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Abstract

Lipoproteins, namely high-density lipoproteins (HDL), transport a wide-variety of cargo in
addition to cholesterol and lipids. In 2011, HDL and low-density lipoproteins (LDL) were reported
to transport microRNAs (miRNA). Since the original discovery, there has been great excitement
for this topic and a handful of follow-up publications. Here, we review the current landscape of
lipoprotein transport of miRNAs. HDL-miRNAs have been demonstrated to be altered in
cardiovascular disease (CVD), including hypercholesterolemia and atherosclerosis. As such, HDL
and LDL-miRNAs may represent a novel class of disease biomarkers. Below, we review HDL-
miR-92a and miR-486 levels in myocardial infarction and unstable angina, and HDL-miR-223 and
miR-24 levels in coronary artery disease (CAD). Moreover, we address HDL’s contribution to the
total pool of extracellular miRNAs in plasma and differential distribution of miRNAs across HDL
sub-species. Finally, we address current and future challenges for this new field and the barriers to
such work.

Introduction

microRNAs (miRNA) are small non-coding RNAs (approximately 22 nts in length) that
suppress gene expression through post-transcriptional regulation of mMRNA stability and
translation®. Each cell-type contains 200-300 miRNAs out of the possible approximately
2000 reported miRNAs; however, not all mature miRNAs in a cell are likely to be
transcribed or processed in the cell. Extracellular miRNAs likely serve as cellular messages
and are transported between cells in an endocrine form of intercellular communication? 3.
The field of extracellular miRNAs has generated tremendous excitement, as they hold great
potential as a novel class of disease biomarkers and possible drug targets. miRNAs have
been found in all biological fluids from saliva to urine?=’. In plasma, they are protected from
circulating ribonucleases through their association with lipid and protein carriers3. Little is
known about how miRNAs are protected in other fluids, but lipid particles and vesicles are
likely responsible. Much of the research on extracellular miRNAs has focused on exosomes,
which are derived from multivesicular bodies in endosomes8. Exosomes contain both long
RNAs (e.g. mRNAs) and small RNAs (e.g. miRNAs), and are composed of a phospholipid
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bilayer shell and hydrophilic core®-12. Similar in structure, but distinct in origin, are
microvesicles!3-15. These vesicles are generally larger than exosomes and are derived from
shedding or blebbing of the plasma membrane. There have been reports of many other
miRNA carriers, including apoptotic bodies from endothelial cells1®. The isolation of each
class can be tedious and most preparations are likely a heterogeneous mixture of
extracellular vesicles (EV). Ribonucleoproteins have also been reported to transport and
protect extracellular miRNAs. Most studies have investigated the role of extracellular
Argonaute 2 (AGO2), which is the structure-function ribonucleoprotein in the RNA-Induced
Silencing Complex (RISC)Y: 18, Currently, it is unknown if circulating AGO is simply
released from necrotic cells or exported in a regulated fashion. AGO-bound miRNAs have
been reported to stand alone in plasma as well as be present in EVs’. Maybe the most
critical carriers of miRNAs are the highly abundant lipoproteins, namely low-density
lipoproteins (LDL) and high-density lipoproteins (HDL). Here, we review the current state-
of-the-art in lipoprotein-miRNA research.

HDL-miRNAs

The idea that HDL could transport nucleic acids arose from a 2009 paper in which the
authors demonstrated that small interfering RNAs (siRNA) could be effectively delivered to
the liver using reconstituted apolipoprotein A-l (apoA-I), which is the main functional
protein of HDL1®. Following upon this study, we profiled approximately 700 miRNAs on
pure human HDL using real-time PCR-based TagMan Low Density Arrays (TLDA)Z0. After
finding a consistent pattern in healthy subjects, we then sought to determine if HDL-
miRNAs are significantly altered in hypercholesterolemia and we found significant HDL-
miRNA changes in humans and miceZ0. Unlike EVs which have both mRNA and miRNAs,
RNA circulating on HDL is predominantly small non-coding RNA (<40 nts); however,
longer RNA species have been identified (approximately 60-90 nts in length), possibly full-
length tRNAs. In addition to miRNAs, HDL likely transport other non-coding RNAS;
however, this has not been published. Many of HDL’s top-ranked miRNAs likely originate
from inflammatory cells. We have reported that macrophages (J774) export miR-223 to
HDL /n vitr?®; however, it is highly likely that monocytes, neutrophils, and other
inflammatory cells export miRNAs to HDL as well, as many of the most abundant miRNAs
on HDL are highly abundant in these cell-types. The export of miR-223 to HDL was found
to be inhibited by neutral sphingomyelinase 2 (nSMase2), as chemical inhibition of
nSMase2 increased HDL-miR-223 export20. The roles of cholesterol and lipid transporters
in miRNA export have largely not been studied and warrant investigation. Nevertheless,
activation of liver-x-receptor to increase ATP-binding cassette transporter A1 (ABCA1)
expression in macrophages failed to increase miR-223 export to HDL20. This does not
preclude the possibility that ABCA1, ABCG1, and scavenger receptor Bl (SR-BI) contribute
to miRNA efflux to apoA-1 or HDL in other cells or myeloid phenotypes. We did find that
HDL delivers miRNAs to recipient Huh7 hepatoma cells and this process is dependent upon
SR-BI20. Moreover, HDL-miRNA transfer capacity was greatly enhanced in baby hamster
kidney (BHK) cells when SR-BI was over-expressed2?. HDL-miRNA delivery to Huh7 cells
was found to suppress target gene (MRNA) expression, and this likely occurs through
canonical RNA silencing pathways, as HDL-miRNA transfer suppressed gene reporter
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(luciferase) activity in recipient BHK-SR-BI cells?0. Nonetheless, it is likely that HDL can
transfer miRNAs to recipient cells through SR-BIl-independent mechanisms in other cell-
types and possibly regulate gene expression in recipient cells through currently unknown
non-canonical RNA silencing pathways.

HDL-miRNA changes in mice

Upon finding significant HDL-miRNA changes in humans with familial
hypercholesterolemia, an autosomal dominant disorder due to mutations in the LDL receptor
(LDLR), we profiled HDL-miRNAs from Ld/r~”~ mice compared to wild-type (WT)
controls20. Mouse HDL was purified from plasma using anti-mouse apoA-I
immunoprecipitation and HDL-miRNAs were quantified by real-time PCR-based TLDAs.
We found many HDL-miRNA changes; however, very few miRNAs overlapped with what
was differentially present on human HDL in hypercholesterolemiaZC. To further address
mouse models of hypercholesterolemia and atherosclerosis, we injected Apoe™~ mice on
either a high fat diet (HFD) or chow diet with human rHDL, which had very little to no
miRNA before injections. After 6 h, we collected plasma and isolated human rHDL from
mouse plasma by anti-human apoA-I immunoprecipitation. Using rodent TLDAS, we found
significant changes in HDL-miRNAs in Apoe™~ mice fed a chow diet compared to WT
mice on chow diet, thus suggesting that hypercholesterolemia alone may account for
changes to HDL-miRNA signatures. We then found that Apoe™~ on a high-fat diet (HFD)
had significant changes to HDL-miRNAs compared to Apoe™~ mice fed a chow diet,
suggesting one possibility that the development or severity of atherosclerosis can have
significant effects on circulating HDL-miRNAs2%; however, this may also simply reflect
changes to circulating cholesterol levels affecting HDL size, structure, and exchange
potential. Again, we found very few miRNAs that were altered in both human
hypercholesterolemia and a mouse model of hypercholesterolemia and atherosclerosis. We
did find that HDL-miR-223 and miR-24 levels were increased and miR-135a* levels were
decreased in the human study and the mouse study with Apoe™~ HFD compared to WT
chow controls; however, some of these changes were not statistically significant (Table 1).
The timing of 6 h suggests that HDL-miRNA levels are dynamic and detectable levels of
exported miRNAs accumulate relatively quickly. This strategy to identify and quantify
mouse miRNAs that human HDL collects during a short time-frame /n vivo can be applied
to any model of disease and has the benefit of sampling HDL-miRNA changes in temporal
study designs. Most interestingly, we did find that 5 of the top-most abundant (top 10) HDL-
miRNAs in healthy humans were also in the top 10 HDL-miRNAs in WT mice, suggesting
that there is some level of conservation between humans and mice in health?0. Yet, the
general lack of overlap in humans and mice in hypercholesterolemia and atherosclerosis
suggests that these animal models only partly reflect human disease.

HDL-miRNA biomarkers

The first independent validation that HDL transport miRNAs was reported in 201321, This
study confirmed using quantitative PCR (qPCR) that miR-223, miR-92a, miR-126,
miR-150, miR-146a, miR-30c, miR-378, miR-145 were present on human HDL. This study
did find evidence that miR-155 was present on HDL which was missed in our earlier
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study2%. 21, Using qPCR, the authors reported that HDL had >10,000 copies of miR-223 per
pg of HDL total protein?!, Furthermore, HDL-miR-223 levels were calculated as
representing approximately 8% of all miR-223 in plasma, the highest of the miRNAs tested
in this study?l. Nonetheless, this study found a significant correlation between HDL-miRNA
levels and total plasma miRNA levels. This calculation was based on 250 pg of HDL
isolated from 250 pL of plasma which equates to approximately 1 mg HDL/ mL of plasma.
This concentration is lower than the likely physiological concentrations for HDL circulating
in plasma, which suggests that some HDL was possibly lost during the isolation and the
reported HDL-miRNA percentages of total plasma miRNA levels may be underestimated.
HDL proteins and total cholesterol account for approximately 55% and 15% of HDL mass,
respectively?2. Based on normal HDL-cholesterol ranges in humans (0.35 mg/mL—0.55 mg/
mL), HDL total protein concentration in plasma ranges 1.3-2.0 mg/mL; however, this is
difficult as HDL has to be isolated from plasma to quantify protein levels?2-24, Nevertheless,
a greater understanding of the total contribution of all HDL-miRNAs, and miRNAs from
other lipoproteins, to the total plasma pool is needed, particularly in biomarker studies where
plasma sampling without HDL isolation is preferred. In agreement with studies described
above, a recent study confirmed that specific miRNASs are transported by lipoproteins in
circulation?>. Using real-time PCR, miR-486, miR-92a, miR-122, miR-125a, miR-146a, and
miR-33 levels were quantified in HDL subspecies (HDL3 and HDL,)2°. This was the first
study to report miR-33 on HDL — miR-33 regulates HDL-cholesterol (HDL-C) levels
through ABCA1 - as miR-33 was not previously detected on HDL using TagMan TLDAs,
which is not disconcerting for much of the variability between human HDL-miRNA profiles
occurs in the lowly abundant miRNAs. This study reported that levels of miR-486 and
miR-92a in large HDL, are significantly increased in subjects with myocardial infarction
(M), unstable angina (UA), and stable angina (SA); the highest effect was HDL,-miR-486
changes associated with MI followed by UA and then SA subjects25. Conversely, HDL3-
miR-92a levels were found to be significantly elevated in UA subjects compared to controls
subjects?®. To a lesser degree, miR-92a levels were also significantly elevated on HDL 3 from
M1 and SA subjects?®. In all CAD, miR-92a was the most abundant in HDL3 and miR-486
was the most abundant in HDL, significantly higher than in HDL 3, suggesting that HDL -
miRNAs are differentially distributed across HDL subfractions and CAD likely influences
their distribution and concentration. At this time, miR-486 and miR-92a have the greatest
potential as markers of angina, both stable and unstable, as well as MI. Nevertheless, these
studies are limited in that only a handful of candidate miRNAs were evaluated with CAD.
Future studies will require HDL-miRNA profiling by PCR-based arrays or high-throughput
small RNA sequencing, including more rigorous biomarker studies against standard
indicators of CAD, UA, or MI.

Most of the work on lipoprotein miRNAs has been focused on HDL transport; however,
each of the three studies also addressed LDL-miRNAs. For individual candidate miRNAs,
e.0. miR-223, LDL levels were found to be considerably lower than HDL levels, with the
exception of miR-155 which was found in greater abundance on LDL than HDL2L. Wagner
et al. reported that miR-223 was the most abundant of the miRNAs they tested on LDL
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(1500 copies/ug LDL); however, these levels were significantly lower than HDL-miR-223
(>10,000 copies/pg LDL)2L. Moreover, they reported that the levels of miR-30c, miR-145,
miR-150, miR-126, and miR-378 on LDL were minimally detected at <10 copies/ug LDL2L,
Niculescu et al. reported that miR-92a was the most abundant of the miRNAs they
quantified on LDL2%. While HDL-miRNAs were approximately 10-fold more abundant than
LDL and IDL23, They did report that miR-92a levels were increased on LDL from SA and
MI subjects and not detectable on LDL from UA subjects (Table 1)2°. Furthermore,
miR-146a was only detectable on LDL from SA subjects and miR-33 levels were increased
on LDL from UA and MI subjects compared to SA and control subjects (Table 1)2%. Wagner
et al. found no differences in LDL-miRNA levels that they tested in healthy subjects
compared to acute coronary syndrome (ACS) or CAD subjects?. In 2011, we found that
HDL and LDL share many of the most abundant miRNAs; however, their profiles are
statistically distinct from each other20. In agreement with Wagner et a/., we found that
miR-223 was the most abundant miRNA on LDL using real-time PCR-based profiling of all
miRNAsZ0. The other top LDL-miRNAs include miR-150, miR-19b, miR-92a, miR-24, and
miR-146a20. Collectively, HDL-miRNA transport appears to be more robust than LDL;
however, future studies are needed to investigate the functional impact of miRNAs on apoB-
containing particles (LDL and VLDL).

HDL-miRNA transfer to endothelial cells

MiRNAs have proven to be power regulators of endothelial gene expression and function,
and endothelial miRNAs are critical factors in atherosclerosis?6=2%. Moreover, HDL is likely
to have extensive contact with endothelial cells in circulation. As such, we sought to
determine if HDL transfers miRNAs to endothelial cells and if delivered miRNAs regulate
target gene expression. Using real-time PCR-based TLDAS, we found that miR-223 levels
were significantly elevated in human coronary artery endothelial cells (HCAEC) after
incubation with human HDL (1 mg) for 16-24 h30. Furthermore, we found that pre-
treatment of HDL with RNaseA (to digest miRNAS) inhibited HDL’s ability to increase
cellular miR-223 levels supporting HDL-miR-223 transfer30. Likewise, only native HDL
(nHDL) treatments, not treatments with lipid-poor A-I, reconstituted HDL (rHDL), or small
unilamellar vesicles (SUVS), resulted in increased miR-223 levels in recipient HCAECs,
likely due to only native HDL containing miR-22330, In addition, we found that HDL-
miR-223 levels were significantly reduced after incubation with HCAECsS?. In validation
studies, we found that cellular levels were significantly elevated approximately 2-fold within
1 h39, Most interestingly, miR-223 is not likely transcribed or processed in HCAECs as
primary miR-223 transcripts and precursor miR-223 forms were minimally or not detected,
and inhibition of transcription (Actinomycin D) failed to reduce mature miR-223 levels and
failed to block the observed intracellular increase in mature miR-223 levels after HDL
treatments30. Moreover, siRNA silencing of Dicer, a key miRNA processing enzyme, failed
to reduce mature miR-223 levels in HCAECs suggesting that miR-223 is not processed by
Dicer in endothelial cells. Wagner et a/. reported that HDL complexed to exogenous
C.elegans miRNA (cel-miR-39) was able to transfer cel-miR-39 to recipient human
umbilical vein endothelial cells (HUVEC), albeit at low levels. Most interestingly,
treatments with HDL complexed to single-stranded cel-miR-39 oligos, double-stranded cel-
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miR-39 mimetics, and precursor pre-cel-miR-39 were all able to result in detectable mature
cel-miR-39 levels in recipient HUVECs2L. This study also reported little to no increase in
cellular miR-223 levels (HUVEC), or other miRNA candidates (miR-92a and miR-126),
after HDL (1 mg/mL) treatments up to 24 h. To determine if endothelial cell-type (coronary
artery vs. umbilical vein) affects HDL-miR-223 uptake and underlies the differences in the
two studies, we treated both endothelial cell-types with native HDL (nHDL) 1 mg/mL for
16-24 h and found that nHDL treatments resulted in a >15-fold increase in HUVEC
miR-223 levels; an effect even greater than HCAEC treatments (approximate 5-fold
increase)30. Although there may be many factors that contributed to these discrepancies,
differences in the concentration of miR-223 on the human HDL used for the treatments and
possibly differences in cell culture conditions may factor in. Although these studies focused
on HDL-miRNA delivery to endothelial cells, endothelial cells may also be a source (export)
of HDL-miRNAs and contribute to HDL-miRNA signature in health and CVD. Further
investigation of this hypothesis is warranted.

HDL’s anti-inflammatory properties

HDL have long been considered anti-inflammatory, with a significant component being their
ability to suppress endothelial cell activation and adhesion molecule expression31-33, In
addition to profiling miRNAs in HCAEC after HDL treatments, gene (MRNA) arrays were
used to quantify HDL-induced gene expression changes in HCAEC30, Significantly
decreased genes (MRNA) after HDL treatments were filtered for putative miR-223 targets
(mRNAs). Strikingly, we found multiple mRNA candidates to fit these criteria that have
previously been associated with inflammation, including intercellular adhesion molecule-1
(/cam1) and colony-stimulating factor 2 (Cs£2)30. Using this approach, we found that nHDL
treatments were far superior to rHDL, lipidpoor apoA-I, or SUV treatments at reducing
Icam1 and vascular cell adhesion molecule -1 (VcamI) mRNA levels, thus suggesting that
the key anti-inflammatory factor is on nHDL30. Based on these findings, we hypothesized
that HDL-transfer of miR-223 to endothelial cells confers HDL’s ability to suppress
ICAM-1 expression, and thus leukocyte adherence and inflammation. We first demonstrated
that human ICAM-1 is a direct target of miR-223 using gene reporter (luciferase) assays
containing the full-length 3’ untranslated region (3” UTR) of /CAM!1 and site-directed
mutagenesis of the putative miR-223 target site30. This reporter was then tested in HCAECs
to prove that HDL’s suppression of ICAM-1 is mediated, at least in part, through the
suppression of the 3’ UTR, specifically at the predicted miR-223 target site. Mutation of the
predicted miR-223 target site in /CAMZI’s 3’'UTR abolished HDL ’s ability to suppress
ICAM-1 3’UTR luciferase activity. Over-expression of miR-223 in HCAECs was also found
to reduce /CAMI mRNA and protein levels. Moreover, HDL from a WT mouse (containing
miR-223) was able to reduce /[CAM1 and CSF2mRNA levels in HCAECSs; however, HDL
from Mir223~ mice not only failed to reduce /CAM!J expression, but significantly
increased /CAMI or CSF2mRNAs. These results suggest that HDL-miR-223 levels are
indeed anti-inflammatory in HCAECs, but that HDL from a mouse deficient in miR-223 is
pro-inflammatory. A critical component of HDL’s anti-inflammatory capacity is the ability
to reduce tumor necrosis factor-a (TNF-a) activation of endothelial cells34. In our studies,
we found that TNF-a-induced ICAM-1 levels were significantly reduced when miR-223

Biochim Biophys Acta. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Michell and Vickers

Page 7

was over-expressed in stimulated HCAECs30. We then observed that pre-treating HCAECs
with anti-sense miR-223 inhibitors blocked HDL’s ability to reduce ICAM-1 protein and
TNF-a-stimulation of ICAM-1 protein levels3C. To determine if HDL-miR-223 regulation of
endothelial cell adhesion molecule expression had a functional impact, neutrophil adhesion
assays were completed, and we found that both HDL treatments and miR-223 over-
expression in HCAECs significantly inhibited TNF-a-induced neutrophil adhesion3?,
Collectively, these results suggest that HDL’s anti-inflammatory capacity in endothelial cells
is mediated, in part, through its ability to transfer miR-223 to endothelial cells where it
directly targets ICAM-1 at sites in the 3’UTR and suppresses gene expression and function,
i.e. leukocyte adhesion. Moreover, to the best of our knowledge this may be the first or one
of the earliest examples of an extracellular miRNA regulating genes in a cell where it is not
transcribed or processed. In 1995, HDL and apoA-I were both demonstrated to dose-
dependently suppress TNF-a-induced ICAM-1 protein expression in endothelial cells34. In
this study, lipid-poor apoA-I would not be expected to contain miR-223 levels, as opposed to
nHDL, however, both approaches inhibited ICAM-1 induction34. Although nHDL was far
superior to lipid-poor apoA-I at inhibiting /CAMI mRNA levels, apoA-1 suppression of
MRNA expression in non-activated cells may be a distinct mechanism from apoA-I
attenuating TNF-a-induced ICAM-1 expression. Moreover, it’s also possible that apoA-I
alone can post-translationally suppress ICAM-1 protein levels. In addition, HDL was not
found to suppress TNFa-induced ICAM-1 expression in fibroblasts3#4, which supports cell
specific regulation of ICAM-1 that could be linked to differential HDL-miR-223 delivery to
different cell-types.

The HDL-miRNA message

For lipoproteins, it has been convenient, albeit narrowed-minded, to classify LDL as the
“bad” cholesterol (lipoprotein) and HDL as the “good” cholesterol, given the relationship
between these particles and CVD risk. HDL have many beneficial properties, in addition to
its role in reverse cholesterol transport, that antagonize atherosclerosis3®. Recently, the
concept of damaged or dysfunctional HDL has emerged as critical HDL functions have been
reported to be lost or reduced in different metabolic diseases, including CVD?36: 37,
Currently, it is unclear whether changes in HDL-miRNAs are a consequence of or directly
contribute to HDL dysfunction. Nonetheless, HDL-miRNA changes in disease (e.g.
atherosclerosis) may hold biomarker potential and clues to the regulation of biological
processes that promote or repress disease burden; however, speculating why specific
miRNAs are changing and the biological impact of such changes is challenging due to the
complexity of miRNA-mediated gene regulation (Figure 1). For example, predicting and
then experimentally confirming the biological impact of miRNAs at the gene level (all gene
expression changes) in a given tissue is difficult to fully grasp, as miRNAs can directly
regulate many different mRNA targets in different tissues based on the stoichiometry of the
miRNA and mRNA targets. Most interestingly, a majority of a miRNA’s impact on gene
expression is likely mediated through indirect gene expression changes which pose a greater
challenge to prediction. Furthermore, the biological impact of miRNAs at the pathway level
is even more arduous to define as miRNAs can simultaneously suppress gene targets with
opposing influences on a particular pathway. We have observed this with miR-27b regulation
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of triglyceride metabolism and lipid homeostasis®8. As such, when cellular miRNA levels
are altered in metabolism or in a disease context it is very difficult to predict changes at the
pathway or systemic level as only a small fraction of gene expression changes associated
with an altered miRNA would have been predicted. To these points, we are challenged to
predict and then experimentally determine the biological impact of HDL-miRNA changes in
disease, e.g. hypercholesterolemia. One hypothesis is that HDL-miRNA transport plays a
key role in mediating the response to metabolic disease and helps to maintain systemic
homeostasis through endocrine-like intercellular communication and distal or adjacent gene
regulation, thus antagonizing the disease progress and promoting disease resolution. In other
words, HDL-miRNAs may both reflect disrupted homeostasis in contributing cells/tissue
and perpetuate the disease in recipient cells/tissues. An opposing hypothesis is that HDL is
simply circulating with miRNA disease biomarkers and the biological activities of HDL-
miRNA changes in the disease are minimal at the pathway or systemic level. Where HDL-
miRNA changes fall in the spectrum between these hypotheses is likely unique for each
miRNA and disease. Nevertheless, these barriers do not prevent the prediction of potential
responses to HDL-miRNA changes in disease. For example, we reported that miR-223 levels
are dramatically increased on HDL in hypercholesterolemia/atherosclerosis and that
macrophages export miR-223 to HDL20, We have also found that HDL has the capacity to
transfer miR-223 to recipient hepatoma cells 77 vitro®®. In a separate study, we reported that
miR-223 is a critical regulator of cholesterol homeostasis in hepatocytes and suppresses
cholesterol biosynthesis in the liver, a key source for systemic cholesterol levels3®,
Connecting the data, one could hypothesize that macrophages may sense
hypercholesterolemia or inflammatory cytokines associated with atherosclerosis and export
miR-223 to HDL where it is transported to the liver to inhibit cholesterol synthesis and to
the endothelium to reduce inflammation. As such, we would predict HDL-miR-223 to be
anti-atherogenic and regulate counteractive biological processes to the disease, thus, aligning
more towards the first hypothesis above. Nevertheless, this potential HDL-miR-223 axis has
not been experimentally tested /n7 vivo. As discussed above, miR-92a levels were reported to
be increased on HDL from subjects with MI, UA, and CAD25. miR-92a has also been
reported to be a pro-atherogenic miRNA in endothelial cells?6. If HDL transfers the
increased extracellular miR-92a levels to recipient endothelial cells, it would be expected to
promote atherogenesis, not reduce the disease burden. As such, the HDL-miR-92 axis would
be expected to align closer to the second hypothesis proposed above. To further illustrate the
challenge of predicting the impact of HDL-miRNA changes to disease processes, miR-92a
has also been reported to suppress cytokine production and macrophage activation through
the JNK pathway*9 which would antagonize inflammation and atherosclerosis. Alternatively,
the observed increase in HDL-miR-92 levels in CAD may simply represent endothelial
dysfunction and atherosclerosis as a novel HDL-miRNA biomarker, in line with the second
hypothesis. Similar to miR-92a, miR-486 levels were reported to be increased on HDL from
subjects with CAD25, Recently, miR-486 was reported to promote cholesterol accumulation
in macrophages through decreased ATP-binding cassette transporter A1 (ABCAL)-mediated
cholesterol efflux?1. Nonetheless, the level of miR-486 flux between HDL and macrophages
and the impact on cholesterol accumulation in macrophages remains to be determined.
miR-24 has been reported to be a critical factor in monocyte-macrophage and monocyte-
dendritic cell differentiation, as miR-24 levels are inhibited in these cells during
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differentiation which is critical to cytokine secretion®2. miR-24 levels were also reported to
be increased on HDL in atherosclerosis in humans and mice2C. If increased HDL-miR-24
levels result in increased miR-24 levels in monocytes during hypercholesterolemia/
atherosclerosis, then we would predict that increased HDL-miR-24 levels may be beneficial
and anti-atherogenic through suppression of macrophage and dendritic cell differentiation.
HDL-miRNA changes offer unlimited potential for predictions and hypotheses (Figure 1),
but as discussed, it is very difficult to accurately predict the impact or biological relevance of
HDL-miRNA changes. As such, these hypotheses will require extensive testing, including
loss-of-function studies for each miRNA in the setting of disease and the manipulation of
HDL-miRNA intercellular communication in such settings. Nonetheless, HDL and other
lipoprotein miRNAs are attractive biomarkers and potential drug targets in metabolic
disease.

Current and future challenges

The most important challenge to this new field is the demonstration of cell-to-cell
communication /in vivo. To accomplish this, new models and clever use of existing models
will be needed. One simple approach would be to inject mouse or human HDL containing a
specific miRNA into a miRNA knockout animal and trace HDL-miRNAs to different
tissues/cells. This will likely be challenging as it is difficult to perfuse all blood and HDL
from tissues and different cells likely have different uptake capacities for different HDL-
miRNAs. One could overcome these issues by isolating primary cells (e.g. hepatocytes) after
the injection to determine if the HDL-miRNAs were taken up by the hepatocytes /n vivo.
The limitation to this approach is that this only investigates HDL-miRNA delivery capacity
in vivo and not intercellular communication. Strategies that take advantage of labeling
specific miRNAs in specific cells will be useful in tracing miRNAs from donor cell-types to
HDL and then to recipient cells. Bone-marrow or organ transplantation studies may also be
viable approaches to address this problem. The next challenge is to understand if altered
HDL-miRNA communication is causal or responsive to different cardiometabolic diseases.
Likewise, it is important to understand if HDL-miRNA changes in disease contribute to
disease progression (promotes) or resolution (antagonizes). This will be particularly difficult
as directional changes in HDL-miRNA activity likely have dichotomous effects on different
pathways in different tissues. Loss-of-function studies for specific HDL-miRNAs in models
of disease will be required to determine the functional impact of HDL-miRNA
communication in metabolic diseases. The ultimate goal of such research is to gain a level of
understanding for HDL-miRNA changes in a given disease (e.g. atherosclerosis) that one
could manipulate specific HDL-miRNA levels to prevent or treat the disease. Nonetheless,
HDL-miRNAs may represent a novel class of disease biomarkers individually or in panels/
cassettes that could be useful in multivariate analyses. Collectively, these large broad
questions address the potential of HDL-miRNAs as biomarkers and bioactive molecules that
may serve novel drug targets; however, much is left to understand about HDL-miRNA
export, transport, and delivery.

A major biochemical challenge is to better understand how HDL lipids and/or proteins
interact with extracellular miRNAs. At this time, zwitterionic lipids (e.g.
phosphatidylcholine) are the most likely binding factors. Furthermore, how specific miRNAs
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are selected for export and how they are exported to HDL are completely unknown.
Compared to other carriers of miRNASs (e.g. extracellular vesicles), lipoproteins are
substantially more concentrated in blood. Similar to HDL and LDL, it’s very likely that
VLDL also contain miRNAs. The challenge now is to determine the stoichiometry of
miRNAs to different types of lipoprotein particles and determine the biological relevance of
miRNA cargo in each lipoprotein class to cardiometabolic disease. At the recipient cell, little
is understood how HDL-miRNAs are transferred to recipient cells; however, HDL’s receptor
SR-BI likely contributes to this process in hepatocytes??, and likely endothelial cells.
Another critical question concerning HDL-miRNA function is determining if HDL-miRNAs
silence predicted mRNA targets through canonical RISC using Argonaute family proteins or
through novel ribonucleoprotein mechanisms for extracellular miRNAs. It is also likely that
the route to the cytoplasm may influence lipoprotein miRNA activity in recipient cells, e.g.
endocytosis and selective core uptake could result in two different miRNA activities in the
cell.

Conclusions

Lipoprotein transport is a new and exciting field; however, there still remains a tremendous
amount to discover. The biggest gap in this field is the need to prove that lipoprotein
miRNAs are functionally important to disease resolution or progression. To do so, requires
that we first demonstrate that lipoprotein transport of miRNAs is biologically relevant and
has a functional impact through intercellular communication /n vivo. The functional transfer
of lipoprotein miRNAs to recipient cells (e.g. endothelial cells) supports a possible cell-to-
cell communication pathway that confers HDL’s anti-inflammatory capacity. Nonetheless,
miRNAs on HDL and LDL are altered in different cardiometabolic disease in humans and
mice and likely hold value as new disease biomarkers. Collectively, lipoprotein transport of
miRNASs represents a significant advancement for lipoproteins and extracellular miRNAs.
Most importantly, lipoprotein miRNAs hold great potential as novel drug targets in new
therapeutic strategies to prevent and treat cardiometabolic diseases.
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Figure 1.

Schematic of the potential impact for HDL-miRNA changes in pathophysiology.
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Altered Lipoprotein miRNAs in Cardiovascular Disease

Table 1

Unstable Angina (UA)

Lipoprotein miRNA Direction | Disease Ref.
HDL miR-223 Increased | Hypercholesterolemia 20
HDL miR-24 Increased | Hypercholesterolemia 20
HDL miR-135* | Decreased | Hypercholesterolemia 20
HDL miR-92a Increased | Myocardial Infarction (MI) 25

Unstable Angina (UA)
Stable Angina (SA)
HDL miR-486 Increased | Myocardial Infarction (MI) 25
Unstable Angina (UA)
Stable Angina (SA)
LDL miR-92a Increased | Myocardial Infarction (MI) 25
Stable Angina (SA)
LDL miR-92a | Decreased | Unstable Angina (UA) 25
LDL miR-146a | Increased | Stable Angina (SA) 25
LDL miR-33 Increased | Myocardial Infarction (MI) 25
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