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Abstract MicroRNAs (miRNAs) have been shown to be
critical mediators of many cellular and developmental pro-
cesses and have been implicated in different human dis-
eases. Since the observation of extracellular miRNAs pre-
sent in various biofluids, much attention and excitement
have been garnered toward understanding the functional
roles of these circulating extracellular miRNAs and estab-
lishing their potential use as noninvasive diagnostic bio-
markers. Here, we will review the current state of miRNA
biomarkers for many human diseases, including their
emerging use in toxicological applications, and discuss the
current challenges in the field, with an emphasis on tech-
nical issues that often hinder discovery-based miRNA bio-
marker studies.

Keywords MiRNAs - Biomarkers - Cancer - Diabetes -
Cardiovascular disease - Toxicology

MicroRNAs: discovery, synthesis, and function

Noncoding RNAs (ncRNAs) are a diverse subset of RNA
molecules that unlike coding messenger RNAs (mRNAs)
are not translated into a protein product, but function
intrinsically as critical structural molecules or regula-
tors of various cellular processes. Aside from the histori-
cally well-studied transfer RNAs (tRNAs) and ribosomal
RNAs (rRNAs), other classes of ncRNAs have come into
the spotlight, such as long noncoding RNAs (IncRNAs) and
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microRNAs (miRNAs), which have garnered extreme inter-
est in the past few years. MiRNAs are a class of short non-
coding RNAs that have been shown to modulate proteome
by affecting the stability of specific mRNA, or through
inhibiting protein translation (Fabian et al. 2010). These
short regulators were first identified by Victor Ambrose’s
group in Caenorhabditis elegans, and it was thought that
this type of regulatory RNA was present only in non-ver-
tebrates (Lee et al. 1993). However, with the advent of
genome sequencing, over 25,000 individual miRNAs have
now been identified in more than 200 species including
viruses, plants, and humans (Kozomara and Griffiths-Jones
2014). In addition, some of the miRNA sequences are
highly conserved across species; this strong evolutionary
conservation suggests its critical involvement in regulat-
ing key biological processes. The miRNA targeting mecha-
nisms appear to differ between plants and animals, which
may suggest miRNAs evolving twice from an ancestral
RNA-mediated gene-silencing process in early eukaryotes
(Axtell et al. 2011).

The biogenesis of miRNA has been reviewed in recent
years by others (for example, Ha and Kim 2014). Like pro-
tein-coding transcripts, miRNAs are transcribed as part of
a larger primary miRNA (pri-miRNA). Through a series of
enzyme complex (including the ribonuclease, Drosha, and
the RNA-binding protein, DGCRS8), the 5 cap and 3’ poly
A tail are removed to generate a shorter (~70 bp) precursor
miRNA (pre-miRNA). The pre-miRNA is then transported
into cytoplasm and processed by the ribonuclease, Dicer,
into a 19- to 24-bp mature miRNA duplex. The miRNA
then incorporates into the RNA-induced silencing complex
(RISC) and interacts with target mRNA through imperfect
base-paring usually at its 3’ untranslated regions (UTRs).
This miRNA-mRNA interaction promotes degradation of
the transcript, or inhibits protein translation by blocking
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the progression or binding of ribosome (Pillai 2005). MiR-
NAs have been implicated to function in a wide category of
normal cellular processes including differentiation, prolif-
eration, cell death, signal transduction, stress response, and
metabolism (Huang et al. 2011). With its diverse function,
it is not surprising that miRNAs have also been observed
to be involved in many diseases, including cardiovascular,
neurological, and metabolic diseases, as well as various
forms of cancers (Erson and Petty 2008).

Extracellular miRNAs

Recently, miRNAs have been detected in the extracellu-
lar environment, circulating in various biological fluids
including sera, plasma, urine, tears, saliva, seminal fluid,
cerebrospinal fluid (CSF), extracellular fluid (ECF), and
others. While the exact role for these extracellular miRNAs
remains to be precisely determined, there has been specu-
lation that at least a fraction of the extracellular miRNAs
may function as mediators of paracrine or endocrine sign-
aling between cells. RNAs are often degraded at extracel-
lular environment due to the high ribonucleases activity.
Nonetheless, the presence of many miRNA species in these
biofluids suggests that they are able to escape degradation
through some protective mechanisms. MiRNA has been
observed to be complexed with lipoproteins and RNA-bind-
ing proteins including HDL (Vickers et al. 2011; Wagner
et al. 2013), AGO2 (Arroyo et al. 2011; Turchinovich et al.
2011), and NPM1 (Wang et al. 2010b). These RNA—protein
complexes maybe the results of cell death and autophagy
and do not necessarily represent actively exported miRNAs
of physiological significance. Besides complexed with pro-
teins, miRNA has also been found in lipid vesicles includ-
ing microvesicles, exosomes, and apoptotic bodies. Among
them, the exosome has drawn a significant interest in recent
years.

Work by Valadi et al. 2007 showed that miRNAs were
present in exosomes, a class of secreted vesicles between
30 and 100 nm in size, originating from multi-vesicle bod-
ies (MVBs), and released through fusion with the cellular
membrane (Denzer et al. 2000; Valadi et al. 2007). The
uptake of exosomes has been shown to have a significant
biological impact in the recipient cells. For example, it has
been shown that macrophages can transfer miR-223 via
exosomes into breast cancer cell lines and enhance their
invasiveness by targeting MEF2C (myocyte enhancer fac-
tor 2C) and CTNNB1 (B-catenin) (Yang et al. 2011). It has
also been demonstrated that rat primary mesenchymal stro-
mal cells can transfer miR-133b via exosomes to primary
neurons and astrocytes, promoting neurite outgrowth (Xin
et al. 2012). While these findings suggest that miRNAs can
be transferred between cells via exosomes, the mechanisms
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that dictate their selective packaging into the exosomes,
delivery to target cells, and subsequent activation remain
elusive. Kosaka et al. have identified a ceramide-dependent
pathway for sorting miRNA into exosomes in human cell
lines. They showed that disrupting the biosynthesis of the
sphingolipid ceramide, through perturbation of the critical
enzyme neutral sphingomyelinase 2 (nSMase2), affected
the levels of miRNAs present in exosomes (Kosaka et al.
2010). In addition, mutations in KRAS affect the miRNA
content in exosome (Cha et al. 2015), which may affect the
tumor microenvironment and influence tumor cell growth
and migration (Demory Beckler et al. 2013). The work
with KRAS in particular shows how exosomal miRNAs
may have a significant clinical impact on disease progres-
sion and diagnosis. Sequence motifs present in miRNAs
are also play a role in export into exosomes. For example,
in primary T lymphoblasts, sumoylated hnRNPPA2B1 has
been shown to recognize a G/A-rich motif present in the
3’ end of miRNAs and can facilitate their exported into
exosomes (Villarroya-Beltri et al. 2013). In B cell lines,
miRNAs with non-template additions of terminal uridines
(Us) were more frequently observed in exosomes, whereas
miRNAs with non-template additions of adenines (As)
were enriched in cells (Koppers-Lalic et al. 2014). These
findings suggested that (1) a role for exosomes in miRNA
trafficking through cell membrane, (2) exosomal miRNAs
maybe functional, and (3) specific cellular mechanisms are
responsible for miRNA packaging and export. Much more
work needs to be done to elucidate the detailed mechanism
involved in this process.

Role for extracellular miRNAs as potential
biomarkers for disease

While the observation of circulating nucleic acids in
plasma and serum has been sustained over the last 65 years
(Ayala et al. 1951; Mandel and Metais 1948), the recent
observation of circulating miRNAs present in different
biofluids has spurred the interest of using these extracel-
lular miRNAs as biomarkers for different diseases. Many
of the current disease biomarkers are proteins that are
circulating in body fluids. Examples include the prostate-
specific antigen (PSA, KLK3) used to screen for prostate
cancer and troponin (TNNT2) to diagnose myocardial
infarction. Unfortunately, the discovery of new protein-
based biomarkers has many technical challenges, such
as low protein abundancy in samples and difficulties in
developing high affinity capture reagent. MiRNAs offer
many advantages over their protein counterparts in many
of these regards. Here, we will provide some updates on
the current status and challenges of identifying circulating
miRNAs as biomarkers.



Arch Toxicol (2016) 90:2959-2978

2961

Cancer

As extracellular miRNAs were first observed in cancer cell
lines (Chen et al. 2008; Mitchell et al. 2008), and because
of the recent excitement in the approach of ‘liquid biopsy’
to detect and monitor cancer, considerable efforts have
gone into identifying circulating miRNAs involved in
or associated with various forms of cancer, and how they
might possibly influence the tumor microenvironment. This
section is not considered to be exhaustive list of all the
studies looking at circulating miRNAs involved in cancer,
as many excellent reviews have been written on this topic
(see our recent meta-analysis and review—He et al. 2015).

Lung cancer

Lung cancer is the most common cause of cancer-
related death worldwide, with non-small cell lung cancer
(NSCLC) accounts for the majority of cases. Signatures
of specific miRNAs present in tumor tissues have already
been shown to be useful in predicting survival and relapse
in NSCLC (Yu et al. 2008). Chen et al. made one of the
first observational reports of circulating miRNAs and found
miR-25 and miR-223 to be elevated in serum samples from
NSCLC patients versus healthy controls. In one study,
miRNA-1, miR-30d, miR-499, and miR-486 were high-
lighted as serum-based predictive markers (Hu et al. 2010).
Shen et al. identified a six miRNA signature (see Table 1)
showing similar concentration changes between plasma
and corresponding tumor tissues in NSCLC patients and
were able to discriminate NSCLC patients from healthy
controls. Another group showed that serum levels of miR-
486-5p were predictive of survival in NSCLC (Petriella
et al. 2015). Conversely, elevated serum levels of miR-21
have been shown to be associated with poor prognosis in
NSCLC patients in several studies (Gao et al. 2010; Liu
et al. 2012b; Wang et al. 2011) and a marker of metasta-
sis to other organs (Liu et al. 2012b). Interestingly, elevated
levels of miR-21 have also been observed in the sputum of
NSCLC patients (Xie et al. 2010). Additionally, when look-
ing at circulating miRNA biomarkers, several groups have
found that larger panels of circulating miRNAs (between
10 and 34) increase the sensitivity of NSCLC detection and
can predict early-stage NSCLC (see Table 1; Bianchi et al.
2011; Boeri et al. 2011; Wozniak et al. 2015).

Breast cancer

While there has been lots of effort looking at genetic risk
factors for developing breast cancer, there is lack of reli-
able noninvasive diagnostic markers. Work has been done
to identify circulating miRNA that may have diagnos-
tic potential for breast cancer. Examining serum of breast

cancer patients versus controls, Mar-Aguilar et al. identi-
fied a seven miRNA signature that were increased in the
serum of cancer patients (Table 1). Further work has shown
the combination of miR-451 and miR-145 concentration
changes in plasma was able to discriminate cancer patients
from healthy controls (Ng et al. 2013). The concentra-
tions of miR-505-5p and miR-96-5p were also identified
as being significantly increased in the serum of early-stage
breast cancer patients versus controls, and miR-505-5p lev-
els decreased in early-stage breast cancer patients that had
undergone treatment (Matamala et al. 2015). The levels of
several miRNAs (miR-148b, miR-376c, miR-409-3p, and
miR-801) have been observed to be increased in plasma of
breast cancer patients compared to healthy controls (Cuk
et al. 2013).

A major emphasis of cancer treatment and intervention
has been directed at the process of metastasis. Various stud-
ies have looked at the changes of miRNAs in patients with
metastatic breast cancer (van Schooneveld et al. 2012; see
Table 2). Several groups have observed the increase in cir-
culating miR-10b concentration in metastatic breast cancer
patients (Chen et al. 2013; Zhao et al. 2012), and silenc-
ing of miR-10b has been shown to inhibit metastasis in a
mouse mammary tumor model (Ma et al. 2010). Studies
suggesting that the potential of using specific miRNA as
both biomarker and therapeutic target and using circulat-
ing miRNAs as prognostic marker for patients with meta-
static breast cancer has also been reported. Madhavan et al.
identified a panel of circulating miRNAs (Table 2) associ-
ated with overall survival of patients with metastatic breast
cancer. Several members of this panel, like the miR-200
family, are enriched in exosomes (Meng et al. 2016) and
involved in promoting metastasis and tumor progression
(Feng et al. 2014).

Colorectal cancer

Colorectal cancer (CRC) is the third most deadly form of
cancer worldwide. The potential of using the changes of
circulating miRNA as diagnostic marker for CRC has been
examined. The concentration of miR-21 has been consist-
ently shown to be increased in both plasma and serum of
CRC patients among various studies (Krichevsky and
Gabriely 2009), as well as enriched in exosomes isolated
from serum of CRC patients (Ogata-Kawata et al. 2014).
A recent meta-analysis has shown that miR-21 can dis-
criminate between CRC patients and healthy controls and
may have prognostic utility (Shan et al. 2015). In addition,
study found elevated levels of miR-135b, miR-95, miR-
222, miR-17-3p and miR-92 in the plasma of CRC patients
(Ng et al. 2009). Further work by Huang et al. confirmed
elevated levels of miR-92 along with miR-29 in a different
cohort of CRC patients. Interestingly, elevated miR-29 and

@ Springer



Arch Toxicol (2016) 90:2959-2978

2962

epLT]-Y 09z -y

T08-Y1W ‘dG-98p-YIu ‘GTH-YIU ‘GLE

L LU S o LEUR S s LLU0] s LU

‘€0T-JIW “000Z- Y ‘GO0Z-YM BOOT

(9707) 'Te 10 ueARYPER]N euise[d AOd-L¥b ST QEET-YIW ‘P [ - [y -y oneIseIoN
(€100) Te 10 uay) euise[d ¥Dd-Lyb CLE-VNIMW ‘qO[ -yt OnEISeION
(2100) Te 10 oBYZ wniog ¥Dd-Lyb qQo[-yrut OnEISeION
(494
(2107 Te 12 p[oAQUOOYDS A umpg  (ueNbEL) YO4-IIb - T Ip-yr ‘dg-66Z- I ‘G-I onEIseION
108-yiut
(€100) Te 1@ D ewseld  (ueNbeL) YOI ‘dg-60H-dIur “09/ ¢-yTw “qgy, -rur
(ST0T) T8 10 erewrelRly wniog Aerreoroty dg-g6-yrur ‘dg-gog-yrur
(€102) e 1 3N wnwRg - (ueNbeL) ¥Od-Ldb SI-yiu ‘[ Gp-yrw
T8EYIUW TH[-YIW ‘CCT-JIU ‘G|
(€107) 'Te 10 Te[MIV-TeN wnreg ¥Od-I¥b i LU (S B LU S LLLLRETO) I LA Iodued jsealqg
9LTI-Yiu
dg-qosp-yru ‘EPS-YIW ‘OTL-JIW ‘EpT-gIu
TIP3 Bee - ‘TG[-YIW ‘CT1 POC-YIUW ‘90T-Jut JOTS-Yrw
ST Qg ‘gog-grur ‘de-ggy TP9-Yru eI G-I ‘COT-Yru
(ST0T) 'Te 12 Yeruzop ewseld  (ueNbel) YOI SJIW T99-YIW ‘99G-YIW ‘GIT-JIW  OQ0T-YW TOHT-YIW ‘qL-19] L-19]
9r-y1w ‘dg-Op [-Yrur ‘[ Sp-yru
“BQ0 -y ‘L6T-Yrwu ‘dg-gz-yru
(1T07) Te 10 100g  sonssn ewised YOI “Kerreordry ‘dg-9g -y ‘099~ ‘[ 7~y
6ST- MW ‘S [-Yru
"TTYMW “QLA19] ‘PLASL “BLAI9L ‘9T
Sy g0 -y ‘dg-pg - ‘ez
‘qOE-YI ‘B €I ‘QYT-YIW °L ]
S “gG-yru ‘dg-gg-Yrur d)¢-yru dg-op1-y1w ‘dg-gy[-Yru ‘egy|
‘dz-1ee-diu ‘dg-ghe-Jru ‘g e-yru - BT CTT-YMUW ‘4 TEY
(17100 'Te 10 Iyouerg umpg  (ueNbEL) YOL-ID  TEI-YMW ‘YTE-YM “pRy-YIUI ‘BgE-JIU  -YIUW ‘99G-YTU ‘qEg - YIul ‘Zg-Yrur
(ST0Q) T8 10 e[[oMmRd umRg  YOJ-Ib “Kerreoniy dg-9gp-yru
(1702) Te 10 uoys ewseld  (ueybel) ¥DOd-14b dg-98p-y1u ‘9z - 01Ty ‘ZQI-Yrw ‘[g-yru
. ) ) 98y (OTOSN)
(0100) e 12 NH wniog ADd-L¥b ‘SON 667~ "pOc-YIu "[-VN YW 100uBd Jun|
(8007) Te 10 Uy wniog ADd-L¥b ‘SON €T ‘pg-yru 1[99 [[ewIs-UON
SQOUAIRJY ordwes Kessy (umop) YNRJTW SUnenoaIn pAlodyyy (dn) yNYIw Sune[noIn padpy ad£)-qng 9sBASI(

190UED JSealq pue Sunj ur SYNYIW Sune[noio Surumuexs saipns | dqeL,

pringer

Qs



2963

Arch Toxicol (2016) 90:2959-2978

TIT- g d0¢-yru

(#107) Te 10 90D ang  (ueber) ¥Dd-Lyb ‘o0 -y ‘GGT-Yru ‘qQ[-YJru
LYC1- g
($107) 'Te 1o Suepy  domfloneanued YDJ-LYb Kerreororwu ‘TOP-YIW QI g-Yru ‘Gog-Jru
(q ‘e$107) Te 10 uay) ruIse[d JDd-L9b (4] Lt
(11 Pued) dg-ggg-ru ‘9gg-yiu
‘Cog-YIu ‘gg-yJru ‘pg1-yru
‘SpI-grw ‘dg-9z [-yIw Ty -y
‘epg-gru ‘qoz-yru (1 pued) 9¢9
(#107) Te 30 7[YoS poo[q ajoyp  (ueybel) Yod-Lyb ST gz QG-I G-y
(q‘e1102)
Te 30 Suoy (q “BTI0T) Te o NIy ewse[q ADd-L¥b BOGT-YIu 9[-y
(1102) T 10 eInWLION ewse[d dDd-Lgb ey
(9107) 'Te 30 Tewa]y wnies dDd-Ldb epe-Jiu ‘g-yru
(ST07) 'Te 10 onqy ruIse[d dDd-Ldb de-ggp-Jru ‘Jz-gru
T61-YIW ‘GT-YJIu ‘Ba6-YIW ‘ST
(q eT107) Te e NIy wnieg ¥Dd-L¥b ‘SON ST -y gy ‘egg-yru
'961
(6007) 'Te 10 Suepm euwse[d ¥Dd-19b Bt LAUSS RS L0 i (AL P Lo (Ovad) snearoueq
(Ade1oy) Snip pue owayd (Adexay) 3nip pue owayd 0y
(ST0T) 'Te 19 uasuey BUWISE[] MDd-Lgb 01 Sutpuodsa syuaned) gz -y Surpuodsa. jou sjuaned) g -y ONEISLIN
(1102) 'Te 10 Suay) euise[d ¥Dd-19b [F1-Yd OneIseo
(210T) nD pue Suep wneg ¥Dd-19b [H1-YIW ‘GZ-YIu  dNEISLIA
(0107) "Te 30 Sueny wniag ADd-1¥b 62-d1W ‘ge-yru
6w ‘dg-/ 1
(6002) T2 12 SN wniog ¥Od-L¥b “YIW TTC-YIW “Go-JIu ‘qge [-Yru
BEZ-YIW ‘grg-Yiu ‘[z ‘oG]
($107) ‘Te 10 Bleme[-BIeS() SOWOSOXd WNIOS AeII0IdTI MW “QpZ [-JIW ‘6T -IW “©/-19] (DY) 190ULD [B102I0[0))
(umop)
S0UAIRJY qrdureg Kessy VNTW SUtie[noIrn payosyy (dn) yA\Rrw Sunenoao payepy  adA-qng 3seasI

S190URD dneaIoued pue [10210[00 Ul SYNYIW SUne[NOIID Jururexs saipnls g e,

pringer

a's



2964

Arch Toxicol (2016) 90:2959-2978

miR-141 levels can be used to identify patients with meta-
static CRC. The level of circulating miR-141 can also be
used as a prognostic marker, as elevated miR-141 is associ-
ated with poor outcome in metastatic CRC patients (Cheng
et al. 2011; Wang and Gu 2012). Some circulating miRNAs
have been shown to be able to predict treatment response.
For example, Hansen et al. 2015) have shown that miR-126
can be used to evaluate response to treatment in metastatic
CRC patients undergoing chemotherapy (Table 2).

Pancreatic cancer

Currently, pancreatic cancer is the fourth most deadly can-
cer worldwide, with very limited diagnostic tools available
to catch early occurrences. Resultantly, the five-year sur-
vival rate for the most common type of pancreatic cancer,
pancreatic ductal adenocarcinoma (PDAC), is only about
5 %, so identifying diagnostic and prognostic biomark-
ers for PDAC is urgently needed. Four miRNAs (miR-21,
miR-155, miR-210, and miR-196a) previously shown to be
implicated in PDAC have been shown to be increased in the
plasma of PDAC patients versus healthy controls (Wang
et al. 2009). Interestingly, miR-210 is hypoxia-induc-
ible, which may reflect the environment of tumor growth
in PDAC patients (Ho et al. 2010). Liu et al. identified a
seven miRNA panel (see Table 2) that was both signifi-
cantly elevated in serum from PDAC patients, and able to
discriminate between PDAC patients and chronic pancrea-
titis (CP) patients (Liu et al. 2012a). The level of miR-21 in
serum can also have similar diagnostic utility when com-
bined with other miRNAs, such as miR-34a (Alemar et al.
2016), or miR-483-3p (Abue et al. 2015). In the latter case,
miR-483-3p was able to discriminate patients with PDAC
from patients with intraductal papillary mucinous neo-
plasm (IPMN), a less severe form of pancreatic tumor that
can give rise to PDAC. In order to benchmark the use of
circulating miRNAs as diagnostic or prognostic biomark-
ers in pancreatic cancers, comparative studies with current
biomarkers must be done. The most commonly used bio-
marker for pancreatic cancer is carbohydrate antigen 19-9
(CA 19-9), which unfortunately suffers from low specificity
(Goonetilleke and Siriwardena 2007). Morimura et al. have
shown the elevated miR-18a levels in plasma from preop-
erative PDAC patients and recurrent PDAC patients after
surgery, whereas CA 19-9 level did not change. Work by
Liu et al. showed that two miRNAs, miR-16 and miR-196a,
were elevated in the plasma of PDAC patients and when
combined with CA 19-9 provided the most effective diag-
nosis of PDAC. The level of circulating miR-196 in plasma
has also been shown to predict survival rates in advanced-
stage PDAC patients, where elevated miR-196a correlates
with a lower survival rate (Kong et al. 2011b). Looking at
whole blood samples from PDAC patients, Schultz et al.
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identified two miRNA signatures (see Table 2) that out-
performed CA 19-9 in discriminating PDAC patients from
healthy controls, but performed best when used in combi-
nation with CA 19-9. Examining plasma of PDAC patients,
Chen et al. observed elevated levels of miR-182 in PDAC
patients that was able to discriminate PDAC patients from
healthy controls. The elevated level of miR-182 was also
associated with shortened overall survival and disease-free
survival (Chen et al. 2014b). The pancreas secretes local
biofluids, such as pancreatic juice and bile. While these bio-
fluids are more invasively obtained than serum or plasma,
they offer an opportunity to examine the local tumor micro-
environment more closely. Wang et al. found the concen-
trations of miR-205, miR-210, miR-492, and miR-1247 in
pancreatic juice increased in PDAC patients and were able
to discriminate between PDAC and non-PDAC controls
alone, or with increased sensitivity when combined with
CA 19-9 (Wang et al. 2014). Cote et al. examined several
miRNAs known to be involved in PDAC and found five
(miR-10b, miR-155, miR-106b, miR-30c, and miR-212)
that were elevated in bile of PDAC patients versus healthy
controls. Moreover, performance of this miRNA panel in
discriminating PDAC patients versus control patients was
moderately enhanced when using bile versus plasma, sug-
gesting that miRNA in bile may offer more precise diag-
nostic performance in detecting PDAC.

Diabetes

Diabetes mellitus (DM) and its associated ailments pose a
significant impact on human health. Reliable diagnostic and
prognostic biomarkers are needed for DM and their related
conditions, such as cardiovascular diseases, kidney fail-
ure, and pathologies related to DM induced disruption of
macro- and microvascular functions. Several miRNAs play
critical roles in B-cell development and function and have
been implicated in diabetes pathogenesis. Some DM-asso-
ciated miRNAs are involved in insulin resistance in target
tissues such as adipose, muscle, and liver cells (Chen et al.
2014a; Guay and Regazzi 2013). Analyzing the changes of
circulating miRNAs in patients with DM provides the pos-
sibility of using miRNA to identify prediabetic individu-
als, assess p-cell function, and monitor the development of
DM-related conditions.

TIDM

Looking at serum miRNA levels between newly diag-
nosed TIDM patients versus healthy controls, Nielsen
et al. found that the concentration of a subset of miRNAs
(Table 3) that are involved B-cell function and development
was increased in sera from T1DM patients. One miRNA,
miR-25, was negatively associated with residual B-cell
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function and positively associated with glycemic control
suggesting potential clinical utilities in TIDM. Similarly
when examining miRNA levels in plasma and urine, Osi-
pova et al. found elevated levels of miR-21 and miR-210
in both plasma and urine in TIDM patients compared to
healthy controls. The miR-21 also showed modest dis-
criminatory power in distinguishing TIDM patients from
controls. Additionally, in peripheral blood mononuclear
cells (PBMCs), the miR-21 levels are also altered in TIDM
patients (Salas-Pérez et al. 2013). The kidneys are drasti-
cally affected by microvascular perturbations caused by
T1DM, which often result in progressive kidney failure,
or diabetic nephropathy (DN). If left untreated, DN can
rapidly progress to end-stage renal disease (ESRD) and
eventually complete kidney failure. Work by our group has
profiled miRNAs present in urine in TIDM patients under-
going various stages of DN and found that several miRNAs
(see Table 3) were dysregulated in TIDM patients with
DN, compared to matched controls of TIDM patients with-
out DN (Argyropoulos et al. 2013). Microalbuminuria is
one of the earliest indications of onset of DN and is a use-
ful time point to asses DN status. When looking at TIDM
patients that were albuminuric versus non-albuminuric, we
identified gender-dependent miRNA signatures that could
identify whether an individual with TIDM would develop
microalbuminuria (Argyropoulos et al. 2015). Interestingly,
many of the targets of these miRNAs identified in urine are
associated with biological pathways perturbed in DN and
other renal and kidney diseases, such as VEGF, EGF, FGF,
and TGF-B/BMP signaling. Similarly, Pezzolesi et al. tested
5 miRNAs regulated by TGF-8/BMP in plasma and found
let-7c-5p and miR-29a-3p were associated with protection
against rapid ESRD progression and let-7b-5p and miR-
21-5p were associated with rapid ESRD progression. Nota-
bly, let-7b-5p and miR-21-5p have been previously shown
to be involved in renal cell function in DN, suggesting that
these miRNAs might be targets for therapeutic intervention
for the development of DN.

Another complication that can arise due to microvascu-
lar disruption in TIDM is diabetic retinopathy (DR), where
damage to the vasculature surrounding the retina can cause
vision problems potentially leading to blindness. Utilizing
serum samples from a previous clinical trial DR, Zampe-
taki et al. identified two miRNAs (miR-27b and miR-320a)
that were highly associated with the incidence and pro-
gression of NPDR (non-proliferative diabetic retinopathy).
Furthermore, they performed proteomic experiments on
cultured endothelial cells and identified the antiangiogenic
factor, thrombospondin-1, as common target of miR-27b
and miR-320a. In NPDR patients, successive hemorrhag-
ing of the vasculature surrounding the retina can cause the
transition from NPDR to proliferative diabetic retinopa-
thy (PDR), where the risk of blindness and related ocular
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complications increases significantly. Looking at the tran-
sition from NPDR to PDR, Qing et al. identified a three
miRNA signature (miR-21, miR-181c, and miR-1179) that
could differentiate PDR from both NPDR and controls.
While miR-21 has been shown to be directly involved in
angiogenesis by activating VEGF expression through the
PTEN/AKT pathway (Liu et al. 2011), the roles of miR-
181c and miR-1179 in TIDM or DR are not clear.

T2DM

One of the first studies to assess the circulating miRNAs
profile changes associated with T2DM identified 13 miR-
NAs (Table 4) that showed concentration changes (Zam-
petaki et al. 2010). Of these, five of the most significantly
changed miRNA: miR-15a, miR-126, miR-223, miR-320,
and miR-28-3p were able to distinguish T2DM patients
from healthy controls. Furthermore, using cell culture and
mouse models they found that hypoglycemia triggered a
decreases in miR-126 levels in endothelial cells, where it
has been previously shown to play a critical role in main-
taining vascular integrity and angiogenesis (Fish et al.
2008). Interestingly, when looking at serum of prediabetic
patients that will eventually develop T2DM, miR-126 lev-
els are also decreased but went back to healthy baseline
levels when patients undergo treatment (diet control and
insulin treatment) suggesting possible diagnostic applica-
tion for miR-126 (Liu et al. 2014). Similarly, Kong et al.
identified a signature of seven diabetes-related miRNAs
(Table 4) that were elevated in T2DM compared to predia-
betics and individuals with normal glucose tolerance. While
this signature was able to identify individuals with T2DM
from individuals that were prediabetic or had normal glu-
cose tolerance, it failed to separate prediabetic from normal
glucose tolerance. This suggests the circulating miRNAs
panel identified might not be suitable for predicting which
individuals may be susceptible to develop T2DM. Of these
miRNAs, miR-146 has been shown to play a critical role
in regulating oxidative stress caused by iron metabolism,
which has been implicated in T2DM-related pathologies
(Balasubramanyam et al. 2011; Kozakowska et al. 2012).
Additionally, miR-146 levels are elevated in the plasma of
newly diagnosed T2DM individuals versus healthy controls
(Rong et al. 2013). Ortega et al. identified a signature of
10 miRNAs (Table 4) that showed concentration changes
in plasma between T2DM patients and those with normal
glucose tolerance. When some T2DM patients underwent
treatment with metformin (a glucose regulator), they saw
a shift of concentration in plasma for several of these miR-
NAs (miR-140, miR-222, and miR-195) toward the levels
of individuals with normal glucose tolerance, suggesting
their potential use in disease management. Notably, this
group had previously showed that many of these miRNAs
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(Table 4) gave similar levels of concentration changes in
a separate cohort of morbidly obese patients and showed
that after surgical weight loss miR-140 levels returned
close to that of healthy controls (Ortega et al. 2013). This
is significant as obesity is a strong preexisting risk factor
for the development of T2DM. In the same study, they also
identified circulating miRNAs that are specifically associ-
ated with obesity (miR-15a, miR-423-5p and miR-520c-3p;
Ortega et al. 2013, 2014). In a similar study, Pescador et al.
identified several miRNAs showing concentration differ-
ences among obese, non-obese diabetic, and obese diabetic
individuals (Table 4). Together, the levels of miR-15b,
miR-138, and miR-376a in serum were found to have mod-
erate discriminatory power in distinguishing obese patients
from all other cohorts, while miR-503 and miR-138 were
able to distinguish non-obese diabetic from obese diabetic
individuals. The results of these studies suggest that obesity
and obesity-related T2DM may have their own unique cir-
culating miRNA signatures.

Like with T1DM, complications related to microvascular
network dysfunction can arise from T2DM. Comparing to
healthy controls, one study identified a five miRNA panel
(miR-571, miR-661, miR-770-5p, miR-892b, and miR-
1303) in serum that were elevated in T2DM patients with
multiple microvascular complications including diabetic
retinopathy, diabetic neuropathy, diabetic nephropathy, and
diabetic foot (Wang et al. 2016). As discussed previously,
many of the circulating miRNAs relevant to pathophysio-
logical conditions and/or disease states are associated with
extracellular vesicles (exosomes and microvesicles) and
microparticles (HDL and LDL). Because microparticles
(MPs) are observed to be increased in circulation in T2DM
patients (Leroyer et al. 2008; Tushuizen et al. 2007), Jansen
et al. isolated circulating MPs from T2DM patients and
healthy controls and characterized the profiles of nine miR-
NAs (Table 4) previously implicated in T2DM and vascu-
lar function. They found significant reduction of miR-26a
and miR-126 in MP isolated from T2DM patients versus
healthy controls and found that patients with lower levels
of miR-26a and miR-126 were at higher risk of coronary
artery disease. This is likely significant, because miR-126
is one of the mostly widely reported miRNAs to be altered
in T2DM in various studies. In addition to MPs, extracellu-
lar vesicles have been investigated as a potential source for
miRNAs that may be useful biomarkers in T2DM. Delié
et al. identified 16 miRNAs (Table 4) present in urinary
exosomes that were differentially regulated in microalbu-
minuric T2DM patients with DN. Of these, miR-320c has
been shown to regulate TGF-b signaling and involved in
renal cell tubular injury (Nassirpour et al. 2014); therefore,
miR-320c could be a potential biomarker candidate associ-
ated with renal pathophysiology for T2DM patients.

@ Springer

When looking at the landscape of studies examining cir-
culating miRNA profiles in both TIDM and T2DM, there
has been consistency in reported biomarker candidates
(including miR-210 and miR-21, in TIDM; and miR-126
and miR-146 in T2DM); however, additional studies have
to be done to confirm the consistency of the miRNA signa-
tures and look more closely on factors that may affect the
levels of these miRNA before they can be considered as
clinical relevant biomarkers.

Cardiovascular diseases

Cardiovascular disease is a leading cause of death in devel-
oped and developing countries that includes a collection of
diseases related to vascular dysfunction, such as coronary
artery disease (CAD), and diseases related to heart dys-
function, such as heart failure (HF) and myocardial infarc-
tion (MI). Much like diabetes, cardiovascular diseases have
their own set of risk factors that can influence development
and progression of cardiovascular diseases and their asso-
ciated complications. Indeed, many miRNAs (coined the
‘myomiRs’) have been implicated with direct role in cardi-
ovascular development, function, and disease (see Maegde-
fessel 2014 and Romaine et al. 2015 for recent reviews), so
there is potential to identify circulating miRNAs that may
be as potential biomarkers for cardiovascular diseases. We
summarized the findings relate to HF and MI, as these are
the two most prevalent cardiac diseases globally.

Heart failure

One of the first groups was Corsten et al. to identify cir-
culating miRNAs associated with cardiovascular disease.
They investigated plasma levels of several myomiRs in
patients suffering from various states of cardiac stress
and damage, including HF and MI. They found in HF
patients, miR-499 levels were elevated, and in MI patients,
miR-208b and miR-499 were elevated when compared to
healthy controls. In MI patients, the miR-208b and mir-499
levels in plasma correlated with troponin T, a biomarker
that has been used as an indicator of cardiac damage (Cor-
sten et al. 2010). Another study identified a signature of
four miRNAs (miR-22, miR-92b, miR-320a, and miR-
423-5p) that showed a significant increase in the serum of
HF patients versus healthy controls and was able to dis-
criminate between the two cohorts effectively (Goren et al.
2012). Furthermore, HF patients with elevated miRNA sig-
nature correlated well with other clinical prognostic param-
eters indicative of HF, such as B-type natriuretic peptide
(BNP) levels and dilation of the left ventricle and atrium.
Ellis et al. identified a plasma miRNA signature (Table 5)
that had moderate discriminatory capability to identify
HF patients from chronic obstructive pulmonary disease
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Table 5 Studies examining circulating miRNAs in cardiovascular disease

Disease Sub-type Affected circulating  Affected circulating  Assay Sample References
miRNA (up) miRNA (down)
Heart failure (HF) miR-499 qRT-PCR Plasma Corsten et al. (2010)
miR-22, miR-92b, qRT-PCR (TagMan) Serum Goren et al. (2012)
miR-320a, miR-
423-5p
miR-23a, miR- qRT-PCR (exiqon)  Serum Ellis et al. (2013)
27b, miR-103,
miR-142-3p,
miR-199a-3p,
miR-324-5p, miR-
342-3p
miR-30d (respond- qRT-PCR (TagMan) Plasma Melman et al. (2015)
ing to CRT)
miR-1, miR-133b, NGS Plasma and serum Akat et al. (2014)
miR-208a, miR-
208b, miR-499
Myocardial infarc- miR-499, miR-208b qRT-PCR Plasma Corsten et al. (2010),
tion (MI) Devaux et al. (2012)
miR-1, miR-133a, Microarray, qRT- Plasma Wang et al. (2010a, b)
miR-208a, miR- PCR (TagMan)
499-5p
miR-1, miR-133a, miR-122, miR-375  Microarray, qRT- Plasma D’Alessandra et al.
miR -133b, miR PCR (TagMan) (2010)
-499-5p
miR-1, miR-21, qRT-PCR (TagMan) Plasma Olivieri et al. (2013)
miR-133a, miR-
208a, miR-423-5p,
miR-499-5p
miR-30a, miR-195  let-7b qRT-PCR Plasma Long et al. (2012)
miR-1, miR-19a qRT-PCR (TagMan) Plasma Zhong et al. (2014)
miR-125b, miR- NGS Plasma Huang et al. (2014)

320b

(COPD) patients and healthy controls. Combining the
miRNA signatures and BNP into a single diagnostic panel
achieved the best specificity and sensitivity, suggesting the
possibility of using a combined miRNAs and traditional
biomarkers in clinic for HF diagnosis (Ellis et al. 2013).
Cardiac resynchronization therapy (CRT) is an effective
measure used to treat patients suffering from HF; how-
ever, there are no biomarkers to predict response to CRT
treatment. One study looking at response of HF patients to
CRT identified miR-30d, as being elevated in HF patients
that responded well to CRT (and inversely correlated with
levels of troponin T) compared to non-responder and con-
trols (Melman et al. 2015). They also showed miR-30d
protects cardiomyocytes against apoptosis by inhibiting the
tumor necrosis factor signaling pathway, and the miRNA is
enriched in extracellular vesicles derived from cardiomyo-
cytes released into the environment after stress-induced
damage. This finding suggests that miR-30d is a promis-
ing biomarker candidate to evaluate HF patient response
to CRT. More recently, Akat et al. systematically studied

miRNAs in circulation, and those expressed in the myocar-
dium in HF patients, and found that the concentration of
many myocardial myomiRs (Table 5) was elevated in cir-
culation among HF patients and scaled comparably to tro-
ponin T levels and severity of the HF (advanced versus sta-
ble) (Akat et al. 2014). Furthermore, circulating miRNAs
returned to near-normal levels after treatment with a left
ventricular assist device (LVAD), suggesting some prog-
nostic value of these miRNAs.

Mpyocardial infarction

The circulating roles of muscle- and cardiac-enriched miR-
NAs have also been investigated in MI patients. Elevated
levels of miR-1, mir-133a, mir-208a, and mir-499 have
been observed in the plasma of MI patients, as early as 4 h
post-MI (Wang et al. 2010a). Of these, miR-208a served
as the best candidate; they found it was undetectable in
non-MI patients and rapidly detected in MI patients. Fur-
ther work identified myomiR signature in MI patients that
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provided prognostic value after treatment with coronary
reperfusion and showed similar results with an induced MI
mouse model (Table 5; D’ Alessandra et al. 2010). Because
of the similar clinical presentations of MI and HF, and com-
parable troponin T and myomiR concentration changes, it
would be useful in clinic having biomarker to distinguish
the two conditions. Olivieri et al. further investigated the
myomiRs and found that miR-499-5p had the ability to
discriminate MI from HF and control patients based on
relative concentration changes—about 80-fold increase in
MI patients versus about 20-fold increase in HF patients
when compared to healthy controls. This concentration
difference-based miRNA biomarker showed a better per-
formance than high-sensitivity troponin T in differentiating
MI from HF patients (Olivieri et al. 2013). Interestingly,
elevated plasma miR-499-5p has been associated with poor
prognosis (increased mortality rate) within a 30-day win-
dow post-MI (Gidlof et al. 2013).

Not all studies agree with the diagnostic and prognostic
values of the circulating myomiR-based biomarkers. One
of the larger studies, found that elevated myomiR levels
in plasma of MI patients performed poorly as diagnostic
or prognostic biomarkers when compared to (or combined
with) troponin T (Devaux et al. 2012). In addition to the
conventional myomiRs discussed here, additional circu-
lating miRNAs have been described as potential biomark-
ers for MI. Long et al. examined several miRNAs that
are involved in cardiac hypertrophy in the plasma of MI
patients and found a signature of miR-30a, miR-195, and
let-7b provided good discriminatory function (Long et al.
2012). Zhong et al. showed that plasma miR-19a, a miRNA
with no prior association with cardiac function, performed
superior than the miR-1, troponin T, and BNP in detect-
ing MI (Zhong et al. 2014). Huang et al. identified a two
miRNAs signature, miR-125b and miR-320b, that provided
good discriminatory function to identify MI patients. These
miRNAs regulate many genes and pathways associated
with cardiovascular disease, such as TGF-B, apoptosis, and
cytokine signaling (Huang et al. 2014).

While there seems to be a consensus that many of the
myomiRs and other miRNAs are elevated in circulation
during HF and MI, their source remains controversial.
Recent work has suggested that these miRNAs are released
into the extracellular environment from damaged myocar-
dium after injury (De Rosa et al. 2011; Gidlof et al. 2013);
however, the possibility of selective extracellular release
through lipid vesicles such as exosomes has been supported
with data in human cell culture and mouse models (Her-
genreider et al. 2012; Jansen et al. 2013) and cannot be
ruled out.

@ Springer

Toxicology and drug-induced organ damage

Various miRNAs have reproducible and consistent organ-
specific expression patterns that may be useful readouts
of organ’s health state during different diseases and expo-
sure to toxins or xenobiotics. As discussed previously,
the cardiac-enriched myomiRs have been a rich source of
circulating miRNA to monitor the outcome and progres-
sion of HF and MI, but other organ-specific miRNAs have
also shown promise in monitoring organ status. Our own
work has shown that plasma measurements of the liver-
enriched miRNAs, miR-122 and miR-192 can be used to
accurately monitor drug-induced liver injury—DILI in an
acetaminophen overdose mouse model, with higher sen-
sitivity than the most commonly use biomarker, alanine
aminotransferase (ALT) (Wang et al. 2009). Additionally,
elevated serum concentration of miR-122 and miR-192
has been observed in acetaminophen-overdosed patients
(Starkey Lewis et al. 2011), and patients with hepatitis-
induced liver diseases (Zhang et al. 2010) and cholestatic
liver injury (Shifeng et al. 2013). We have also demon-
strated that many other transcripts (both endogenous and
exogenous) are perturbed during DILI reflecting not only
damage to the liver but also to other organ systems includ-
ing the kidneys. Another group also reported incidences of
kidney damage during acetaminophen overdose in patients
and identified a plasma miRNA signature specific to either
liver (including miR-122) or kidney damage (Vliegenthart
et al. 2015) (Table 6). Using urine miRNA profiles, several
groups have identified miRNA signatures associated with
cisplatin-induced kidney injury in rats (Kanki et al. 2014;
Pavkovic et al. 2014, 2015), with recent work by Kanki
et al. identifying a urine miRNA signature (miR-21, miR-
200, miR-423; Table 6) that is predicted to target genes
associated with kidney development and function (Pavko-
vic et al. 2016). Some preliminary work has been done to
identify circulating miRNAs associated with drug-induced
myocardial injury or cardiotoxicity. The myomiR, miR-
208, has been identified by several groups as a plasma
biomarker for isoproterenol-induced myocardial injury (Ji
et al. 2009; Nishimura et al. 2015). MiR-579 and miR-1254
were identified by Zhao et al. as having elevated plasma
concentrations in bevacizumab-induced cardiotoxicity
in CRC patients and were able to discriminate between
CRC patients with bevacizumab-induced cardiotoxicity
versus control patients (Zhao et al. 2014). MiRNAs have
been shown to be affected by toxin exposure (reviewed
recently by Vliegenthart et al. 2015), and recent attention
has focused on those in circulation. Several studies (in
animal models and in humans) have looked at the effect
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of smoking on miRNAs in circulation. In mice, exposure
to cigarette smoke results in the concentration changes of
several different miRNAs (see Table 7), many of which
are involved in the inflammatory response and have tumor-
suppressor functions (Yuchuan et al. 2014). Elevated serum
concentrations of miR-206 and miR-133b were observed
when rats were exposed to nicotine-derived nitrosamine
ketone (NNK), a major component of cigarette smoke (Wu
et al. 2013). In humans, exposure to cigarette smoke leads
to alterations in the concentration of many plasma miRNAs
(Takahashi et al. 2013), including a decrease in platelet-
derived microvesicles and miRNAs (Badrnya et al. 2014,
Table 7). Environmental exposure to pollutants, such as
particulate matter (PM) and harmful chemicals, has been
shown to have a serious long-term health effects. Look-
ing at exposure to metal-rich PM, Motta et al. noticed
that plasma concentrations of four miRNAs: miR-29a,
miR-146a, miR-421 and let-7 g, which are involved in the
inflammatory response, were increased when compared
to controls. Another study also looking at metal-rich PM
exposure observed perturbations in plasma microvesicle-
associated miRNAs that are involved in apoptosis, inflam-
mation, and cardiovascular disease (Table 7) in patients
exposed to PM (Bollati et al. 2015). Assessing exposure to
the industrial chemical, perfluorooctanoic acid (PFOA), one
group noticed increased expression of miR-26b and miR-
199a-3p (an oncomiR) in individuals exposed to high levels
of PFOA versus healthy controls (Wang et al. 2012). Deng
et al. examined the plasma miRNAs profile of individuals
exposed to polycyclic aromatic hydrocarbons (PAHs) and
identified a six miRNA signature (Table 7) altered in indi-
viduals exposed to PHA versus non-exposed controls. They
further observed that many of these affected miRNAs are
predicted to target many genes involved in ROS metabo-
lism, DNA damage and repair, and genome stability.

Progresses, challenges, and future work

The field-circulating miRNA made significant advances
since it was first reported in 2008 by Lawrie et al. and
Mitchell et al. and proposed their use as biomarkers for dif-
ferent disease conditions. As briefly touched in earlier sec-
tions of the review, we have a much better understanding
on the possible function of circulating miRNA, factors that
may affect the spectrum of miRNA, how miRNA gaining
its stability in extracellular environment, the list of miRNAs
that are preferentially packaged in exosome, the method to
purify exosome and HDL/LDL miRNA particles, the cel-
lular proteins and processes that may affect the export of
miRNAs into exosome, and how to profile miRNA in dif-
ferent body fluids. However, there are still many questions
and technical issues need to be resolved.

Even though with great enthusiasm on the idea of using
circulating miRNA as disease biomarkers, there is no
miRNA candidates that has successfully went into clini-
cal development. One of the biggest reasons is the lack of
consistency on findings. This is largely caused by the differ-
ent sample preparation methods and different measurement
platforms. The low concentration of RNA in sample, high
sequence conservation among miRNA family members,
and short sequence length of miRNA all add to the techni-
cal challenges for circulating miRNA measurement. Protein
biomarkers have been used extensively due to standards and
guidelines implemented by governing bodies (such as the
FDA) to ensure that the appropriate biomarker is validated
and meet the requirements for clinical utility for a given
application. Currently, there are no standards or guidelines
setup for the development of miRNAs as clinical biomark-
ers; however, the NIH recently established the Extracellular
RNA Communication Consortium (ERCC) to create dialog
within the community of researchers studying circulating
miRNAs, with the goal of establishing guidelines and stand-
ards when performing circulating miRNA studies.

Technical issues on miRNA measurement

While miRNAs have obvious advantages over protein-based
biomarkers, such as higher sensitivity and easier to develop
assay with high specificity, there still are various points dur-
ing a circulating miRNA study where various factors can
influence the spectrum of miRNAs isolated, which may
cause the miRNA candidates identified are not reflecting the
true disease state. These artifacts can be introduced during
sample preparation, RNA isolation, miRNA measurement
method, and data normalization and analysis. During sam-
ple preparation (depending on the biofluid being collected),
several steps can be taken, such as limiting contamination
from other elements (such as RBCs when preparing plasma,
serum or CSF), to ensure the consistency of samples in a
study. Recent reports have shown that various factors during
RNA isolation, such as the isolation method being used and
day-to-day batch effects, can influence the miRNA spec-
tra that are isolated from biofluids (El-Khoury et al. 2016;
Yuan et al. 2016). Though the majority of studies discussed
here do not take exosome-derived miRNAs into accord, the
interest in miRNAs isolated from exosomes has come under
considerable interest recently and will be very important for
future studies. Unfortunately, the most common technique
for exosome isolation, ultracentrifugation, has many vari-
ables (angle of the rotor, centrifugal force, type of tubes,
etc.) that can affect the quality of the exosome preparation
(Théry et al. 2006). Commercial precipitation-based meth-
ods are easier to use and do not require expensive equip-
ment, but often co-precipitate significant amount of other
microvesicles and proteins (Witwer et al. 2013).
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Depending on the study being performed, there are sev-
eral techniques that can be used to quantify miRNA spe-
cies in a given sample. However, due to their small size,
sequence variation at the 3’ ends (isomiRs), and sequence
conservation among family members, precise measure-
ment of miRNA concentration in the sample can be com-
plicated. Common methods used in miRNA studies include
gRT-PCR, microarrays, and next-generation sequencing
(NGS) techniques. Newer platforms, such as Nanostring
nCounter, have also been used. gqRT-pCR has been con-
sidered the ‘gold standard’ of measuring individual miR-
NAs as it is sensitive, quantifiable, cheap and require low
amounts of starting material. Two primary commercial
gRT-pCR assays are used in most of the studies presented
here, TagMan (ThermoFischer) and LNA (Exiqon). How-
ever, when compared to other methods qRT-PCR can be
low throughput and cannot detect novel miRNAs, and
technical issues like primer design limit its scale and use.
Microarrays have an advantage over qRT-PCR, as they can
assay many miRNAs simultaneously; however, they require
larger amounts of starting material, not entirely quantifi-
able, and cannot identify novel miRNAs, and probe design
can be cumbersome. NGS-based miRNA measurement
(miRNA-seq) allows for the identification of novel miR-
NAs and comprehensive repertoire of isomiR and avoids
the sequence-dependent primer and probe issues of qRT-
PCR and microarrays. However, the sequencing of miR-
NAs from biofluids can be challenging, as inconsistencies
exist between sequencing library construction kits, and
sequence bias introduced during library construction and
computational support is needed to analyze the data (Yuan
et al. 2016). One of the goals of the ERCC is to develop
standardized library preparation and sequencing protocols
for researchers to use, which will eliminate many of the
current issues associated with miRNA-seq.

While there is much promise to using miRNAs as bio-
markers for human diseases, overcoming many of these
technical issues will be critical to properly isolate, meas-
ure, and analyze circulating miRNAs in biofluids. Building
and learning from these challenges, and implementing core
standards and guidelines will ensure successful migration
of miRNA biomarker from the bench to the bedside.
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