces a subunit of the Karp channel [12¢¢]. If HDL mediates intercellular
communication between pancreatic beta cells and other cell types, this communication
may be suppressed in hyperglycemia and T2DM. Another source of HDL-miRNAS is
likely immune cells. We have previously demonstrated that mouse J774 macrophages
export miR-223-3p to HDL in vitro and that macrophage HDL-miR-223-3p export was
inversely regulated to exosome release through the secretory pathway [10]. More recently,
we reported that human monocyte-derived macrophages (HMDM) and polymorphonuclear
neutrophils (PMN) also export miR-223-3p to HDL [16e¢]. Strikingly, HDL-miR-223-3p
export from immune cells was determined to be mediated by a scavenger receptor class

B member 1 (SCARB1)-independent process, as blocking antibodies against SCARBL,
which reduce HDL binding to SCARB1 on the cell surface, significantly increasing miRNA
export to HDL [16<¢]. These results suggest that HDL either accepts cellular miRNAs
through an unknown HDL-binding transporter or that HDL binds to exported miRNAS
without binding to the donor cell surface. Recently, it was also reported that neurons can
export miRNAs to HDL, miR-124-3p, and miR-9-5p, and this process was associated with
electrical activity [41ee]. Based on biochemical analyses of neuron conditioned media,
HDL may facilitate the transfer of miR-124-3p from neurons to microglia within a novel
intercellular communication network; however, further investigation into this process in the
central nervous system is warranted [41ee].

HDL-miRNA Delivery to Recipient Tissues

Due to HDL’s small size and mobility in tissues, HDL particles likely interact with

many different cell types; however, it is unknown how many of these cell types accept
HDL-sRNAs. Moreover, the mechanisms by which HDL delivers SRNASs to recipient cells
require further investigation. We have previously reported that HDL’s primary receptor,
SCARBL, likely regulates HDL-miRNA delivery to human hepatocytes and others have
reported that HDL-miRNA delivery to porcine endothelial cells may also require SCARB1
[10, 32¢¢]. However, global SCARB1-deficiency in mice failed to cause a backup of miRNA
levels on circulating HDL, as overall HDL-miRNA levels were not significantly increased
in SCARB1 knockout mice compared to control mice [9e, 10]. These results suggest

that SCARB1 may not be a major route of miRNA delivery in vivo or that other uptake
pathways exist. In circulation, HDL likely have extensive interactions with endothelial
cells and HDL have been demonstrated to suppress endothelial cell inflammation and
promote NO-mediated vasorelaxation [42]. We have previously reported that HDL’s ability
to inhibit endothelial cell adhesion molecule and cytokine expression was mediated, in
part, through the delivery of miRNAs to recipient endothelial cells [43]. Specifically, we
showed that native HDL (1 mg/mL) transferred functional miR-223-3p to human coronary
artery endothelial cells (HCAEC) at 24h [43]. In this study, HDL-miR-223-3p delivery
was associated with decreased intercellular adhesion molecule-1 (/CAMI) expression

and reduce neutrophil adhesion to HDL -treated cells [43]. Recently, HDL delivery of
miR-223-3p to endothelial cells was confirmed by a separate group using 100 pug/mL

of HDL with human umbilical vein endothelial cells (HUVEC) at 24h, suggesting that
HDL can deliver miR-223-3p at lower concentrations and to multiple types of endothelial
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cells [44e¢]. It should be noted that a previous study had failed to observe a significant
increase in mature miR-223-3p levels in HUVEC treated with 1 mg/mL HDL at time-points
up to 24h [24]. HDL have previously been reported to inhibit the beta-amyloid-induced
adhesion of peripheral blood mononuclear cells (PBMC) to human cerebral endothelial cells
(hCMEC/D3) [45]. However, HDL-miR-223-3p delivery was also ruled out in this study as a
contributing mechanism, as HDL-miR-223 transfer was not observed in hCMEC/D3 during
5h HDL-incubation [45]. The underlying reasons for the different results in these studies are
unknown; however, the type of endothelial cells, length of incubation, HDL concentration,
and the levels of miR-223-3p on HDL used for the experiment may potentially contribute

to the observed discrepancies. In addition to miR-223-3p, HDL also delivered functional
miR-24-3p to endothelial cells (HUVEC) [44¢¢]. Dysfunctional HDL, but not normal HDL,
suppressed angiogenesis and increased reactive oxygen species in recipient endothelial cells
through HDL-miR-24-3p delivery and silencing of the miR-24-3p target gene vinculin
(VCL) [44++]. This study also demonstrated HDL-miR-24-3p delivery to endothelial cells
by loading HDL with fluorescence-labeled miR-24-3p mimetics for tracing studies to
recipient endothelial cells. HDL dysfunction in the setting of hypercholesterolemia may
also manifest as increased HDL-miR-126-5p transfer to recipient endothelial cells [32¢¢].
As noted above, HDL-miR-126-5p levels are increased in hypercholesterolemia [32¢¢].
HDL from hypercholesterolemic pigs were demonstrated to transfer miR-126-5p to porcine
endothelial cells (in vitro) and coronary endothelium (in vivo), where miR-126-5p was
observed to target and inhibit HIF-1a expression, and this process was not observed with
HDL from normo-cholesterolemic pigs [32¢¢].

Multiple studies have also demonstrated HDL-miRNA delivery to endothelial cells through
HDL-miRNA mimetic loading, including the use exogenous C. elegans miRNA (cel-
miR-39), and PCR quantification in recipient cells [24, 27<¢]. HDL have been reported

to deliver functional miR-132-3p to endothelial cells (HUVEC), as a significant increase in
miR-132-3p levels in endothelial cells coincided with a significant decrease in mMRNA levels
of the miR-132-3p target gene p120RasGap (RASAI) [27+°]. Moreover, HDL-miR-132-3p
delivery increased angiogenic tube formation in endothelial cells [27+¢]. HDL-miR-132-3p
delivery likely promotes angiogenesis and this process may be defective in diabetic
nephropathy; and HDL-miR-132-3p levels were decreased in this disease, as mentioned
above [27]. A previous study reported that HDL failed to deliver candidate miRNAS to
human vascular smooth muscle cells and PBMCs; however, HDL from human subjects with
CAD and ACS increased cellular levels of miR-92a-3p, miR-223-3p, and miR-126-5p in
PBMC:s after 6h in the absence of a significant increase in primary and precursor miRNA
transcripts, supporting the potential of HDL-miRNA delivery in these cells in the setting of
atherosclerosis [24].

HDL-sRNA Intercellular Communication in Atherosclerosis

Atherosclerosis is an inflammatory disease driven by lipids and cell-to-cell communication.
The functional relevance of HDL-miRNA intercellular communication to atherosclerosis

is unknown and has not been tested in vivo. Multiple in vitro studies suggest that HDL

has the potential to accept miRNAs from macrophages and deliver functional miRNAs

to recipient endothelial cells; however, this specific cell-to-cell network has not been
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demonstrated in vitro or in vivo. HDL-miR-223-3p suppression of endothelial cell activation
and adhesion molecule expression may antagonize atherogenesis and HDL-miR-223-3p
levels may increase in specific examples of ASCVD and enhance HDL’s anti-atherogenic
properties; however, this theory has not been proven. The sub-endothelial space and
confined lesion environment may be conducive for paracrine HDL-miRNA communication,
as HDL particles and their SRNA cargo may accumulate to a sufficient degree to impact
gene expression and phenotypes in cells that take up HDL particles or cargo. In terms of
functional activity, HDL-sRNAs may act more as a singular cargo instead of individual
entities or specific post-transcriptional gene regulation through canonical miRNA-like
silencing mechanisms. Extracellular miRNAs have been reported to activate RNA-sensing
toll like receptors, and it remains to be determined if HDL-sRNAs could do the same

upon holo-particle uptake [46]. Although we cannot rule out that HDL facilitates long
distance endocrine-like cell-to-cell communication, as circulating HDL contain a diverse set
of sSRNAs, it is more plausible that HDL mediates paracrine communication networks in
space-confined tissues. A prime example of this would be the atherosclerotic lesion.

HDL-miRNA Quantification

HDL particles are highly abundant in circulation with approximately 1016 HDL particles/mL
of plasma [47]. Low-density lipoproteins (LDL), which also transport miRNAs, are also
abundant in plasma at 1015 particles/mL [47]. Conversely, the most-widely studied class

of extracellular SRNA carriers, EVs are 1079 vesicles/mL of plasma, substantially less
concentrated than lipoproteins in plasma [47]. Investigation of these different SRNA
carriers requires some technical considerations. For example, HDL (1.063-1.21 g/mL)

and EVs (1.08-1.21 g/mL) share overlapping densities; therefore, cross-contamination in
density-gradient ultracentrifugation (DGUC) fractions may occur. Moreover, apolipoprotein
B-containing lipoproteins, namely LDL (22-25 nm in diameter) and very-low-density
lipoproteins (VLDL, 30-80 nm in diameter), are similar in size to sub-classes of EVs,
specifically exosomes (30-100 nm in diameter) and exomeres (approximately 30-40 nm
in diameter) [48-50]. Size-exclusion chromatography (SEC) can be used to purify HDL
(7-12 nm in diameter) from larger carriers in plasma and biofluids; however, there is

some potential for free ribonucleoproteins to co-fractionate with small HDL particles in
commonly used SEC resins. This issue can be resolved by using resins that provide greater
resolution for proteins at 50-150 kDa. Lipid binding agents can also be used to separate
lipid-associated and lipid-free SRNA carriers in SEC fractions to achieve greater-purity of
HDL for down-stream sRNA analyses. The most common method for HDL purification

is DGUC as this method yields high concentrations of HDL particles; however, as noted
above, there is potential for EV contamination in HDL-DGUC samples and a secondary
purification method, e.g., SEC, after DGUC is recommended. Recently, phosphotungstic
acid/MgCl;, precipitation was used after DGUC to isolate highly-pure HDL samples for
miRNA quantification [51¢]. In addition to plasma, DGUC can also be used to purify HDL
from other biofluids for miRNA quantification. For example, extracellular miRNAs have
recently been quantified on HDL isolated from mesenteric lymph using DGUC [40e¢].
The only caution for starting material should be plasma collected in heparin-containing
tubes, as heparin may interfere with downstream methods for miRNA quantification, e.g.,
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PCR. In addition to DGUC and SEC, APOA1 immunoprecipitation and apolipoprotein

B (APOB)-depleted plasma using polyethylene glycol have been used for HDL-miRNA
quantification [9ee, 10, 29, 52]. Each method produces different levels of HDL purity and
yields, and combining multiple methods is advised to prevent cross-contamination of other
SRNA carriers. HDL-miRNAs have been reported to be remarkably stable through multiple
freeze-thaws, resistant to RNase A treatments, and survive weeks of HDL storage at 4°C
or —80°C [53]. The required starting concentration of HDL particles for miRNA analyses
is unknown, and depending on the miRNA quantification method, >100ug of HDL total
protein may be necessary to reliably quantify HDL-miRNAs. Newer methods for lipoprotein
isolation, e.g., asymmetric field flow fraction (AF4), may not separate sufficient quantities
of HDL or be scalable for use in miRNA studies [54, 55]. There is great interest in the

field of extracellular RNA and technological advances will likely lead to the development
of new methods, equipment, and approaches for HDL purification and extracellular SRNA
quantification.

miRNAs were the first class of SRNASs to be detected on HDL, and were quantified using
TagMan low-density PCR arrays and individual real-time PCR assays [10]. Quantitative
PCR and droplet-digital PCR can also be used to quantify HDL-miRNAs, and the benefit
of these assays is the ability to quantify copy numbers of candidate miRNAs based on

a standard curve [56]. The current state-of-the-art method for HDL-miRNA profiling is
high-throughput SRNA-sequencing (SRNA-seq); however, this approach is more costly and
requires informatic support for data analysis [9e, 11+, 52]. The benefits of SRNA-seq over
PCR-based arrays/assays include (i) lack of required prior knowledge of candidate SRNAs
or sequences, (ii) analysis of miRNA isoforms, and (iii) additional analysis of non-miRNA
SRNA classes [9ee, 12¢¢]. Recently, we released a SRNA-seq analysis pipeline (TIGER)
specifically for the analysis of lipoprotein SRNA datasets [9e¢].

The Complete HDL-sRNA Signature

Although most research on HDL-sRNAs is focused on host miRNA cargo, miRNAs are
just one of many classes of non-coding SRNAs present on circulating HDL. The most
abundant class of host SRNAs on HDL is ribosomal RNA (rRNA)-derived SRNAs (rDR)
[9+]. Parent rRNA transcripts are likely cleaved at specific regions to produce small rDRs.
miRNAs are the second most abundant host SRNA class on HDL followed by transfer RNA
(tRNA)-derived SRNAS (tDR) [9e¢]. Other classes of host SRNAs have been detected by
SRNA-seq at very low levels, including SRNA fragments cleaved from parent small nuclear
RNASs (snDR), small nucleolar RNAs (snoDR), and other miscellaneous transcripts [9ee,
57]. The biological functions of miRNAs are well-established in post-transcriptional gene
silencing mechanisms and a considerable amount of evidence has been reported on the

role of tDRs in suppression of protein synthesis. Nevertheless, the biological functions of
the other classes of SRNAs are largely unknown. Furthermore, the value of non-miRNAs
as extracellular disease biomarkers in plasma is emerging; however, the prognostic value
of these non-miRNAs in the HDL pool has not been investigated. There are some unique
features of SRNAs on HDL compared to SRNAS in tissues, e.g., the liver [9ee, 10]. For
example, HDL-miRNAs are distinct from cellular miRNAs based on post-transcriptional
modifications, specifically non-templated nucleotide additions (NTA) on the 3 terminal

Curr Atheroscler Rep. Author manuscript; available in PMC 2021 September 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vickers and Michell

Page 10

end of miRNAs. HDL-miRNAs are enriched with non-templated 3" end uridylation and
cellular miRNAs are enriched with non-templated 3" end adenylation [9e+]. The biological
relevance of miRNA NTAs and 3" end variance is not fully understood but may be related
to cellular retention and miRNA export [58, 59]. One of the benefits of using SRNA-seq

to quantify HDL-miRNAs is the ability to observe changes to miRNA isoforms and NTAs.
In addition to miRNAs, other SRNAs on HDL harbor distinct features. For example, rDRs
in the liver are enriched for fragments approximately 44 nts in length and rDRs on HDL
are equally distributed across a range of sizes 18—-60 nts [9e¢]. In addition, HDL-tDRs
were distinct from liver tDRs based on principal coordinate analyses [9e¢]. It remains to
be determined if these defining features of HDL-sRNAs facilitate their export to HDL,
influence biological function of HDL-sRNAs in intercellular communication, or hold value
as disease biomarkers.

Most interestingly, most SRNAs on HDL likely come from exogenous microbial sources,
and the aforementioned host SRNAs only compose a minor fraction of SRNAs on circulating
HDL [9e¢]. Based on genome and database alignments within the TIGER analysis pipeling,
non-host microbial SRNAs (msRNA) are likely derived from bacteria, fungi, protists,
archaeplastida, embryophytes, and archaea [9+¢]. A large percentage of HDL-msRNAs
were identified to be bacterial rDRs and tDRs, likely from species in the microbiome

and environment [9e]. Based on analysis at the phylum level, HDL were highly enriched
with msRNA from Proteobacteria, Actinobacteria, and Firmicutes(9+¢). One key observation
from the analysis of HDL-msRNAs is the low variability at the genome level with high
variability at the sequence level across all samples and individuals [9e¢]. In other words,
HDL-msRNAs were likely contributed by the same species (or phylum), but the individual
msRNA sequences were different for each HDL sample and individual. This highlights one
of the main barriers to investigating non-miRNAs and non-host msRNAs as biomarkers

or functional molecules [9e¢, 57]. For example, mature miRNASs harbor relatively precise
cleavage from precursor miRNASs and are remarkably consistent between subjects and
samples. This allows for miRNAs to be readily quantified with standard PCR assays and
antisense strategies across samples in an experiment. Conversely, non-miRNA sRNAs and
non-host msRNAs are cleaved from parent transcripts by less precise mechanisms which
leads to high variability on both the 5" and 3" terminal ends, different sequence lengths, and
the requirement for custom PCR probes for quantification.

Conclusions

HDL transport many different classes of SRNAs, including fragments of parent rRNAs from
Proteobacteria. The most well-studied class of SRNAs is miRNAs. HDL-miRNAs were
altered in ASCVD, including FH, CAD, and ACS. HDL-miRNAs were also differentially
altered in obesity, weight loss, and specialized diets. HDL has been shown to accept
miRNAs from various cell types, including pancreatic beta cells, neurons, and multiple
immune cells (Fig. 1). HDL also delivered functional miRNAs to recipient endothelial
cells, where HDL-miRNAs regulated miRNA target expression and cellular processes,
including adhesion molecule expression and angiogenesis (Fig. 1). Although HDL-miRNA
intercellular communication in atherosclerosis has not been proven in vivo, HDL have

been shown to accept miRNAs from macrophages and deliver miRNAs to endothelial cells

Curr Atheroscler Rep. Author manuscript; available in PMC 2021 September 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vickers and Michell Page 11

in vitro, supporting the possibility for cell-to-cell communication within the atheroma.
Collectively, HDL-sRNAs are bioactive signals that are part of a promising new class of
biomarkers for ASCVD and other cardiometabolic diseases.
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Fig. 1.
Schematic of HDL-miRNA intercellular communication. Cellular sources include pancreatic

islets and beta cells, macrophages, neurons, and neutrophils. Recipient cells include
endothelial cells, microglia, and hepatocytes
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