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Abstract

MicroRNAs (miRNAs) released into the peripheral circulation upon cellular injury have shown

a promise as a new class of tissue-specific biomarkers. We were first to demonstrate that

next-generation sequencing analysis of serum from human subjects with acetaminophen-

induced liver injury revealed a specific signature of circulating miRNAs. We consequently

hypothesized that different types of hepatic liver impairments might feature distinct signatures

of circulating miRNAs and that this approach might be useful as minimally invasive diagnostic

“liquid biopsies” enabling the interrogation of underlying molecular mechanisms of injury in dis-

tant tissues. Therefore we examined serum circulating miRNAs in a total of 72 serum samples

from a group of 53 subjects that included patients with accidental acetaminophen overdose,

hepatitis B infection, liver cirrhosis and type 2 diabetes as well as gender- and age-matched

healthy subjects with no evidence of liver disease. The miRNA signatures were identified

using next-generation sequencing that provided analysis for the whole miRNome, including

miRNA isoforms. Compared to the healthy subjects, a total of 179 miRNAs showed altered

serum levels across the diseased subjects. Although many subjects have elevated alanine

aminotransferase suggesting liver impairments, we identified distinct miRNA signatures for dif-

ferent impairments with minimum overlap. Furthermore, the bioinformatics analysis of miRNA

signatures revealed relevant molecular pathways associated with the mechanisms of toxicity

and or pathogenesis of disease. Interestingly, the high proportion of miRNA isoforms present

in the respective signatures indicated a new level of complexity in cellular response to stress

or disease. Our study demonstrates for the first time that signatures of circulating miRNAs

show specificity for liver injury phenotypes and, once validated, might become useful for diag-

nosis of organ pathologies as “liquid biopsies”.
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Introduction

MicroRNAs (miRNAs) are regarded as a promising source of tissue-specific biomarkers.

These small noncoding RNAs of about 22 nucleotides regulate post-transcriptional gene

expression by base pairing with the 3’ untranslated region of the target genes resulting in

repressed protein production from the respective gene. MicroRNAs are known to regulate

most protein-coding transcripts and therefore are involved in many biological processes [1].

Furthermore, many miRNA species have been identified as tissue-specific [2]. As a result of tis-

sue damage, and/or active secretion, miRNAs are released into the blood circulation [3]. In the

bloodstream, miRNAs are stable as they are incorporated within microvesicles or bind to pro-

teins that protect them from RNase digestion [4].

The first demonstration of miRNAs as promising biomarkers of drug-induced liver injury

(DILI) was performed in mice treated with toxic doses of acetaminophen (APAP) that resulted

in increased serum levels of liver-enriched miRNAs, notably miR-122 and miR-192 [5]. The

APAP-induced increases of miR-122 were subsequently confirmed in humans [6]. Since mul-

tiple miRNAs can be measured in parallel, several research groups evaluated whether panels of

miRNAs might be useful for differentiating various tissue injuries and potentially provide

insights into underlying molecular mechanisms. Using multiplexed qPCR analysis, 11 miR-

NAs were found to differentiate APAP-overdose from ischemic hepatitis [7]. Another multi-

plexed qPCR analysis found that circulating miRNAs were more sensitive in diagnosing

APAP-induced liver injury in humans than alanine amino transference (ALT) [8]. Further-

more, a recent qPCR-based study found alterations of pancreas-enriched miRNAs in the

serum of patients with various types of diabetes[9]. Additionally, a microarray-based study

reported the upregulation of fibroblast-derived miRNAs in the plasma of patients suffering

from chronic heart failure [10]. Lastly, two studies describe a panel of serum miRNAs, possibly

released from the brain, as potential biomarkers of Parkinson and Alzheimer’s disease [11, 12].

The multiplexed RT-PCR technology is a closed system dependent on the availability of

individual miRNA assays. To cope with this limitation, in our previous study, we used next-

generation sequencing (NGS) to interrogate global miRNA signatures in subjects with APAP-

overdose [13]. The advantage of NGS technology is its ability to detect the whole miRNome

including structural modifications of miRNAs, also called isomiRs. These isomiRs either

derive from deviations in the cleavage position by Drosha or Dicer during miRNA maturation

in which case the isomiRs are complementary to the sequence of its premature-miRNA. Alter-

natively, isomiRs may arise from post-transcriptional removal (trimming) or non-templated

addition (tailing) of nucleotides by enzymatic reactions [14]. It is assumed that these sequence

variations influence miRNA half-life and possibly miRNA target specificity. Interestingly,

changes in the relative isomiR distribution have been associated with specific developmental

stages and disease progression [15]. Indeed, subjects with APAP-induced liver injury showed a

high proportion of isomiRs in their miRNA signatures [13]. Furthermore, a recent study that

examined the isomiR signatures in hepatocellular carcinoma tissues revealed that the canonical

miRNA was not the most prevalent form in about 39 percent of all miRNAs [16].

In our previous study on subjects with accidental APAP-overdose [13] we identified 36

APAP-inducible miRNAs that included several isomiRs and putative novel miRNAs. Further-

more, the assessment of the biological function of the identified miRNAs was in agreement

with molecular mechanisms of APAP-toxicity. This observation prompted us to hypothesize

that miRNA signatures in serum might reflect molecular processes in distant tissues and thus

serve as “liquid biopsies” by providing insights into mechanisms of toxicity or pathogenesis of

disease, specifically to differentiate a variety of liver impairments. Therefore, we have used

NGS to study global serum miRNA signatures in groups of healthy subjects (HC), subjects
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with accidental APAP-overdose, alcohol-induced liver cirrhosis (LC), hepatitis B infection

(HBV) and type 2 diabetes mellitus (T2DM) patients with ALT elevation. Furthermore, we

evaluated the known molecular functions of the identified miRNAs and their association with

the specific hepatopathological processes. We show that the miRNA signatures were indeed

able to discriminate between the different impairments. Furthermore, for the first time, we

have identified a set of miRNAs with disease-specific distribution of isomiRs and several puta-

tively novel miRNAs of which four are regulated in serum of T2DM patients.

Methods

Selection of samples for analysis

Blood samples were collected at the University of Michigan health care system under an

approved IRB (2000–05). This study was specifically approved and performed in accordance

to the UMHS/Medical School Institutional Review Board (IRBMED) guidelines and regula-

tions, all participants provided informed consent. The selection criteria for healthy subjects

included normal levels of ALT, total bilirubin, aspartate aminotransferase, alkaline phospha-

tase, glucose, blood urea nitrogen, serum creatinine and creatine kinase and the absence of any

liver impairment in the medical history. Serum from APAP-overdosed subjects as well as the

subjects suffering from HBV, LC and T2DM was collected from leftover diagnostic samples

taken during the treatment. The set consisted of 9 APAP patients, 8 LC patients, 7 HBV

patients, 7 T2DM patients and 22 HC subjects. The cohort consisted of 21 females and 33

males of an average age of 38 years (characteristics and laboratory values of subjects included

in the study see S1 Table).

MicroRNA isolation

Serum samples were recovered from serum-separator tubes following centrifugation of whole

blood at 3000g for 10 minutes at room temperature. Serum samples were kept at 4˚C for up to

48 hours before aliquots were frozen at -80˚C and stored until shipped for analysis. Serum cir-

culating miRNAs were isolated using the miRNeasy Serum/Plasma Kit (Qiagen). The quality

and yield of the miRNA was assessed by means of the Bioanalyzer 2100 using the small RNA

Kit (Agilent).

Small RNA sequencing

RNA samples were prepared for sequencing using the TruSeq Small RNA Preparation Kit

(Illumina) and subsequently sequenced using the Illumina HiSeq 2000 sequencing platform

(GEO accession GSE90028 and GSE59565). After quality control using FastQC (version

0.11.3) the data were processed using miRDeep2 (v2.0.0.5) [17] and miRBase (release 21) [18]

as described earlier [13].

Statistical analysis

The quantitative miRNA levels retrieved from the miRDeep2 output were analyzed using R

(version 3.2.2). To detect differential miRNA levels among the conditions we used the package

DESeq2 (version 1.8.1) [19]. Therefore we tested each condition (for the APAP cases only the

earliest time-points after overdosing were considered) separately against the HC. The results

were filtered for significantly altered miRNAs applying a false discovery rate below 5 percent

as described previously [13]. For isomiR quantification we used Isomirage [20] to map all

reads to an isomiR database derived from miRBase. The reads were converted to proportions

and for each condition the predominant isomiR per miRNA was identified. Based on the
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remaining sequencing reads miRDeep2 was used to predict novel miRNAs. Briefly, after filter-

ing for other RNA species, the remaining reads were mapped onto the human genome. Subse-

quently, the results were checked for a valid ratio between precursor and mature read counts

and for the possibility of forming a hairpin structure.

Bioinformatics analysis of identified miRNA signatures for disease

specific pathways

Literature-derived pathways were identified from human and animal studies using a modified

version of the GenSensor Suite where Ingenuity Pathways replaced KEGG pathways[21]. The

GenViewer tool in the GenSensor Suite was used to identify pathways from PubMed which

had as MeSH topics: “Liver Cirrhosis”, “Drug-Induced Liver Injury”, “Diabetes Mellitus, Type

2” and “Hepatitis B” (corrected for multiple testing using the qvalue package in R [22]). Path-

ways were considered significant if a particular disease showed at least a five orders of magni-

tude higher significance to the other three diseases.

For identification of the molecular pathways from the miRNA signatures, we first assem-

bled lists of all known target genes for each individual miRNA from Firefly Bioworks’s FIRE-

FLY DISCOVERY ENGINE website (http://www.fireflybio.com/). Then the target gene lists

for each miRNA signature were analyzed using a modified version of the GenSensor Suite as

described above. Finally, liver disease-specific pathways from published literature were com-

pared with pathways derived from miRNA target genes.

Results

Small RNA sequencing

The sequencing of a total of 72 serum samples in our study yielded 578 x106 quality-filtered

and processed reads across all samples with a mean count of 8 x106 per sample. From these

processed reads, 238 x106 (mean count per sample: 3.3 x106) could be aligned to the 2588 pre-

cursor miRNAs present in the latest version of the miRNA database miRBase [18]. The

remaining reads were most likely derived from other RNA species such as degraded genes,

other small RNAs and unknown miRNAs. The count data were filtered for miRNAs that

showed at least 20 reads in all samples from one of the five groups of subjects. Based on these

criteria we identified 850 mature miRNAs across the 72 samples which were used for further

analysis (S2 Table).

During the miRNA isolation from the collected serum samples we observed differences in

yield among the groups. The amount of circulating miRNAs isolated from serum of subject

with impairments (mean 0.85 ng/μl) was significantly higher (p-value = 0.003218) than the

miRNA yield isolated from serum samples of healthy subjects (mean 0.41 ng/μl). Based on the

total number of sequencing reads the miRNAs miR-486-5p, miR-92a-3p, miR-22-3p, miR-

451a, miR-423-5p, miR-16-5p, miR-142-5p, miR-191-5p, miR-10b-5p and miR-25-3p were

the most abundant miRNAs in the serum of HC subjects. Interestingly, these 10 miRNAs

accounted for 79%, with miR-486-5p accounting for 40%, of all mapped sequencing reads in

control subjects. Apart from miR-22-3p which increased from 7% in the HC to 21% in the

APAP samples, the composition of the most abundant miRNAs in APAP, HBV, LC and

T2DM was comparable to HC (S3 Table).

MicroRNA signatures differentiate liver impairments

The (dis)similarities among respective miRNA signatures were evaluated using principal com-

ponent analysis (PCA). The unsupervised PCA provided four distinct clusters with subjects/
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samples clustering according to their respective groups (Fig 1A and 1B). Results from the

healthy control subjects formed a cluster in the center of the PCA. The fact that samples from

patients with liver impairments clustered in various directions from the control group indi-

cates significant differences in miRNA signatures. The PCA analysis showed the largest inter-

individual variability in miRNA signatures among HBV subjects (Fig 1A) while T2DM or LC

patients were more similar. Interestingly, the ALT levels alone were not capable of identifying

recovery after APAP-overdose or of discriminating patient groups according to their liver

impairments (Fig 1A and 1B). The APAP sample set consisted of serial samples taken from

subjects with APAP-overdose at the admission to the hospital care having at least one follow-

up sample for each subject. Close examination of individual subjects in the APAP group

Fig 1. Unsupervised principal component analysis. The PCA presents the serum miRNA and simultaneously the

observed ALT levels per subject/sample. The analysis revealed four distinct clusters with subjects/samples clustering

according to their respective liver impairment or T2DM (A) (B). Samples, taken at various time points between 1 and 7

days after APAP overdose, show a tendency of clustering towards the control group, which suggests a recovery from

liver impairment. Different subjects have varying numbers of time points (ranging 2–6). The temporal sequence of

samples is indicated by arrows (C). ALT levels alone were not capable of discriminating patient groups (A) (B) or

identifying recovery after APAP overdoses (C).

https://doi.org/10.1371/journal.pone.0177928.g001
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showed follow-up samples clustering closer to the control group, thus indicating recovery

from APAP-overdose (Fig 1C).

MicroRNA signatures show specificity to individual liver impairments

To identify miRNA signatures capable of differentiating respective endpoints of liver injury, we

compared the normalized data from subjects suffering from liver impairments with healthy

controls. To eliminate the effect of recovery in subjects with APAP-overdose, we have used only

the first samples taken at the admission to the hospital for this analysis. The statistical analysis

identified a total of 179 miRNAs capable of differentiating liver impairments. The signature for

APAP-overdose included 116 miRNAs, the signature for HBV consisted of 25 miRNAs and sig-

natures for LC and T2DM featured 17 and 61 miRNAs, respectively (S4 Table). Interestingly,

the distinct miRNA signatures for APAP, HBV, LC and T2DM showed minimal overlap (Fig

2). Close examination of miRNA signatures revealed that the individual miRNAs in signatures

for APAP, HBV and LC were, in comparison to controls, mostly increased whereas the majority

of the serum miRNAs in subjects with T2DM appeared decreased (Fig 3).

The APAP miRNA signature consisted of 84 increased and 32 decreased miRNAs. Among

these the liver-associated miRNAs miR-122-5p, miR-192-5p, miR-483-5p and miR-194-5p

were strongly elevated in the serum of APAP patients (Fig 4A). Within the signature of 116

miRNAs, the regulation of 32 out of 33 miRNAs reported in an earlier study was confirmed

[13]. The HBV signature consisted of a total 25 miRNAs of which 23 miRNAs had increased

and 2 decreased serum levels. Interestingly, 9 miRNAs were unique for HBV patients and 15

were shared with the miRNAs signature from subjects overdosed on APAP and from LC

patients (Fig 2). A significant elevation of both 5p and 3p miRNAs was observed for miR-99a,

miR-122, miR-194, miR-125b and miR-455 in HBV patients compared to HC. The miRNA

signature for LC showed a total of 17 miRNAs of which 14 had increased and 3 decreased

serum levels. Nine miRNAs of the LC signature were unique to LC and 8 miRNAs were shared

Fig 2. Overlap of individual miRNA signatures. The Venn diagram shows minimal overlap between the

liver impairments and T2DM. In total 179 miRNAs were identified (116 in APAP, 25 in HBV, 17 in LC and 61 in

T2DM) of which only 1 miRNA was significantly altered among all conditions.

https://doi.org/10.1371/journal.pone.0177928.g002
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with the APAP, HBV and T2DM signatures (Fig 2). The T2DM signature featured 61 miRNAs

of which 22 were increased and 39 decreased levels. Of these miRNAs, 44 were unique to

T2DM and 16 were shared with the other signatures. Remarkably, 10 of the 16 shared miRNAs

were inversely regulated in T2DM patients in comparison to subjects having overdosed on

APAP (such as miR-885 -5p, Fig 4B). The level of the diabetes-related miR-375 was found to

be significantly decreased in T2DM patients while some T2DM-associated miRNAs were

upregulated such as miR-221 and miR-222 (Fig 4B).

MicroRNA signatures correspond to molecular mechanisms related to

liver injury subtypes

To evaluate the potential of miRNA signatures to provide insights into molecular mechanisms

of toxicity and pathogenesis of disease, we first identified the most relevant pathways for the

respective impairments from published literature and then compared them with pathways

derived from bioinformatics analysis of miRNA target genes. Since all four disease states are

known to alter many of the same metabolic processes, it is not surprising that an analysis of

the genes known to be associated with the respective disease phenotypes identifies many simi-

lar pathways (S1 File). Therefore, to select distinct pathways for each disease state, we arbi-

trarily selected pathways with at least five orders of magnitude higher significance for a

particular disease. As expected, the disease state-specific pathways derived from literature were

in accordance with the known pathogenesis of these diseases. In all cases, these disease state

specific pathways were found to be also significantly enriched among pathways derived from

analysis of miRNA target genes (Table 1). For instance, the miRNA signature for APAP-over-

dosing featured oxidative stress and apoptosis signaling, whereas the LC signature referred to

Fig 3. Circulating miRNAs regulated among the different liver impairments and T2DM. The heatmap

presents the fold changes of all detected miRNAs across the liver impairments and T2DM compared to HC.

The majority of the miRNAs in APAP, HBV and LC were upregulated, while the majority of the miRNAs in

T2DM were downregulated. Red indicates increased levels, green indicates decreased levels.

https://doi.org/10.1371/journal.pone.0177928.g003

Fig 4. Serum levels of significant regulated miRNAs. The figure presents serum levels, based on

normalized sequencing reads, of significantly altered miRNAs in APAP, HBV, LC, T2DM an HC for miR-122-

5p, miR-192-5p, miR-483-5p and miR-194-5p (A) and miR-221-5pp, miR-222-3p, miR-375 and miR-885-5p

(B).

https://doi.org/10.1371/journal.pone.0177928.g004
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immune-related interferon signaling and the antigen presentation pathway. The LC miRNA

signature suggests tissue remodeling and inflammation by including the epithelial-mesenchy-

mal transition pathway, adhesion and diapedesis elements. Furthermore, the T2DM miRNA

signature was in full agreement with the molecular pathology of the disease since it consisted

of T2DM-related pathways such as AMPK, insulin and generic diabetes signaling pathways.

Circulating isomiRs discriminate between liver impairments

Isoforms of miRNAs, called isomiRs, are thought to be involved in the fine tuning of the

miRNA-mediated cell signaling. Therefore, we used NGS to assess the isomiR composition of

individual circulating miRNAs. Our data show that in all groups of subjects (APAP, HBV, LC,

T2DM and HC) about 48 percent of the total sequencing reads represented the canonical

miRNA. The second most abundant miRNA isoform was the 3’ trimmed isomiR with 25–42%

distribution across groups of subjects. Although levels of 3’ trimmed isomiRs in HBV and

T2DM subjects were comparable with HC (25–28%), the levels of 3’ trimmed isomiRs in APA-

P-Overdosed subjects were significantly elevated to 42% (p-value = 0.003405). For LC subjects

we observed a similar trend of increased levels of 3’ trimmed isomiRs. Furthermore, isomiRs

with 3’ additions seemed to be more prevalent in HBV, T2MD and HC than in APAP-over-

dosed subjects and LC patients (p-value = 0.03629) (Table 2).

Table 1. Comparison of pathways derived from literature analysis with pathways derived from miRNA target genes.

Cirrhosis Pathways Cirrhosis pathways from

PubMed

Cirrhosis pathways associated with identified

miRNAs

Bladder Cancer Signaling 3.29E-14 8.25E-16

Regulation of the Epithelial-Mesenchymal Transition

Pathway

7.06E-15 8.25E-16

Agranulocyte Adhesion and Diapedesis 5.55E-15 8.25E-16

Granulocyte Adhesion and Diapedesis 5.55E-15 8.25E-16

Glioblastoma Multiforme Signaling 1.47E-11 8.25E-16

STAT3 Pathway 2.40E-12 8.25E-16

Antiproliferative Role of TOB in T Cell Signaling 3.16E-08 8.51E-15

DILI Pathways DILI pathways from PubMed DILI pathways associated with identified miRNAs

NRF2-mediated Oxidative Stress Response 9.02E-15 5.75E-16

Apoptosis Signaling 8.33E-13 5.75E-16

Acetone Degradation I (to Methylglyoxal) 6.13E-09 1.20E-08

Bupropion Degradation 6.13E-09 2.38E-08

Estrogen Biosynthesis 6.74E-08 8.81E-08

Hepatitis B Pathways HBV pathways from PubMed HBV pathways associated with identified miRNAs

Antigen Presentation Pathway 8.02E-15 8.30E-06

Interferon Signaling 8.02E-15 7.59E-10

Type-2 Diabetes Pathways T2D pathways from PubMed T2D pathways associated with identified miRNAs

AMPK Signaling 2.54E-13 5.96E-16

Insulin Receptor Signaling 1.88E-13 5.96E-16

TR/RXR Activation 7.76E-11 5.96E-16

eNOS Signaling 1.23E-09 5.96E-16

Type II Diabetes Mellitus Signaling 1.20E-14 5.96E-16

Leptin Signaling in Obesity 1.20E-09 5.96E-16

Role of NFAT in Cardiac Hypertrophy 1.19E-07 5.96E-16

Significance values for pathways predicted to be the most specific for each individual disease state were calculated based on published literature or known

miRNA target genes. Pathways in the table are arranged by relative specificity determined from the literature for individual disease state.

https://doi.org/10.1371/journal.pone.0177928.t001
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The spectrum of isomiRs showed a striking difference across individual miRNAs and

impairments (Fig 5). For instance, the canonical form of miR-122-5p was increased to the sim-

ilar extent in APAP-overdosed subjects and HBV patients. However, the isomiR spectrum of

miR-122-5p showed significant differences. In the APAP cases, the miR-122-5p was predomi-

nantly present as a trimmed isomiR while, in the HBV samples, the isomiR spectrum consisted

of mainly the canonical form, an isomiR with an enzymatic addition of several adenine (A/

AA) and a non-templated extension of adenine and uracil (AU/AAU) (Fig 5A). A similar

Table 2. IsomiR proportions among the liver impairments and T2DM.

APAP (%) HBV (%) LC (%) T2DM (%) HC (%)

Canonical 48 48 49 48 49

Trimmed 42 28 36 25 28

3’ A addition 2 6 3 4 5

3’ addition nt 4 9 6 9 8

3’ addition templ. 3 4 3 7 5

3’ U addition 1 2 1 3 2

Other forms 1 2 1 3 2

Analysis of isomiRs revealed different proportions among the trimmed isoform in APAP compared to HC, HBV and T2DM while the proportion of the

canonical form was stable among all conditions.

https://doi.org/10.1371/journal.pone.0177928.t002

Fig 5. Different isomiR spectrums in APAP, HBV and T2DM. The figure presents the isomiR composition,

based on normalized mean sequencing reads, in APAP, HBV, LC, T2DM an HC for miR-122-5p (A), miR-194-

5p (B), miR-885-5p (C) and miR-221-3p (D).

https://doi.org/10.1371/journal.pone.0177928.g005
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isomiR distribution is presented for miR-194-5p and miR-885-5p in Fig 5B and 5C. Further-

more, we observed distinguished circulating isomiR proportions in T2DM patients for miR-

221, showing an underrepresentation of the trimmed isomiRs and an overrepresentation of

isomiRs with 3’ additions of uracil (U/UU) and an extension of uracil and adenine (UA/UAU)

(5D). By defining the most abundant isomiRs for all miRNAs per condition, we identified a set

of 58 miRNAs showing aberrant isomiR proportions that could provide support to discrimi-

nate among the different conditions (S5 Table).

Novel predicted putative miRNAs

In total, 47 miRNA-like small RNAs passed our criteria (see Methods) and were analyzed

jointly with the miRBase sequences for differential regulation (see S6 Table). We identified

one putative miRNA to be upregulated in both APAP-overdosed and LC subjects, one pre-

dicted miRNA to be upregulated in LC cases and downregulated in T2DM subjects, and 4

other predicted miRNAs to be solely regulated in T2DM patients (see S7 Table).

Discussion

In this study, we have used NGS to evaluate the global signatures of circulating miRNAs in the

serum of subjects with APAP-induced liver injury, LC, HBV, T2DM and gender- and age-

matched healthy controls. We identified distinct miRNA signatures consisting of biologically

relevant miRNAs that were capable of differentiating groups of subjects with respect to the

underlying cause of liver injury. We are also the first to show that a distribution of isomiRs for

58 miRNAs provides further differentiation among groups of subjects with different impair-

ments. Furthermore, we identified 47 putative novel miRNAs of which 4 were significantly

regulated in the serum of T2DM patients.

In all five groups, we observed miR-486-5p to be the most abundant miRNA, followed by

miR-92a-3p in HBV, LC and HC, and miR-22-3p in T2DM and upon APAP-overdosing. Nine

out of the 10 most abundantly expressed miRNAs have been described in an earlier study to be

among the most abundant miRNAs circulating in healthy individuals (only miR-142-5p was

not reported) [23]. Seven out of these 10 miRNAs (miR-486-5p, miR-92a-3p, miR-451a, miR-

16-5p, miR-142-5p, miR-191-5p and miR-25-3p) have been found to be highly expressed in

various blood cell types [24]. By contrast, miR-22-3p, miR-423-5p and miR-10b-5p have not

been found in red blood cells. The presence of these miRNAs in the peripheral circulation has

not yet been reported, however, miR-22-3p is also abundantly expressed in the liver [25].

Interestingly, miR-22 was significantly upregulated when comparing APAP-overdosed

patients with HC. Apart from this hepatic miRNA, the majority of the highly abundant miR-

NAs were not altered among the five groups. While we observed a significant difference in

RNA yield between healthy and diseased subjects, the disease-specific altered miRNA levels

were observed mainly in the low abundantly present miRNAs. For instance the liver-enriched

miRNAs miR-122-5p and miR-192-5p increased from < 0.01% and 0.27% in HC to 0.15% and

1.08% in the APAP samples (S3 Table). Consequently, the increased RNA yield is to some

extend due to other small RNA species that are released into the circulation as a consequence

of liver impairment.

We have identified a total of 179 miRNAs with altered serum levels that differentiated

subjects with liver impairments and T2DM from healthy subjects. The miRNA analysis pro-

vided distinct miRNA signatures for each group of subjects with minimum overlap (Fig 2).

In fact, only one miRNA (miR-885-5p) was in common for all groups; however, it was

increased in APAP, HBV and LC, and decreased in T2DM patients. This suggests high spe-

cificity of miRNA signatures in human serum. This is in accordance with 2 studies showing
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differentiation between APAP-induced injury and hepatitis [8], and between Alcoholic, Drug-

induced and inflammatory liver disease [26].

The miRNA signature of APAP-induced liver injury consisted of 116 regulated miRNAs

(S4 Table). The APAP signature comprised 32 out of 33 miRNAs reported in our earlier publi-

cation [13] that included fewer subjects than the current study. The fact that we were able to

confirm the APAP signature from our previous study indicates an excellent reproducibility of

miRNA signatures and NGS technology across studies. On the other hand, a recently pub-

lished evaluation of miRNA signatures of APAP-overdosed children using NGS reported only

8 miRNAs [27] from which only 2 miRNAs (miR-122-5p, miR-125b-5p) were also identified

in our studies. This discrepancy might be caused by differences in miRNA signatures between

children and adults or by differences in study design and methodology of the miRNA analysis

by NGS such as differences in sequencing depth. Recently, a qPCR-based study examined cir-

culating miRNAs in patients with acute liver injury and found 281 miRNAs to discriminate

between patients with and without APAP-toxicity. The study found a ratio of upregulated

miR-122 and downregulated miR-483-3p to reliably predict hepatotoxicity. However, in our

study, the serum levels of miR-483-3p were not affected by APAP-induced liver injury, while

miR-483-3p was significantly decreased in the serum of subjects with T2DM. Nevertheless, the

signature presented here confirmed the upregulation of 28 and downregulation of 8 miRNAs

[8]. Differences in the results are likely due to distinct quantification techniques, statistics, but

also to different study designs.

The serum miRNA signature found in HBV patients consisted of 25 miRNAs. Interestingly,

the signature revealed a simultaneous increase of the 5p and 3p forms for miR-122, miR-125b,

miR-194, miR-455 and miR-99a, which has been previously observed in the case of miR-455

in HBV-infected children [28]. Furthermore, the elevated levels of miR-122, miR-194 and

miR-125b could be related to immunity and inhibition of HBV [29–31]. Next to the miRNAs

elevated in all subtypes of liver injury, 18 miRNAs were uniquely regulated in the HBV or LC

subjects. These miRNAs support the discrimination between the subtypes of liver disease.

The serum miRNA signature in T2DM patients was distinct from serum miRNA signatures

in subjects with liver impairments. T2DM patients exhibited a general decrease of circulating

miRNAs in contrast to APAP-overdosing, as well as to HBV and LC patients (Fig 3). This

could be an effect of decreased miRNA expression in the affected organs or decreased leakage

or secretion of miRNAs from tissues. The T2DM signature consisted of 61 miRNAs, of which

44 miRNAs were unique to T2DM and 10 miRNAs were inversely correlated when comparing

T2DM patients and APAP-overdosed subjects (S4 Table). Interestingly, miR-375 that is specif-

ically expressed in islet cells of the pancreas and regulates insulin expression [32] was found to

be significantly decreased exclusively in serum of T2DM subjects. Since the decrease of miR-

375 expression in beta islet cells has been shown to cause an increase of insulin production, the

decrease of circulating levels of serum miR-375 observed in our study might reflect the high

insulin production that is a hallmark of T2DM. Although this is a compelling hypothesis, it

needs to be further evaluated particularly in light of a published study that is in conflict with

our results [9]. The discrepant results might be caused by differences in patient selection, ana-

lytical methodologies and study design. Despite the predominant decrease of miRNA levels in

T2DM patients, serum levels of several miRNAs such as miR-221 and miR-222 were increased.

Interestingly, both miRNAs have been reported to promote intimal thickening in internal

mammary artery segments from T2DM patients [33].

Since some of the miRNAs in the signatures exhibit specificity for individual impairments,

we set out to assess whether a pathway analysis could provide mechanistic insights. The identi-

fied pathways corresponded to known biology for respective disease states. For example,

AMPK and insulin signaling have well established central roles in T2DM [34, 35]. Similarly,
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antigen presentation and interferon signaling play major roles in hepatitis B [36, 37]. The

miRNA signature for APAP-overdosing featured oxidative stress and apoptosis signaling [38,

39]. Finally, the LC miRNA signature suggests tissue remodeling and inflammation by includ-

ing the epithelial-mesenchymal transition pathway, adhesion and diapedesis elements [40, 41].

Although promising, our pathway analysis did not consider 3p/5p forms and influence of

structural modification of miRNAs (isomiRs) on miRNA regulation of gene expression. Nev-

ertheless, our bioinformatics analysis indicates the potential of using miRNA signatures to

gain insights into disease mechanisms.

The mechanisms underlying the increased levels of circulating miRNA upon tissue damage

or disease are not yet clear. In the case of acute organ damage that is associated with massive

cell death, miRNAs are believed to leak from damaged cells into the circulation. However,

recently published studies highlight the importance of active miRNA secretion in relation to

cell-to-cell communication [42]. These circulating extracellular miRNAs are present in differ-

ent forms such as embedded in exosomes or bound to proteins [43]. Since the whole serum

includes both the exosome- and protein-bound fraction of miRNAs, we have used this for our

study. Furthermore, since several miRNAs such as miR-122 or mir-375 show excellent tissue

specificity, miRNA platforms show promise as potential tissue specific biomarkers.

The miRNA signatures included high proportions of isomiRs (Table 2). In fact, 58 miRNAs

in our study showed a distinct distribution or spectrum of isomiRs across groups of subjects

(S5 Table). IsomiRs are formed either by an alternative dicing event (templated form), post-

transcriptional removal (trimming) or non-templated addition (tailing) of nucleotides of

canonical miRNAs. IsomiRs were shown to exert different functionality [15] than their canon-

ical counterparts that results in fine-tuning of the miRNA-mediated cell signaling. In our

study, we observed an overrepresentation of trimmed isomiRs in patients with acute liver

injury such as in subjects with the APAP-overdose (Table 2). In contrast, the proportions of

trimmed isomiRs in the miRNA signatures of subjects with chronic impairments such as

T2DM or HBV were similar to healthy controls (Table 2). The increased proportion of

trimmed isomiRs suggests increased exonucleolytic cleavage activity in the blood of APAP-

overdosed patients or alternative dicing during miRNA biogenesis. An effect on miRNA ac-

tivity or miRNA half-life is not yet known for trimmed isoforms. However, we observed an

overrepresentation of an adenylated miR-122 in HBV patients. This enzymatic addition of

adenosine has been described as selective stabilization of miR-122 in liver [44]. As miR-122

plays an important role in inhibition of HBV reproduction in human, selective stabilization

of this miRNAs might be supportive to the immune defense [29]. Even though miR-122 is

enriched in both APAP-overdosed subjects and HBV patients, our results suggest the potential

to distinguish the two subtypes based on miR-122 isomiR proportions alone (Fig 5). Further-

more, we observed increased uridylation of miR-221-3p and miR-99-5p in T2DM patients.

The biological effect of this nucleotide addition is not yet clear, however, the uridylation of

pre-miRNA let-7 was shown to inhibit Dicer and promote let-7 decay [45]. Although more

work needs to be done to understand the role of isomiRs in cellular response to toxic effects or

disease, our work is the first to indicate the potential of isomiRs in these processes.

Furthermore, among the 47 predicted putative miRNAs that were identified in our study, 6

putative miRNAs had significantly altered serum levels in subjects with liver impairments or

T2DM. For instance, the serum level of the seq_5 was increased in LC subjects while being

decreased in T2DM subjects. Another sequence, seq_22, was found to have increased serum

levels in both APAP-overdosed and LC subjects (S7 Table). Since we could not assign any

functional annotation to these novel sequences from literature, more research needs to be

done to understand their role in cellular responses to toxic effect and diseases. The fact that we
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identified new putative miRNA in our study demonstrates the advantages of NGS as an open

system for miRNA analysis.

Conclusions

In conclusion, we have identified signatures of circulating miRNAs that were specific for vari-

ous phenotypes of liver injury and T2DM. Additionally, we report for the first time a set of iso-

miRs that complement the hepatic disease-specific spectrum of canonical miRNAs. Although

further studies need to validate the respective miRNA signatures in a wider range of patients

and conditions, our findings indicate the potential of miRNA signatures to be used as “liquid

biopsies”, thereby also providing mechanistic information relevant for cellular injury in distant

tissues. Our work generates a foundation for potentially developing a non-invasive diagnostic

screening test for liver pathology, capable of providing clinically relevant information regard-

ing toxic effects of chemicals and the pathogenesis of diseases in the liver.
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