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Circulating liver-specific microRNAs in cynomolgus monkeys
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Abstract: Circulating microRNAs (miRNAs) can potentially be used as sensitive and specific biomarkers for tissue injury. However,
the usefulness of circulating miRNAs as safety biomarkers in nonclinical toxicological studies using nonhuman primates is debatable
owing to the limited information on organ-specific miRNAs. Therefore, a systematic investigation was performed to address this point.
We identified organ-specific miRNAs from cynomolgus monkeys by next-generation sequencing analysis, which revealed that miR-122
was only abundant in the liver, whereas miR-192 was abundant in the liver, stomach, intestines, and kidney. The sequences of these
miRNAs were identical to their human counterparts. Next, the absolute miR-122 and miR-192 levels were qualified by quantitative re-
verse transcription polymerase chain reaction (RT-qPCR) to determine the circulating levels of the miRNAs. No significant differences
in the levels of circulating miRNAs between sexes were noted, and there was greater interindividual variation in miR-122 (20-fold
variation) than in miR-192 (8-fold variation), based on their dynamic ranges. Finally, we evaluated the fluctuation in circulating liver-
specific miRNAs in a monkey model of acetaminophen-induced hepatotoxicity. Acetaminophen with L-buthionine-(S,R)-sulfoximine
induced hepatotoxicity in all the animals, which was characterized histopathologically by centrilobular necrosis and vacuolation of
hepatocytes. Circulating miR-122 and miR-192 levels increased more than ALT levels after 24 h, indicating that circulating miR-122
and miR-192 may serve as sensitive biomarkers for the detection of hepatotoxicity in cynomolgus monkeys. This review describes the
fundamental profiles of circulating liver-specific miRNAs in cynomolgus monkeys and focusses on their organ specificity, circulating

levels, and fluctuations in drug-induced hepatotoxicity. (DOI: 10.1293/tox.2017-0036; J Toxicol Pathol 2018; 31: 3—13)
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Introduction

MicroRNAs (miRNAs) are small (19-24 nucleotides)
noncoding RNAs that regulate gene expression at the post-
transcriptional level by repressing or degrading target
mRNA. MiRNAs play crucial roles in diverse biological
processes such as mediating cell cycle arrest and apopto-
sis, differentiation, cellular proliferation, and development!.
Over the past few years, interest in circulating miRNAs has
increased, and researchers have focused on exploring their
potential as biomarkers. This is because circulating miR-
NAs have several advantages over conventional biomarkers.
For instance, miRNAs are biologically stable in body fluids
even under harsh conditions such as extreme temperature,
low/high pH, repeated freeze-thaw cycles, extended stor-
age at room temperature, and high endogenous ribonuclease
activity?. 3. Moreover, their expression patterns make them
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attractive biomarkers because some circulating miRNAs
originate from tissues or cells where miRNAs are highly
or specifically expressed* 5. Consequently, there has been
an increasing number of clinical and nonclinical studies ex-
ploring miRNAs as biomarkers for diseases including can-
cerso: 7.

MiRNAs have potential for use as translational bio-
markers because the sequences of most miRNAs are con-
served among animal species8. The high degree of sequence
homology raises the possibility that their distribution and
function are preserved across species, and the release of
miRNAs from tumors or injured cells into the plasma may
be a common mechanism. For example, miR-122 is well
conserved and has been identified as the most abundant
liver-specific miRNA; levels of plasma miR-122 increase
following liver injury in both rodents and humans® 10.

The cynomolgus monkey (Macaca fascicularis) is
commonly used for nonhuman primate experiments, espe-
cially in the field of toxicology. Cynomolgus monkeys are
of particular interest for use as an animal model of human
biology because they are anatomically, physiologically, and
genetically closer to humans than other laboratory animals
such as rodents!!: 12 and have several drug-metabolizing en-
zymes that are similar to those found in humans!3. However,
little is known with regard to circulating organ-specific
miRNAs in cynomolgus monkeys to our knowledge.

The liver is a primary target of drug toxicity because it
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metabolizes exogenous compounds into reactive intermedi-
ates that can cause acute liver failure. Drug-induced liver
injury (DILI) is the leading cause for failures in drug devel-
opment or drug withdrawal from the market'4. Circulating
liver-specific miR-122 and/or miR-192 have been proposed
as sensitive and specific biomarkers for liver injury because
they increased earlier and at lower doses compared with
alanine aminotransferase (ALT) in several types of DILI
induced by acetaminophen (APAP), alpha-naphthylisothio-
cyanate (ANIT), or carbon tetrachloride in mice!?, rats!s. 16,
and humans® 17,

Owing to the limited information on organ-specific
miRNAs, the use of circulating miRNAs as safety biomark-
ers in nonclinical toxicological studies of cynomolgus mon-
keys remains challenging. In this review, we have highlight-
ed a systematic approach to gaining a better understanding
of the fundamental profiles of circulating miRNAs as safety
biomarkers in cynomolgus monkeys. First, we identified
organ-specific miRNAs by next-generation sequencing
(NGS) analysis. Next, we quantified absolute values of miR-
122 and miR-192 levels by quantitative real-time reverse
transcription polymerase chain reaction (RT-qPCR), using
a TagMan microRNA assay. Finally, we evaluated the fluc-
tuation of circulating liver-specific miRNAs in a monkey
model of APAP-induced hepatotoxicity.

Identification and Profiling of Liver-specific
miRNAs in Cynomolgus Monkeys

Identification of liver-specific miRNAs by NGS analy-
NA

Investigating expression patterns of miRNAs is in-
formative to select specific biomarkers for tissue injuries
because miRNAs are released into extracellular fluid from
the cytoplasm of damaged cells as by-products at variable
levels. Therefore, organ-specific circulating miRNAs can
be traced to the organ of origin. Although the mechanism
underlying the elevation of circulating miRNAs remains
unclear, circulating levels of liver-, muscle-, and heart-spe-
cific miRNAs are reported to increase with toxicity in those
tissues* 5 18. NGS analysis has emerged as a powerful tool
for revealing novel or homologous sequences of unknown
miRNAs, because this technology provides sequence data at
single-base resolution without prior sequence information.
In addition, NGS analysis can provide relative expression
data for thousands of miRNAs with greater sensitivity and
dynamic range than microarray-based platforms!°.

Using this technology, mature miRNAs in the kid-
neys20 or testes?! of cynomolgus monkeys have been identi-
fied. More importantly, their miRNAs have high homology
with those of rhesus macaques and humans. We have evalu-
ated preferentially expressed miRNAs from different organs
to identify other organ-specific miRNAs and their predomi-
nant sequences in cynomolgus monkeys22.

We used the NGS data for 27 tissues and organs from
male and female cynomolgus monkeys (n = 2/sex), namely
the adrenal gland, aorta, eye, heart (left ventricular wall and

papillary muscle), intestine (colon, duodenum, jejunum in-
cluding the ileum, and rectum), kidney (cortex, medulla, and
papilla), liver, lung, ovary (from females), plasma, pancreas,
sciatic nerve, skeletal muscle (rectus femoris and soleus),
skin, spleen, stomach, testis (from males), trachea, urinary
bladder, and uterus (from females). The expression levels in
each tissue or organ were normalized from the raw count
data to reads per million (rpm). The percentage of miRNA
expression in the target organ was calculated by dividing the
sum of the counts (rpm) in all organs by the counts (rpm) in
each tissue or organ. To assess the organ specificity of each
miRNA, the counts for the sectioned organs, including the
heart, intestine, kidney, and skeletal muscle, were expressed
as their averages.

More than 1000 mature miRNAs were filtered using
the following criterion: the sum of the expression levels of
the miRNA in all organs exceeds 500 rpm. The expression
ratio to total rpm of each miRNA with the top five most spe-
cific organs is shown in Table 1. As a result, miR-122 was
identified as a liver-specific miRNA (99.8%), and other or-
gan-specific miRNAs that showed more than 80% specific-
ity in their predominant organs were also identified for the
heart (miR-208a, miR-499a, and miR-208b), skeletal muscle
(miR-206 and miR-133b), testis (miR-508), skin (miR-203a),
intestine (miR-215), sciatic nerve (miR-338), and eye (miR-
124, miR-183, miR-184, miR-96, and miR-211). Because
miR-192 has been reported as a liver-specific biomarker for
liver injury in rodents!® and humans9, the top five liver-spe-
cific miRNAs were further evaluated by their count values
in other organs (Fig. 1). Thus, miR-122 was expressed at
extremely high levels in the liver compared with in other
organs, whereas miR-192 was expressed not only in the liver
but also in the stomach, intestines (duodenum, jejunum, and
colon), and kidney at relatively high levels. Furthermore, in
the cynomolgus monkeys, both miR-122 and miR-192 ex-
hibited 100% sequence homology with the corresponding
mature human miRNAs, respectively.

The expression of miR-192 in multiple organs is not
a unique feature of cynomolgus monkeys, because similar
results have been reported in rats?? and dogs?4. Tian ef al.25
found that miR-192 was highly enriched in the rat kidney
cortex, and Zhang et al.” reported that the circulating miR-
192 level increased as a result of renal ischemia reperfusion
injury in rats; therefore, the source of miR-192 should be
interpreted carefully when its circulated level is elevated.

Profiling of circulating liver-specific miRNAs

RT-gPCR is one of the most common methods used
to assess individual target miRNAs2¢. In general, miRNA
expression is measured relative to a reference sample. This
approach is usually appropriate when an examination of the
physiological changes in target gene expression is required.
However, absolute quantification is preferred for a compre-
hensive assessment of the basal expression level because it
facilitates better statistical analysis.

We evaluated the levels of selected circulating miR-
NAs in 25 male and 25 female 3- to 4-year-old cynomolgus
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Table 1. Top Five Organ-specific MicroRNAs (miRNAs) in Cynomolgus Monkeys Identified by Next-generation Sequencing (NGS)

Liver Heart Skeletal muscle Kidney
miRNAs (%) miRNAs (%) miRNAs (%) miRNAs (%)
miR-122 99.8 miR-208a 98.7 miR-206 99.2 miR-196a 253
miR-3745 571 miR-499a 89.2 miR-133b 84 miR-10b 20.8
miR-4532 46.1 miR-208b 84.7 miR-133¢ 76.9 miR-10a 19.7
miR-885 429 miR-4053 47.9 miR-133a 679 miR-363 18.9
miR-192 414 miR-344 38.8 miR-1 58.4 miR-10c 18.4

Testis Lung Skin Intestine
miRNAs (%) miRNAs (%) miRNAs (%) miRNAs (%)
miR-508 87.4 miR-223 38.8 miR-203a 87 miR-215 88.4
miR-202 69.8 miR-451a 23.5 miR-205 79 miR-5115 60.9
miR-449a 46.6 miR-144 22.1 miR-320b 449 miR-4745 54.5
miR-34c 387 miR-126 21.8 miR-2904 259 miR-4492 53.2
miR-2779 15.1 miR-30a 19.6 miR-3195 19.2 miR-4292 529

Pancreas Sciatic nerve Eye Plasma
miRNAs (%) miRNAs (%) miRNAs (%) miRNAs (%)
miR-148a 51.5 miR-338 86.4 miR-124 98.1 miR-4515 21.1
miR-375 48.8 miR-584 67.8 miR-183 93.7 miR-486 20.7
miR-1434 25 miR-363 45.3 miR-184 90.7 miR-4634 16.4
miR-200c 219 miR-138 34 miR-96 89.7 miR-1386 10
miR-381 17.1 miR-196a 28.9 miR-211 89.2 miR-31 6.4

The expression levels in each tissue or organ were normalized from the raw count data to reads per million (rpm). The percentage of
miRNA expression in the target organs was calculated by dividing the sum of the counts (rpm) in all organs by the counts (rpm) in each
tissue or organ. To assess the organ specificity of each miRNA, the counts for the sectioned organs, including the heart, intestine, kidney,
and skeletal muscle, were expressed as their averages.

(rpm) 0 10000 20000 30000 (rpm) 0 100 200 300
e Liver
Left ventricular wall Rectum
Papilary muscle Skin
Aorta Testis
Eye miR-122 Colon miR-3745
(rpm) 0 50 100 150 200 (rpm)0 100 200 300

Liver
Rectum
Testis
Colon

Jejunum

(rpm) O

Liver
Colon
Duodenum
Stomach

Jejunum

miR-4532

50000 100000 150000

miR-192

Rectus femoris muscle
Liver

Soleus muscle

Eye

Sciatic nerve

miR-885

Fig. 1. Expression profiles of selected microRNAs (miRNAs) in cynomolgus monkeys identified by next-generation sequencing (NGS). The
expression levels in each tissue or organ were normalized from the raw count data to reads per million (rpm). The x-axis expresses reads
per million.
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Fig. 2. Circulating levels of liver-specific microRNAs (miRNAs) in male and female monkeys?2. The expression
levels of the miRNAs are represented by dot plots. Differences were analyzed by the Mann—Whitney U-test.
The ranges of the means + 2 SD from the male or female data are represented by gray boxes.

Table 2. Statistical Values for the Plasma Levels of Liver-specific MicroRNAs (miRNAs)?22

miRNA miR-122 miR-192

Sex M F M+F M F M+F
N 25 25 50 25 25 50
Mean (x103 copies/uL) 63.4 51.4 57.1 7.5 9.7 8.5
Mean — 2 SD (x103 copies/uL) 14 11.5 12.7 23 43 3
Mean + 2 SD (x103 copies/uL) 288 229 257 243 219 239
Dynamic range 20.6 19.9 20.2 10.4 5.1 7.9

The mean, and the value for two standard deviations below and above the mean, were determined after logarithmic transformation.
The dynamic range was calculated by the difference between mean — 2 SD and mean + 2 SD. M, male; F, female.

monkeys. Whole blood samples (I mL per sampling point)
were collected from the femoral vein into tubes containing
ethylenediaminetetraacetic acid (EDTA) 2K (Microtainer,
Japan Becton Dickinson Company, Ltd., Tokyo, Japan). The
absolute values of circulating miRNAs were quantified by a
TagMan microRNA assay, as described previously?22.

Quality assessment of RT-qPCR performance

We evaluated the efficiency of sample processing in
our laboratory using the quantification cycle (Cq) values of
Spiked-In cel-miR-23822. In our assay method, the technical
variation was less than 2.5-fold, the lower limit of quanti-
fication (LLOQ) value was 102 copies/uL for miR-122 and
miR-192, and the average amplification efficiency was ap-
proximately 90%, with a correlation coefficient (R2) of the
standard curves ranging from 0.998 to 1.00022. Although
the technical variation and PCR efficiency for the data have
rarely been highlighted, this information is important be-
cause some data, including those described below, exhibit
both technical and biological variations.

Expression profiles of liver-specific miRNAs

We determined the plasma levels of miR-122 and miR-
192 based on the assay platform described above. The origi-
nal data were positively skewed; therefore, a logarithmic
transformation was applied to normalize the distribution, as
reported by Bland et al.27. The means and standard devia-

tions (SDs) were transformed back into the original scale.
The range of the mean + 2 SD was thereby determined to be
the “reference range.” To evaluate the interindividual varia-
tion, the values for two standard deviations below and above
the mean were defined as the “dynamic range” in the study.
There was no differences in the miRNA levels between
the sexes (Fig. 2, Table 2), and miR-122 had a higher mean
plasma level and a higher dynamic range than miR-192. We
also evaluated intraindividual variations in the expression of
each circulating miRNA; however, at different time points,
these variations were almost within the reference range
(Fig. 3).

Our comprehensive assessment using samples from 50
animals has also provided a more rigorous statistical analy-
sis of the extent of the dynamic range. However, a current
limitation is that a standardized internal control for normal-
ization has not yet been established. In this respect, external
reference controls have been proposed to compare the re-
sults of studies conducted in various laboratories incorpo-
rating different platforms?s. 29. Our RT-qPCR data revealed
that miR-122 and miR-192 showed only 20-fold and 8-fold
variation, respectively. In another study using human se-
rum or plasma from healthy subjects (n = 25)°, the dynamic
ranges of miR-122 and miR-192 were estimated at 22-fold
and 15-fold, respectively. This similarity suggests that the
dynamic range of the miRNAs is conserved between mon-
keys and humans.
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Fig. 3. Intraindividual variations in the expression of each circulating microRNA (miRNA). The plasma levels of the miRNAs on
different sampling days (Day 1, Day 8, and Day 56) in the same animal are shown. The ranges of the means + 2 SD calculated
from 50 cynomolgus monkeys are represented by gray boxes.

Circulating miR-122 and miR-192 as Potential
Hepatotoxicity Biomarkers

Establishment of an APAP-induced hepatotoxicity
model in cynomolgus monkeys

Rodent models have been used extensively in preclini-
cal settings to investigate the mechanisms underlying DILI
and potential translational biomarkers for DILI diagnosis.
However, in several cases, the phenotypic outcome of hepa-
totoxic signals differs between rodents and humans, and this
is associated with contributing factors including the dose
level, the pharmacokinetic profile, or pathogenesis30. 3. The
cynomolgus monkey is widely used as a nonhuman primate
in regulatory toxicity testing for drug development. How-
ever, little is known about drug-induced hepatotoxic signa-
tures or circulating hepatic biomarker profiles in cynomol-
gus monkeys. Therefore, we established a monkey model of
APAP-induced hepatotoxicity to attain a better understand-
ing of the fluctuation of circulating miRNAs as potential
hepatotoxic biomarkers32.

Because an in vitro study revealed the low susceptibil-
ity of monkey hepatocytes to APAP-induced hepatotoxic-
ity33, we selected a combinational dose regimen of APAP
with the glutathione biosynthesis inhibitor L-buthionine-
(S,R)-sulfoximine (BSO), which exacerbates APAP-induced
hepatotoxicity in rodent models34 35. APAP at doses of 300,
1,000, and 2,000 mg/kg was administered orally to fasting
male and female cynomolgus monkeys (n=3—-5/group) pre-
treated intravenously with 300 mg/kg of BSO, which was
administered 1 h before APAP treatment. Blood (2 mL/time
point) was collected from the femoral vein of each animal at
various time points until 48 or 168 h after the APAP treat-
ment. Histopathological examination was conducted 48 h
after APAP treatment.

Human relevance of APAP-induced hepatotoxicity
APAP at 2,000 mg/kg with BSO induced hepatotox-

icity in all the monkeys; the hepatotoxicity was character-

ized histopathologically by slight to marked centrilobular

necrosis and slight periportal vacuolation of hepatocytes
(Fig. 4, Table 3). Slight centrilobular necrosis was accom-
panied by eosinophilic degeneration of hepatocytes with
pyknotic nuclei, and very slight infiltrations of neutrophils
and lymphocytes mainly in the sinusoid were observed in
all the monkeys. In humans, the histopathological signature
of APAP-induced hepatotoxicity is very limited, but exten-
sive centrilobular necrosis with little or no inflammation is
the common finding36-38. In contrast, periportal vacuolation
and centrilobular eosinophilic degeneration of hepatocytes
are also reported in some cases. The pathogenesis of APAP-
induced hepatotoxicity in humans remains unclear because
all the above reports are from fatal APAP overdose cases.
However, the major morphological features, centrilobular
necrosis, caused by APAP in this monkey model is compa-
rable to those in rodents!6: 39.40 and humans36-38. No apparent
difference in susceptibility to APAP-induced hepatotoxic-
ity was noted between the sexes. Toxicokinetic analysis re-
vealed that the plasma APAP and N-acetyl-p-benzoquinone
imine (NAPQI) concentrations increased in a dose-depen-
dent manner. The concentrations reached a maximum at 4—7
h after APAP treatment and decreased to less than 1 pg/mL
at 48 h after APAP treatment (Fig. 5).

Interestingly, in this monkey model of APAP-induced
hepatotoxicity, plasma ALT levels did not change until 7
h after APAP treatment, at which time the plasma APAP
and NAPQI levels had reached their peak. Plasma ALT lev-
els increased after 24 h in all the monkeys, by which time
APAP and NAPQI had been largely eliminated from the cir-
culation. The lack of correlation between circulating drugs
and ALT levels demonstrated in this monkey model more
closely resembles the pattern found in humans than in ro-
dents, because an increase in serum ALT levels is not usu-
ally observed until at least 12 h after APAP ingestion in hu-
mans#. Many processes, including the formation of NAPQI
and/or protein adducts, oxidative stress, and mitochondrial
permeability transition resulting in cell death, contribute to
APAP-induced hepatotoxic events42:43. However, the reason
for the delayed elevation of ALT and the pathogenesis of
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Table 3. Histopathology in Cynomolgus Monkeys Treated with Acetaminophen (APAP)32

APAP 2,000 mg/kg
BSO 300 mg/kg
Animal No. 04M01 04F01 04F02

Liver Necrosis, hepatocyte, centrilobular area 3+ 3+ 1+

Vacuolation, hepatocyte, periportal area 1+ 1+ -
Kidney Vacuolation, proximal tubular epithelium 1+ 1+ -

Dilatation, distal tubule - 1+ -

Hyaline cast - 1+ -

APAP was administered orally to animals 1 h after pretreatment with L-buthionine-(S,R)-sulfoximine (BSO). All the
animals, with the exception of two (04M02 and 04F03) used for the time-course analysis of hepatic biomarkers, were
euthanized humanely by intravenous injection of pentobarbital sodium (25 mg/kg, somnopentyl injection) 48 h after
APAP treatment for histopathological examination. The animals given APAP (up to 1,000 mg/kg) and BSO were mor-
phologically normal and indistinguishable from the control animals.

APAP-induced hepatotoxicity in monkeys remains unclear;
the complexity of the reactions occurring during APAP
overdose needs to be clarified.

Fluctuation in levels of circulating liver-specific
miRNAs

In this model, plasma miR-122 and miR-192 levels also
increased 24 h or later in parallel with ALT levels. At 48
h, the mean plasma ALT, miR-122, and miR-192 levels in-
creased by 55-fold, 11,600-fold, and 1,100-fold, respectively,
compared with those in the vehicle control group. Although
a wide interindividual variability was noted in the sever-
ity of APAP-induced hepatotoxicity, the degree of maximal
increase in miR-122, miR-192, and ALT levels correlated
well with that of the tissue injuries (Fig. 6, Table 3). The
increment of circulating miR-122 and miR-192 levels was
more prominent compared with that of ALT, indicating that
circulating miR-122 and miR-192 may serve as sensitive
biomarkers for the detection of hepatotoxicity in cynomol-
gus monkeys. Plasma ALT, miR-122, and miR-192 levels
reached a maximum approximately 48 h after APAP treat-
ment, although plasma miR-122 and miR-192 decreased in
some animals at 48 h. At 168 h, the plasma ALT levels were
still higher than the pre-dose values, but both the miR-122
and miR-192 levels tended to return to the pre-dose values
(Fig. 6), which was similar to the pattern observed in hu-
mans® 44, It is also important to note that the circulatory ki-
netics of these biomarkers in response to various types of
hepatotoxicants should differ depending on their modes of
action along with their half-lives in the circulation.

In the present study, a close correlation was detected
among these hepatic biomarkers. The correlation coef-
Fig. 4. Centrilobular r}ecrosis in the 1iv§r of cynomolgus monkeysﬁl ficient was relatively high between miR-122 and miR-192

i s Gk (08492 P001) compared wilh ha been ALT
No. 04F01). Mar’ked necrosis and sligh’t vacuolation’ of hepa- and miR-122 (R=0.6541, P<Q.01) or miR-192 (R=0.6668,
tocytes were seen in the centrilobular area (C) and periportal P<0.01). Although plasma miR-192 levels are reported to
area (P), respectively. Hematoxylin and eosin (H&E) stain ~ increase as a result of renal ischemia reperfusion injury
x100. in rats’, the miR-192 levels increased in a hepatotoxicity-
induced animal that had no renal toxicity (Table 3). These
results suggest that the increase in miR-192 levels derived
mainly from the liver. However, circulating miR-122 and/
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Fig. 6. Fluctuations in the levels of plasma ALT, miR-122, and miR-19232. Acetaminophen (APAP; 2,000 mg/kg) was orally ad-
ministered to animals 1 h after pretreatment with an intravenous injection of L-buthionine-(S,R)-sulfoximine (BSO; 300
mg/kg). Plasma ALT, miR-122, and miR-192 levels were measured at 0 (pre-dosing), 4, 7, 24, 48, 72, 96, 120, 144, and 168
h after APAP administration. Three animals were euthanized at 48 h for histopathological examination, and the remaining
animals were used for time-course analysis. The dotted line indicates the mean of the pre-dose values in each parameter.

or miR-192 levels increase earlier compared with ALT lev-
els in mice!® and rats!6. No blood or histopathologic samples
were collected between 7 and 24 h after APAP treatment
in our study. Therefore, further investigation into the time-
course response of miR-122 and miR-192 levels and related
changes in the liver during this time period in this model is
necessary to address this point.

Discussion

Among the more than 1000 mature miRNAs iden-
tified by NGS analysis in the 27 tissues and organs from
cynomolgus monkeys, in this review, we focused on the
liver-specific/enriched miRNAs that are thought to be as-
sociated with tissue injury. It has been reported that many



10 Circulating Liver-specific miRNAs in Cynomolgus Monkeys

miRNAs are conserved among mammalian speciess. In the
cynomolgus monkeys, both miR-122 and miR-192 exhib-
ited 100% sequence homology with the respective miRNAs
of other species, including humans, mice, rats, dogs, and
zebrafish registered in miRBase (Release 21.0). Our NGS
analysis also suggested that miR-122 was the most specific
miRNA in the liver, and miR-192 was the most abundant.
In contrast, the data that have been evaluated in human liv-
ers using deep sequencing methods indicated that miR-122
was more abundant than miR-19245.46, Although this incon-
sistency could have derived from different platforms and
analysis procedures, further characterization is necessary
to evaluate translatability from monkeys to humans. As for
other organ-specific circulating miRNAs than those of the
liver, skeletal muscle-, heart-, and intestine-specific circu-
lating miRNAs have been proposed as potential biomarkers
for tissue injuries in the respective organs in other species
including humans# 5. 18.47. These organ-specific miRNAs in
cynomolgus monkeys will be clarified in the near future.

In a clinical setting, the plasma APAP concentration
measured 4-24 h after ingestion is the basis for the diag-
nosis of liver toxicity according to the Rumack—Matthew
nomogram4$- 49, To decrease the risk of hepatotoxicity, early
administration (<8 h post-ingestion) of N-acetylcysteine
(NAC) as the antidote is vital30: 51, Therefore, new biomark-
ers for pre-detecting APAP toxicity earlier than by the cur-
rent approach are urgently required. In the present review,
we have addressed the fundamental profiles of circulating
liver-specific miRNAs in cynomolgus monkeys, using an
APAP-induced hepatotoxicity model, which demonstrated
greater phenotypic similarity to humans than to rodents. Re-
garding the fluctuation in circulating miRNA levels, howev-
er, the elevation of plasma miR-122 and miR-192 levels was
not observed 7 h after dosing, which was in parallel with the
ALT levels. Similarly, the early onset of circulating miR-122
and/or miR-192 levels has rarely been reported in humans
except in limited case reports!”. 52. These data suggest fur-
ther challenges in bridging the gap between preclinical and
clinical studies.

According to the current paradigm, extracellular miR-
NAs are derived from the tissue by either passive leakage
through apoptosis and necrosis or through active secretion
via microvesicles including exosomes33. Of note, we found
that the extent of miRNA expression in the predominant
organs was not reflected in the circulating miRNA levels.
There was an approximately 8-fold higher mean miR-122
plasma level compared with that for miR-192, whereas the
counts in the liver for miR-122 were lower than those for
miR-192. Such inconsistencies may suggest that detectable
miRNAs in the plasma are secreted actively via microves-
icles, such as exosomes, to play a role in cell-to-cell com-
munication4. In fact, hepatic exosomes could be the source
of the organ-specific miRNAs that are involved in various
liver functions. Although a higher baseline concentration
of circulating miRNAs could be caused by differences in
circulation stability or differences in the clearance level, ex-
tracellular miRNAs may contribute to certain physiological

and pathological activities of target cells. Therefore, further
investigation is necessary to clarify the above inconsistency.

Recent studies have shown that extracellular miRNAs
are associated with Ago complexes or are packaged inside
exosomes in cell lines or in healthy human plasmas. 57. Bala
et al .55 examined the fate of extracellular miRNAs following
cellular damage by using various liver injury mouse models.
In their study, inflammatory liver injury and APAP-induced
liver injury increased serum/plasma miR-122 predominant-
ly associated with exosome-rich and protein-rich fractions,
respectively. Furthermore, Momen-Heravi et al.58 found a
strong linear correlation between exosome numbers and
ALT levels, indicating that an increase in exosome numbers
mirrors the hepatocellular damage induced by ethanol. In
contrast, Vliegenthart44 reported that human miR-122 cir-
culates in a form that is bound to the protein Ago2 and that
this fraction increases with liver injury. All miRNAs were
extracted from unfractionated plasma in our studies; there-
fore, further investigation with fractionated extracellular
miRNAs at various time points in tissue-injury models will
be necessary.

Conclusion

In conclusion, we profiled liver-specific circulating
miRNAs in cynomolgus monkeys by NGS and RT-qPCR.
Although the basal plasma miRNA levels revealed poten-
tial confounding factors other than sex, the miRNA levels
increased far above their reference ranges in the hepatotox-
icity model. The present studies suggest that investigation
of circulating miRNAs in cynomolgus monkeys provides
valuable information on translational biomarkers to diag-
nose DILI in humans.
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