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Abstract: The plasma levels of tissue-specific microRNAs can be used as diagnostic, disease severity
and prognostic biomarkers for chronic and acute diseases and drug-induced injury. Thereby, the
combination of diverse microRNAs into biomarker signatures using multivariate statistics seems
especially powerful from the perspective of tissue and condition specific microRNA shedding into the
plasma. Although next-generation sequencing (NGS) technology enables one to analyse circulating
microRNAs on a genome-scale level, it suffers from potential biases (e.g., adapter ligation bias) and
lacks absolute transcript quantitation as well as tailor-made quality controls. In order to develop a
robust NGS discovery assay for genome-scale quantitation of circulating microRNAs, we first evalu-
ated the sensitivity, repeatability and ligation bias of four commercially available small RNA library
preparation protocols. The protocol from RealSeq Biosciences was selected based on its performance
and usability and coupled with a novel panel of exogenous small RNA spike-in controls to enable
quality control and absolute quantitation, thus ensuring comparability of data across independent
NGS experiments. The established microRNA Next-Generation-Sequencing Discovery Assay (miND)
was validated for its relative accuracy, precision, analytical measurement range and sequencing bias
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and was considered fit-for-purpose for microRNA biomarker discovery. Summarized, all these crite-
ria were met, and thus, our analytical platform is considered fit-for-purpose for microRNA biomarker
discovery from biofluids in the setting of any diagnostic, prognostic or patient stratification need.
The established miND assay was tested on serum, cerebrospinal fluid (CSF), synovial fluid (SF)
and extracellular vesicles (EV) extracted from cell culture medium of primary cells and proved its
potential to be used across different sample types.

Keywords: next-generation sequencing; small RNA-sequencing; microRNA; spike-in; biomarkers;
toxicology; drug safety

1. Introduction

MicroRNAs (miRNAs) are small endogenous non-coding RNAs of 17–25 nucleotides
in length that regulate gene expression in mammalian cells. MicroRNAs are produced by
virtually all cell types, and their expression can be changed in response to physiological
stimuli and pathological processes. MicroRNAs can be measured in both tissues as well
as liquid biopsies, including serum and plasma [1,2], and microRNA expression profiles
in liquid biopsies differ between healthy and diseased individuals according to disease
severity [3]. Furthermore, multiple studies indicated that levels of microRNAs can be used
as diagnostic and prognostic biomarkers for various diseases including cardiovascular
disease [4], infectious disease [5] and cancer [6,7]. Therefore, microRNAs have drawn much
attention as promising diagnostic, disease severity and prognostic biomarkers [8,9].

The minimally invasive analysis of microRNAs in liquid biopsies allows for rapid,
economical, and repeated sampling. This provides an opportunity for the development of
screening programs and close monitoring of treatment response and disease progression [9].
The levels of tissue-specific microRNAs in liquid biopsies can be used for early detection of
drug-induced organ injuries, such as miR-122 for liver [10], miR-133a for muscle, miR-124
for central nervous system [11], and miR-217 for pancreas [12] and offer a novel class of
safety and toxicity biomarkers [13,14].

The Translational Safety Biomarker Pipeline (TransBioLine) Project of the IMI2 consor-
tium aims to discover and qualify novel microRNA safety biomarkers for five organ systems
(kidney, liver, pancreas, and vascular and central nervous systems) by 2024. Furthermore,
TransBioLine aims to characterize inter- and intra-individual variability of circulating mi-
croRNAs through investigation of healthy volunteer populations. In order to achieve this
goal, a robust assay for identification and quantitation of microRNAs shall be established.

Small RNA sequencing is a commonly used next-generation sequencing (NGS) tech-
nology for various types of short non-coding RNAs, including microRNAs in tissues and
biofluids [15,16]. Several commercially available kits enable one to analyse circulating
microRNAs in various tissues and body compartments. The NGS technology allowed the
generation of a comprehensive map of the microRNA expression profiles across different
sample types and conditions [17–19].

The detection of microRNA by NGS can be affected depending on the technical
methods used for library preparation, which will bias the relative abundance of the se-
lected microRNAs across different samples [20–22]. This bias results in over- or under-
representation of certain microRNAs in particular samples. Furthermore, the standard
approach to normalisation generates microRNA data in relative terms such as reads per
million genome-matching reads (RPM) [23]. This method for normalisation assumes that
the proportion of microRNAs remains constant across different tissues and datasets. Con-
sequently, such a relative normalisation approach can generate misleading results when
relative abundances of microRNAs vary between different sample types (e.g., tissues and
biofluids), as well as experimental groups and populations. In order to resolve this issue,
absolute normalisation for small RNA sequencing shall be established. Nonetheless, the
absolute quantitation and comparison of microRNA levels remains a challenging task.



Int. J. Mol. Sci. 2022, 23, 1226 3 of 20

Since only a few comparisons of small RNA NGS library preparations from plasma [19]
have been published, therefore, we here aimed to (1) identify a small RNA NGS protocol
that fits our criteria for specificity, sensitivity and usability, (2) couple it with an exogenous
microRNA spike-in strategy for absolute quantitation and quality control, and (3) perform
a fit-for-purpose validation.

In order to reach these aims, we comparatively evaluated four commercial small
RNA library preparation protocols in combination with a novel exogenous spike-in control
(MicroRNA NGS Data Analysis (miND) spike-in) for microRNA biomarker identification
and absolute quantitation in plasma. We then implemented the conversion of read counts
to the absolute amounts (amol or molecules/µL) in our analysis and selected the NGS
protocol that fulfilled defined criteria including sensitivity, consistency, and ac-curacy of
microRNA quantitation. The selected protocol was further optimized and subsequently
validated for relative accuracy, analytical measurement range, precision and ligation bias.
Finally, the established miND assay was tested in serum, cerebrospinal fluid (CSF), synovial
fluid (SF) and extracellular vesicles (EV) extracted from cell culture media of primary cells.

2. Results
2.1. Study Design, Selection of Commercial Kits, and Reference Material

In order to evaluate the performance of small RNA sequencing library preparation
protocols, we executed a systematic comparison of commercially available kits for small
RNA sequencing and selected four kits for evaluation: QIAseq miRNA library kit (Qi-
agen, Hilden, Germany), RealSeq-Biofluids Plasma/Serum miRNA library kit (RealSeq
Biosciences, Santa Cruz, USA), NEXTFLEX small RNA-seq kit v3 (Perkin Elmer, Waltham,
MA, USA) and CleanTag small RNA library prep kit (TriLink Biotechnologies, San Diego,
CA, USA) (Figure 1A, Table S1). These kits were selected based on their complementary
approaches to mitigate the risk of microRNA sequencing biases.

Three of the selected kits, CleanTag, NEXTFLEX and QIAseq, relied on sequential 5′

and 3′ adapter ligation to microRNAs followed by reverse transcription and PCR ampli-
fication. Two of these kits, NEXTFLEX and QIAseq, used random nucleotide sequences
that serve as unique molecular indices (UMIs). UMIs enable the removal of duplicated
reads introduced during amplification and increase the precision especially for low RNA
input samples that require extensive library amplification [24]. The QIAseq kit used re-
verse transcription primer that contained an integrated UMI, while NEXTFLEX introduced
random sequences within the adapters. The latter approach was suggested to decrease the
sequence-specific ligation bias [20]. The RealSeq kit enabled ligation of microRNAs to a
single adapter followed by the intramolecular circularization of the ligation product. This
approach was shown to reduce the ligation bias by substituting the step of inter-molecular
ligation between 5′ adaptor and microRNA by intramolecular circularization (Table S1) [25].

Two types of reference samples were selected for the kit evaluation: RNA isolated
from a pool of platelet-poor plasma (PPP) samples obtained from normal healthy volun-
teers (NHVs) and miRXplore Universal Reference (Miltenyi Biotec, Bergisch Gladbach,
Germany), a synthetic miRNA reference pool comprising 1006 synthetic RNA oligonu-
cleotides in equimolar concentrations matching mature microRNAs annotated in miRBase
9.2 database. PPP samples were used since they represent high quality biological sam-
ples [26] that are intended to be analysed within the IMI TransBioLine Project and enabled
us to test the sensitivity of the selected assays. The miRXplore provided an opportunity to
characterize the ligation bias for each small RNA sequencing protocol. Both sample types
were used to evaluate the sensitivity and repeatability of the NGS protocol. miRXplore and
plasma samples were analysed in 6 replicates starting from independent library prepara-
tion each (Figure 1A), meaning that a total of 48 samples were processed according to the
selected protocols.

On the basis of these data, we aimed to select the commercial protocol with the
best performance in order to establish absolute quantitation of microRNAs using a set of
exogenous spike-in RNAs (Figure 1B).
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performance in order to establish absolute quantitation of microRNAs using a set of ex-
ogenous spike-in RNAs (Figure 1B). 

2.2. Characterization of Four Small RNA Sequencing Protocols and Selection of the Protocol for 
the miND Assay 

In order to evaluate the sequencing bias of the selected protocols, the synthetic 
equimolar pool of 1006 microRNAs, miRXplore Universal Reference, and the pool of 
plasma samples were used. First, we compared the sets of microRNAs that were identified 
by each protocol and assessed their relative values (RPMs). The results of unsupervised 

Figure 1. Study design. (A) Four library preparation protocols were selected in order to evaluate
their performance and usability. Six technical replicates from a pool of plasma samples and aliquots
of miRXplore Universal Reference were analysed. (B) The NGS assay utilizing mind spike-ins was
designed using the following steps: (1) RNA extraction; (2) adding of the miND spike-in—a pool of 7
oligonucleotides, each containing a 13 nt core sequence flanked by a set of 4 randomized nucleotides
on the 5′ and 3′ ends, that were mixed in the defined ratio; (3) preparation of the NGS libraries
according to the selected protocols; (4) data analyses and data normalisation based on the miND
spike-in concentration range.

2.2. Characterization of Four Small RNA Sequencing Protocols and Selection of the Protocol for the
miND Assay

In order to evaluate the sequencing bias of the selected protocols, the synthetic equimo-
lar pool of 1006 microRNAs, miRXplore Universal Reference, and the pool of plasma
samples were used. First, we compared the sets of microRNAs that were identified by each
protocol and assessed their relative values (RPMs). The results of unsupervised clustering
analysis demonstrated that the samples were grouped by sample type as well as library
preparation protocols (Figure 2A).
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Figure 2. A systematic comparison of the selected small RNA library preparation protocols. (A) Un-
supervised clustering analyses of plasma and miRXplore samples based on RPM data from 739 mi-
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Figure 2. A systematic comparison of the selected small RNA library preparation protocols. (A) Un-
supervised clustering analyses of plasma and miRXplore samples based on RPM data from 739 mi-
croRNAs. (B) Sequencing bias. RPM values were averaged across six technical replicates per protocol.
The fold change (FC) compared to the median RPM was calculated for each microRNA and sample,
and is presented on a log10 scale. Medians with interquartile range are indicated. The percentage
of microRNAs within 0.1- to 10-fold from the median (=1) was calculated and depicted above the
x-axis. (C) Pearson correlation coefficient matrix was generated from the data shown in (B). (D) Venn
diagram representing the overlap between distinct microRNAs detected with four selected protocols
in the miRXplore samples. (E) Venn diagram representing the overlap between distinct microRNAs
detected with four selected protocols in the plasma samples.
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Although equimolar pooling was performed, the number of absolute reads varied
between the NGS protocols. Absolute read counts for the miRXplore samples varied from
10 million to 60 million reads (avg = 22.2 million reads) between the samples and NGS
protocols (Figure S1A), but the relative proportion of the reads remained very consistent
across the samples (Figure S1B), with over 90% of reads mapped to miRXplore Universal
Reference sequences. For plasma, the absolute number of microRNA-mapped reads var-
ied between the protocols (Figure S1C), while the relative number of miRNA reads was
comparable (Figure S1D).

None of the tested protocols was able to detect all microRNAs that were present in
the miRXplore Universal Reference samples. The average number of the detected unique
microRNAs varied between the kits, ranging from 501 for CleanTag to 616 for NEXTFLEX
(RPM > 0) (Figure S2A). The variations in the number of unique microRNAs detected by
different NGS library preparation protocols were greater for plasma samples, ranging from
489 for the QIAseq kit to 818 for the RealSeq protocol (Figure S2B).

Next, we characterized the sequencing bias of each protocol. We calculated the average
RPM value (n = 6) detected for each microRNA in the miRXplore Universal Reference
samples and expressed it as the relative fold change in comparison to the median RPM for
each protocol (Figure 2B). In order to compare the protocols, we calculated the percentage of
microRNAs within an 100× range (0.1- to 10-fold) of the median RPM. CleanTag showed the
biggest variation in ligation efficiency (only 61.1% within the 100× range), while NEXTFLEX
showed the lowest variation (80% within 100× range). To compare ligation-bias between
protocols, we calculated Pearson correlation coefficients using the relative enrichment
values for each microRNA and protocol and found that the two methods that use UMI for
the mitigation of the sequencing bias, QIAseq and NEXTFLEX, demonstrated the highest
correlation (PCC = 0.47) between the levels of detected microRNAs (Figures 2C and S3A).

To compare the sets of microRNAs that were identified by the selected protocols, a list
of the 10 most and least abundant microRNAs detected with RPM > 10 was generated. The
10 most over-represented and under-represented sequences identified in the miRXplore
Universal Reference samples showed no overlap between all four protocols (Figure S4A,B).
In plasma, only one microRNA, hsa-miR-486-5p, was consistently identified as one of the
most abundant microRNAs by all four protocols (Figure S4C); however, no overlap was
found between the 10 least abundant microRNAs (Figure S4D).

The overlap between the distinct microRNAs that were identified by each protocol was
higher for miRXplore Universal Reference samples (Figure 2D) compared to the plasma
samples (Figure 2E). In order to evaluate the consistency of each protocol in detecting
endogenous microRNAs, we calculated the percentage of endogenous microRNAs that
were only detected in one out of six technical replicates and used these values as a measure
of inconsistency (Figure S3B,C). CleanTag demonstrated the highest inconsistency (up to
40%) between the replicates for the miRXplore Universal Reference samples (Figure S3B).
For plasma, the percentage of inconsistently detected microRNAs also varied between the
protocols and was lowest (<2%) for the RealSeq protocol (Figure S3C).

In summary, the RealSeq protocol was selected since it returned the highest number of
distinct microRNAs in plasma samples (Figure S2B). Furthermore, the RealSeq protocol
showed the lowest percentage of inconsistently detected microRNAs across the technical
replicates for plasma samples (Figure S3C), and acceptable ligation bias (Figure 2B). Finally,
the RealSeq protocol was ranked high in terms of usability criteria such as cost, time of
library preparation, convenience of use and consistency of performance. Based on the
sensitivity, consistency of detection of microRNAs, and ligation bias as well as usability
criteria, RealSeq was selected for further development of the small RNA sequencing
pipeline for absolute quantitation.
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2.3. Design and Testing of the miND Spike-In for Quality Control and Absolute Normalisation of
Small RNA Sequencing Data

Quality control and absolute normalisation of small RNA sequencing data require
defined standards that remain constant across different conditions and experiments. There-
fore, we conceived the following workflow: we designed 227 exogenous oligonucleotides
(“spike-ins”), each being a 21 nucleotide (nt) long RNA, based on the methodology that
was published by Lutzmayer et al., 2017 [27]. Each spike-in consisted of a 13-nucleotide
core sequence that was flanked by four randomized nucleotides on the 5′ and 3′ ends. Next,
we mapped our list of 227 candidates against 5 mammalian genomes (Homo sapiens, Mus
musculus, Bos taurus, Rattus norvegicus, Sus scrofa) allowing for one mismatch. We selected
seven core sequences that demonstrated the lowest overlap with the selected genomes.
Each core sequence was flanked by four randomized nucleotides on the 5′ and 3′ ends
(Table 1), resulting in 65,536 different oligonucleotides per spike-in. We hypothesised that
the ligation bias of each spike-in set with the same core sequence would be minimized due
to the presence of random nucleotides on the 5′ and 3′ ends of the miND spike-in [21].

Table 1. The miND spike-in sequences. A 13-nucleotide core sequence is flanked by four randomized
nucleotides the 5′ and 3′ ends.

Oligo Sequence (5′–3′) Molar Amount (amol)

I (N)(N)(N)(N)ACGAUCGGCUCUA(N)(N)(N)(N) 50
K (N)(N)(N)(N)UGAACGUCCGUAC(N)(N)(N)(N) 10
M (N)(N)(N)(N)UCUCGCGCGCGUU(N)(N)(N)(N) 2.5
N (N)(N)(N)(N)CGAGUAAUGAACG(N)(N)(N)(N) 1.5
H (N)(N)(N)(N)GCUACACACGUCG(N)(N)(N)(N) 0.1
C (N)(N)(N)(N)UAUUCGCGGUGAC(N)(N)(N)(N) 0.01
E (N)(N)(N)(N)ACCUCCGUUUACG(N)(N)(N)(N) 0.005

Spike-ins were then mixed in specific molar ratios to cover the dynamic range of
endogenous microRNA concentrations in human plasma samples and diluted into working
stocks, which were added to the RNA samples before library preparation and processed
with the RealSeq protocol (see workflow in Figure 1B). Since it was shown before that the
choice of RNA extraction protocol can impact the detection of small RNA in plasma [28],
we set out to evaluate the performance characteristics of two RNA extraction methods
in combination with the miND spike-ins and the RealSeq protocol: miRNeasy Mini kit
(Qiagen, column-based) and Maxwell RSC miRNA Tissue kit (Promega, bead-based).
This experiment allowed us to determine (1) the performance of the miND spike-in in
combination with the RealSeq NGS protocol, and (2) the compatibility of column- and
bead-based RNA extraction protocols with the designed workflow.

To evaluate the performance of miND spike-ins, we assessed the relation between
attomolar concentrations of the miND spike-ins and the observed read counts using a
linear model without intercept. This model was further used to predict the absolute
concentrations of endogenous microRNA molecules per µL of the input RNA.

The miND spike-in sequences were identified in all samples extracted both with
Qiagen and Promega protocols (n = 3 per RNA extraction protocol), and miND spike-in
counts (RC) and absolute concentrations (molecules/µL) demonstrated high correlation
(Pearson’s r value > 0.99 for all samples) (Figures 3A and S5).

The miND spike-ins showed compatibility with both RNA extraction protocols, as
the measurement range covered a dynamic range of 5 log10 s for observed RPM values
and showed good overlap with read counts from endogenous microRNAs (Figure 3B). The
highly linear relationship between the observed read counts and absolute concentrations of
the miND spike-ins in both RNA extraction protocols (Figure 3A) as well as the overlap
between endogenous microRNA counts and spike-in counts (Figure 3B) confirmed that the
selected spike-in range was suitable for analysis of the majority of endogenous microRNAs
in plasma samples independent of the RNA extraction protocol.
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Figure 3. Testing of the miND spike-in. Aliquots of a plasma pool were processed either with Qiagen
or Promega RNA extraction protocols in triplicates. The generated RNA samples were analysed
with the miND assay. (A) Scatter plot of relative miND spike-in (RC) compared to absolute miND
spike-in levels (molecules detected per microliter of RNA) in Promega-extracted sample (Replicate
01). Pearson correlation coefficient r as well as the line that represents a linear model derived from
the plotted values were calculated. (B) Distribution of RPM values of the endogenous microRNAs in
the Qiagen- and Promega-extracted samples (3 replicates per protocol). The miND spike-ins with
the highest (I, 50 amol) and the lowest (E, 0.005 amol) concentrations were indicated with red and
green lines on the plot. (C) Distribution of absolute concentrations (molecules per microliter of
RNA) of the endogenous microRNAs in the Qiagen- and Promega-extracted samples (3 replicates per
protocol). The average values of molecules/µL for each sample were calculated, and an unpaired
t-test comparison for Qiagen- and Promega-extracted samples was performed (p-value < 0.0001,
p-value summary ****).

Next, we used a linear regression model to calculate absolute concentrations of endoge-
nous microRNAs (Figure 3C) for each RNA extraction protocol and observed a statistically
significantly lower number of microRNA molecules per microliter for the Promega RNA
isolation protocol compared to the Qiagen protocol (unpaired t-test, p-value < 0.0001). This
difference in microRNA abundance was not detectable using relative normalisation (RPM
data), emphasizing the advantages of absolute normalisation. The lower RNA extraction ef-
ficiency was confirmed by RT-qPCR analyses of 13 low to high abundant microRNAs, which
showed that Cq-values from Promega-extracted samples were on average 1.61 Cq-units
higher compared to the values from Qiagen-extracted samples (Figure S6A).

Another important factor is the depth of sequencing that can introduce variability
in the identification of microRNAs [29]. In order to reveal how the depth of sequencing
affects the number of microRNAs detected with our assay, we pooled the obtained reads
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for each RNA extraction protocol and sub-sampled them five times to achieve 30, 15, 7.5,
3.75 and 1.875 million reads per sample (five technical replicates per condition). These
sub-sampled files were subjected to bioinformatic analysis, and the number of distinct
microRNAs identified for each condition was obtained (Figure S6B). In line with the lower
absolute concentrations of microRNAs obtained with the Promega kit, we observed that the
Promega kit consistently delivered a lower number of microRNAs compared to the Qiagen
kit. The generated dataset demonstrated how an increase in the sequencing depth affects
the number of detected microRNAs (Figure S6B), can compensate for lower RNA extraction
efficiency, and can serve to develop a guideline for selection of sequencing platforms and
multiplexing strategies for future projects.

We concluded that the miND spike-in was successfully used for absolute normalisation
in the samples extracted with both the Qiagen and Promega protocols. Despite the fact
that the number of detected endogenous microRNAs at the same depth of sequencing
was higher in Qiagen-extracted samples compared to the Promega-extracted samples
(Figure S6B), the miND spike-in generated a nearly-perfect linear model in all samples
(Figure S5). Considering the fact that the RNA extraction protocol from Qiagen allows the
processing of 12 samples in parallel, while the Promega protocol allows 48, we decided to
use the latter approach for our assay. Furthermore, the Promega protocol still enabled us to
consistently detect the most abundant microRNAs.

2.4. Fit-for-Purpose Validation of the Established NGS Protocol

In order to validate the established miND assay, we characterized relative accuracy,
precision, analytical measurement range and sequencing bias.

Relative accuracy of the miND assay was determined by analysing two plasma
pools obtained from normal healthy volunteers (NHVs) and patients with acetaminophen-
induced liver injury (APAP). The APAP samples served as an example of patient samples
with perturbed microRNA expression profiles [30].

The plasma pools of NHV and APAP samples were either directly analysed, or APAP
plasma was spiked into the NHV samples in the following proportions: 1:1, 1:5 and 1:10 in
triplicates. This approach allowed us to simultaneously determine the titration response of
multiple microRNAs, thus providing an opportunity to draw a reliable conclusion about
the relative accuracy of the assay for different microRNAs.

The differential gene expression analyses identified 266 differentially regulated microR-
NAs (FDR < 0.05) between NHV and APAP samples (Figure S8A). Thirty-seven microRNAs
that were up-regulated in APAP samples by more than 10-fold compared to NHV samples
were selected for analysis of relative accuracy by comparing the observed to the expected
values obtained for 1:1, 1:5, and 1:10 dilutions from relative (RPM) and absolute (aMol)
normalised datasets (Figure 4A,B). The linear correlation between observed and expected
values for absolute concentrations as well as RPMs of 37 microRNAs with varying baseline
levels was investigated. Calculated Pearson correlation coefficients were transformed to
z-score by Fisher transformation and resulted in z = 0.649 for the data generated based on
the absolute concentrations and z = 0.556 for the RPM-based data. On average, 30 out of 37
investigated microRNAs demonstrated a percentage of recovery between 50 and 200%. The
obtained results demonstrate the potential of absolute normalisation based on the miND
spike-in to reveal precise and accurate microRNA concentrations across different samples.
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Figure 4. Observed vs. expected absolute concentrations in (A) amol and (B) RPM from 37 microR-
NAs that were significantly up-regulated in APAP compared to NHV samples, presented on log10
axes. The Pearson correlation coefficient of dilution series was calculated for 37 microRNAs and trans-
formed to z-score using Fisher transformation. (C) The coefficient of variation for each microRNA
from 9 technical replicates was calculated and plotted against the absolute concentrations (amol).
The red line indicates the fraction of microRNAs with less than 50% CV. (D) Distribution of RPM
values of the endogenous microRNAs for 9 technical replicates (RPM > 0). The miND spike-in with
the highest (I, 50 amol) and the lowest (E, 0.005 amol) concentrations indicated with red and green
lines. The number of detected microRNAs is indicated above each sample. (E) Observed vs. expected
increase in absolute concentrations (amol) for hsa-miR-137-3p (under-represented), hsa-miR-520e-3p
(normal representation) and hsa-miR-630 (over-represented). The synthetic microRNAs were spiked
in the RNA isolated from a pool of NHV samples at 5, 20 and 80 amol concentrations.
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Next, reproducibility and repeatability of the established NGS protocol were evaluated.
We used a pool of RNA isolated from NHV plasma samples that was processed by three
operators on three independent days. Thus, a total of nine libraries were generated to
assess intra-operator repeatability and inter-operator reproducibility. We found that the
coefficient of variation (CV%) across all nine replicates was associated with the mean
concentration (Figure 4C). Repeatability was estimated based on the portion of microRNAs
with CV < 50% between the technical replicates for each operator, and reproducibility was
calculated for all nine technical replicates processed by three operators. For three operators,
over 93% of microRNAs demonstrated CV < 50% (Figure S8B–D) and for all nine technical
replicates, this value was 59% (Figure 4C).

The analytical measurement range of the NGS protocol was defined by concentrations
of the highest (I, 50 amol) and the lowest (E, 0.005 amol) miND spike-ins. The microRNA
profile data, which were generated to evaluate reproducibility and repeatability of the NGS
protocol, were used to investigate the average portion of endogenous microRNAs within
the analytical measurement range. The miND spike-in E with the lowest concentration
was detected in eight out of nine technical replicates. On average, 69.56% of the detectable
microRNAs (RPM > 0) were within the analytical measurement range as defined by the
miND spike-in (Figure 4D).

Next, the sequencing bias of the established NGS protocol was investigated, since
the analysis of miRXplore Universal Reference indicated that the RealSeq as well as other
tested protocols for small RNA sequencing exhibited sequencing bias (Figure 2B). This bias
can result in the over- or under-representation of microRNAs in small RNA sequencing
datasets. To evaluate the effect of bias on the accuracy of our NGS protocol, we selected three
microRNAs that were previously detected in the miRXplore samples to be either under-
represented (hsa-miR-137-3p), over-represented (hsa-miR-630) or normally represented
(hsa-miR-520e-3p) using the miRXplore samples (Figure S8E) and that were detected using
the optimized NGS protocol in plasma samples as well. These microRNAs were synthesized
as RNA oligonucleotides and spiked into the pool of RNA isolated from NHV at defined
molar amounts (5 amol, 20 amol, 80 amol).

The calculated increase in concentration that was detected in the spiked-in samples
demonstrated variations between the selected microRNAs (Figure 4E). The microRNA
that was under-represented in the miRXplore Universal Reference dataset, hsa-miR-137-3p,
showed a significantly lower increase in the spiked concentration compared to the expected
one. Even in the sample, which contained 80 amol of the synthetic spike-in, the detected
concentration for hsa-miR-137-3p was only 21 amol. In contrast, two microRNAs that were
present at the expected level or over-represented in the miRXplore Universal Reference
dataset, hsa-miR-520e-3p and hsa-miR-630, showed higher increases in the absolute con-
centrations compared to the expected ones. These results underline the importance of
understanding sequencing biases of the applied small RNA NGS workflow for the profiling
of microRNAs and point out that different microRNAs might be affected in different ways.

The obtained results allowed us to validate the relative accuracy, precision, and
analytical measurement range. Furthermore, it enabled us to characterize the sequencing
bias of the established NGS protocol. A better understanding of these parameters of the
miND assay ensures the correct interpretation of the obtained results.

2.5. NGS Analyses of Diverse Biological Samples with the miND Spike-In Assay

In order to evaluate the performance of the miND spike-in in different types of
biological samples, we analysed plasma, serum, cerebrospinal fluid (CSF), synovial fluid
(SF) and extracellular vesicles (EV), which were isolated from cell culture medium of
primary human cells in triplicates.

All miND spike-in sequences were detected in each of the analysed samples. Fur-
thermore, the selected range of the miND spike-ins covered the range of endogenous
microRNAs (Figure 5A). Next, we calculated RPM (Figure 5B) as well as the number of
microRNA molecules/µL using miND spike-ins (Figure 5C, Table S2). It was observed that
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the transformation to copy numbers allowed a better interpretation of the differences in
miRNA concentrations between sample types, i.e., highest concentrations for serum and
lowest for CSF. This analysis also demonstrated the high range of microRNA concentra-
tions observed in biofluids, with few high abundant miRNAs and a large number of low
abundant miRNAs between 1 and 10 copies/µL biofluid.
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Figure 5. Distribution or read count, RPM values and concentrations for endogenous microRNA de-
tected in 3 samples for plasma, serum, cerebrospinal fluid (CSF), synovial fluid (SF) and extracellular
vesicles (EV) extracted from cell culture medium of primary human cells are presented on log10 scale.
(A) microRNA RC values are demonstrated. The miND spike-ins with the highest (I, 50 amol) and the
lowest (E, 0.005 amol) concentrations are indicated with red and green lines in the plot. (B) microRNA
RPM values are shown together with median (dark blue line) and interquartile range (light blue
lines). (C) microRNA copy numbers per µL of input RNA are shown together with median (dark
blue line) and interquartile range (light blue lines). (D) microRNA copy numbers per µL of input
RNA for a CNS enriched miRNA, miR-124-3p.

Finally, the established miND spike-in assay also allowed us to estimate the mean
number of microRNA molecules detected in 1 µL of biofluid by adjusting to the biofluid
input volumes (Table 2).

This experiment demonstrated the broad application spectrum of miND spike-ins for
absolute quantitation of small RNAs in various sample types, specifically samples with
low RNA input, such as biofluids and EVs. Importantly, the miND spike-ins enabled
us to directly compare the absolute abundances of microRNAs extracted from different
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sample types and improve our understanding of microRNA compositions in different
sample types.

Table 2. The median (Q3–Q1) and inter-quartile range (IQR) of microRNA concentrations
(molecules/µL) in 1 µL of analysed biofluids. The number of detected microRNAs and the 5 most
abundant microRNAs on average for 3 samples per biofluid are indicated.

Biofluid Sample Median (Q3–Q1) IQR Number of Detected
MicroRNAs

The 5 Most Abundant
MicroRNAs on Average

Plasma
1 6 (41.3–1.7) 39.6 668 miR-451a, miR-16-5p,

miR-486-5p, miR-92a-3p,
miR-103a-3p

2 4.1 (33.6–0.8) 32.8 707
3 3.8 (31.2–0.9) 30.3 658

Serum
1 10.2 (76.7–2.6) 74.1 900 miR-451a, miR-16-5p,

miR-92a-3p, miR-486-5p,
miR-19b-3p

2 14.1 (134.6–3.2) 131.4 925
3 21.5 (131.1–7.2) 123.9 600

Synovial Fluid
1 9.9 (30.0–1.2) 57.6 548 miR-21-5p, miR-23a-3p,

miR-451a, miR-221-3p,
miR-223-3p

2 14.4 (45.3–1.8) 87.0 530
3 6.0 (19.5–0.8) 37.5 552

Cerebrospinal Fluid
1 2.7 (12.2–0.9) 11.3 387 miR-21-5p, miR-204-5p,

miR-145-5p, miR-99a-5p,
miR-221-3p

2 3.8 (16.4–0.9) 15.5 388
3 4.5 (23.1–1.5) 21.6 467

3. Discussion

Here, we reported on the development and characterization of a microRNA Next-
Generation-Sequencing Discovery Assay (miND) for the identification of circulating mi-
croRNA biomarkers in liquid biopsies using absolute quantitation. Based on the methodol-
ogy that was developed by Lutzmayer et al. [27], we generated a set of exogenous small
RNA spike-in controls containing 13 nt core sequences that were flanked by a set of four
randomized nucleotides on the 5′ and 3′ ends. This design strategy provides up to 65,536
possible sequences for each of the core sequences. The randomized nucleotides are expected
to minimize potential sequencing biases that might be caused by ligation and amplification
biases. While Lutzmayer et al. developed and characterized the spike-ins for small RNA
sequencing in plant tissues, we designed the miND spike-ins for human, rodent, as well as
other mammalian species, and validated the workflow for human plasma samples.

Our results suggest that the miND assay allows users to determine absolute con-
centrations of microRNAs in total RNA samples obtained from plasma as well as other
liquid biopsies (serum, CSF, SF) and, therefore, enables the comparison of data within
or across sample types irrespective of differences in RNA composition that would affect
relative normalisation.

To achieve this, we first performed a systematic comparison of four commercially
available small RNA library preparation protocols in terms of sensitivity, consistency, and
ligation bias (Figures 2 and S3). The kits were selected based on their complementary
strategies to reduce sequencing bias. Based on its sensitivity and consistency, we decided
to work with the RealSeq protocol as the basis for further assay characterization and
implementation of absolute quantitation. For this, in-silico analyses were performed to
define seven exogenous 13-mer core-nucleotide sequences as the basis for a set of spike-
in calibrators. We tested the performance of the spike-in calibrator in combination with
two different RNA extraction protocols (precipitation/column-based vs. bead-based) and
observed a nearly perfect correlation between the detected RC and amount of added miND
spike-ins (molecules/µL) (Figures 3A and S5). Finally, we validated relative accuracy,
precision, analytical measurement range, and sequencing bias for the final workflow and
demonstrated compatibility of miND spike-ins with serum, CSF, synovial fluid and EVs, in
addition to plasma.
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The results obtained during the development of this workflow clearly show the
impact that individual sample preparation steps can have on the final NGS data. For
instance, different library preparation protocols resulted in different sequencing biases
(Figure 2B,C) and detected different sets of microRNAs both in miRXplore (Figure 2D)
and in plasma (Figure 2E) samples. In addition, sequencing bias can result in the over- or
under-estimation of microRNA effects (Figure 4E), which should be considered during
the selection of biomarker candidates. Finally, the choice of the RNA extraction protocol
(Figure S6) as well as sequencing depth (Figure S7) impacts the assay sensitivity and should,
therefore, be consciously selected for each individual project.

The Value of Spike-Ins for Small RNA Sequencing

The use of spike-in controls to monitor data quality is a common strategy for mes-
senger RNA (mRNA) sequencing [31,32] but has not yet been adopted for small RNA [33]
sequencing workflows. Therefore, there is no accepted standard to compare and perform
quality control of small RNA sequencing data other than assessing sequence quality, read
composition, or sequencing depth. Given the constant improvement or development of
new small RNA sequencing protocols, such a standard would be highly desirable. Besides
quality control, spike-ins could also satisfy the unmet need for alternative NGS normal-
isation strategies. The commonly used relative normalisation as reads per million total
(or microRNA) reads (RPMs) assumes that the overall amount of microRNA or total RNA
composition is constant across all samples in an experiment. However, it must be assumed
that this is not the case when comparing between liquid biopsy sample types with very
specific RNA compositions [19] or between different individuals [34]. Lutzmayer et al.
recognized this need in the context of plant microRNA research [33,35], but the adaptation
of the technology to mammalian species as well as liquid biopsies was still missing.

In order to meet this need, we designed and developed the miND spike-ins and
demonstrated their compatibility with a commercial small RNA sequencing protocol.
The broad concentration range that covers a significant range of concentrations of the
endogenous microRNAs enables the application of the miND spike-in with various sample
types that exhibit different microRNA concentration ranges (Table 2). By performing
absolute quantitation, we were able to improve significantly the relative accuracy compared
to RPM-based normalisation (Figure 4A,B). However, further studies will be required using
clinical samples from control and disease cohorts to determine the value of miND spike-ins
for relative comparison of microRNA levels.

Most importantly, however, absolute quantitation is required to obtain a realistic view
of the true amounts of microRNA present in a given biological sample. For example, it
allowed us to confirm RT-qPCR results that suggested lower microRNA extraction efficiency
for a bead-based protocol compared to precipitation- and column-based RNA purification
also by NGS (Figure 3C and Figure S6A), which was not evident from relative normalisation
using RPM values. Moreover, from a clinical point of view, there are clear advantages of
this approach: by analysing four different biofluids (serum, plasma, CSF, synovial fluid)
we were able to provide an accurate estimation of microRNA abundance. Especially in the
context of CNS injury, it was interesting to observe that CNS enriched miRNAs such as
miR-124-3p show 50- to 100-fold higher concentrations in CSF than in plasma. This result
confirms their potential as biomarkers of chronic or acute brain injury, since increased
blood–brain barrier permeability could result in a measurable increase in peripheral blood
levels of these miRNAs.

To verify the utility of this NGS workflow and miND spike-ins, their incorporation into
the analysis of larger sample cohorts will be required, and benchmarking against relative
normalisation strategies needs to be performed. Nevertheless, our results demonstrate the
high potential of spike-ins for quality control of small RNA sequencing experiments and
absolute quantitation of microRNAs across different sample types, biological conditions
and datasets. Furthermore, the absolute quantitation of circulating microRNAs detected by
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the miND assay will be leveraged in the TransBioLine project in order to identify sensitive
and specific microRNA biomarkers for individual disease states or drug-induced injuries.

4. Materials and Methods
4.1. Samples

Platelet-poor plasma (PPP) samples from 16 healthy individuals were collected and
pooled. The samples were obtained from the placebo period of a clinical study investigating
the effects of desmopressin on endothelial activation [36]. The independent Ethics Commit-
tee of the Medical University of Vienna (1178/2018) and the competent authorities (Austrian
Agency for Health and Food Safety) approved the study, which was conducted in accor-
dance with the Declaration of Helsinki and the Good Clinical Practice guideline. All subjects
provided informed consent prior to any trial-related activities. Citrate-anticoagulated blood
samples were obtained by fresh venepuncture and immediately put on ice, and platelet
poor plasma was generated by two centrifugation steps (2000× g for 10 min and 10,000× g
for 10 min at 4 ◦C). The samples were stored at −80 ◦C.

The miRXplore Universal Reference 25 (Cat. 130-093-521, Miltenyi Biotec, Bergisch
Gladbach, Germany), the reference pool comprising more than 950 single-stranded syn-
thetic RNA oligonucleotides in equimolar concentrations matching mature microRNAs
annotated in the miRBase 9.2 sequence database, was used. The lyophilized oligonu-
cleotides were dissolved in 28 µL sterile RNase-free water and stored at −80 ◦C.

Usage of −80 ◦C stored serum and CSF samples for the purposes of this study was
approved by the ethics committee of Charité—Universitätsmedizin Berlin (EA1/258/19).
Written informed consent was obtained from all subjects.

Synovial fluid samples were obtained in accordance with the ethical guidelines of the
Declaration of Helsinki. This study was approved by the institutional ethics committee
of the Vinzenz Group (registration number: EK10/2020). Informed consent was obtained
from all subjects. The samples were stored at −80 ◦C.

Primary human cells were cultivated in DMEM (Gibco, Franklin, MA, USA) supple-
mented with 10% foetal bovine serum (FBS) and 4 mM L-Glutamine (Gibco, MA, USA). For
generating cell conditioned medium, cells were incubated serum-free for 24 h using DMEM
supplemented with 4 mM L-Glutamine. Sixty-five millilitres of conditioned medium was
harvested and sequentially centrifuged for 10 min each at 200× g and 2000× g, respectively.
After the centrifugation, the medium was filtered through a 0.45 µM filter and concentrated
to a volume of around 2.5 mL using Amicon Ultra-15 30 kDa filters (Millipore Sigma, Darm-
stadt, Germany). Two millilitres of the concentrated conditioned medium was applied
to a qEV2 35 nm size-exclusion chromatography column (IZON, Medford, MA, USA).
Fractions containing extracellular vesicles were collected according to the manufacturer’s
recommendation, concentrated using Amicon Ultra-15 10 kDa filters and used for isolation
of RNA. The samples were stored at −80 ◦C.

4.2. Design of the miND Spike-Ins

The miND spike-ins were designed following the protocols described by Lutzmayer et al. [28].
The spike-ins were synthesized in collaboration with Integrated DNA Technologies

(IDT). The lyophilized oligonucleotides were dissolved in sterile RNase-free water to
100 µM. Next, the oligonucleotides were diluted and mixed to obtain the miND spike-in
solution containing corresponding attomolar concentrations for each spike-in (Table 1)

4.3. RNA Extraction

Total RNA was extracted from plasma, serum, SF, and CSF samples using the miRNeasy
Mini kit following the manufacturer’s protocol (Cat. 217004, Qiagen). Briefly, aliquots of
200 µL were lysed in QIAzol Lysis reagent, followed by incubation with chloroform. After
the phase separation, the upper aqueous phase was mixed with glycogen (final concentra-
tion 50 µg/mL) and subjected to automated RNA purification in a QIAcube. Total RNA
was eluted in 30 µL of nuclease-free water and stored at −80 ◦C.
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Total RNA was extracted from 200 µL of plasma samples with Maxwell RSC miRNA
Tissue kit (Promega, Madison, WI, USA, AS1460) according to the manufacturer’s protocol.
Briefly, samples were thawed on ice and centrifuged at 12,000× g for 5 min to remove
cellular debris. For each sample, 200 µL of plasma were consequently mixed with the
following reagents: 200 µL of homogenization solution, 200 µL of lysis buffer and 15 µL
of Proteinase K. Next, samples were incubated for either 15 min or 2 h on a heat block at
37 ◦C, 300 rpm. After the incubation, samples were transferred to RSC cartridges followed
by automated RNA extraction with the Maxwell instrument. Finally, total RNA was eluted
in 50 µL nuclease-free water and stored at −80 ◦C prior to further analyses.

4.4. NGS Library Preparation

The RNA samples isolated from the plasma pool and miRXplore Universal reference
were used for small RNA library preparation with four kits: NEXTFLEX Small RNA-Seq kit
v3 for Illumina platforms (Cat. NOVA-5132-06, PerkinElmer, Waltham, MA, USA), QIAseq
miRNA Library kit (Cat. 331502, Qiagen), CleanTag small RNA library prep kit (Cat. 040L-
3206-24, TriLink Biotechnologies) and RealSeq-Biofluids NGS library preparation kit for
miRNAs and small RNAs for total RNA samples from biofluids (Cat. 600-00012-SOM,
RealSeq Biosciences, protocol 20181220_RealSeq-BF_CL). The maximal possible sample
volume of plasma RNA was used as an input for each protocol. One microlitre of either
nuclease-free water or miND spike-in were added to each reference sample before the
library prep. One picomole of miRXplore Universal Reference was used for each library
prep. The input of plasma RNA for library preparation was 9.5 µL for NEXTFLEX, 4 µL for
QIAseq, 1 µL for CleanTag and 8.5 µL for RealSeq kits. The adapters were pre-diluted to
account for low miRNA abundance in plasma samples.

The library preparation workflows were performed for NEXTFLEX, QIAseq, CleanTag
and RealSeq kits according to the manufacturer’s protocols. For NEXTFLEX and RealSeq
protocols, adapters were pre-diluted 1:4 and PCR amplification was performed for 23 cy-
cles. For QIAseq, PCR adapters were pre-diluted 1:5 and amplification was performed
for 23 cycles. For CleanTag, PCR adapters were pre-diluted 1:12 and amplification was
performed for 22 cycles.

In total, 54 microRNA libraries were prepared and analysed for library fragments
distribution on an Agilent DNA 1000 kit (Agilent Technologies, Santa Clara, CA, USA,
5067-1504) with Agilent DNA1000 reagents (Agilent Technologies, 5067-1505).

The generated libraries were pooled in equimolar proportion, and the obtained pool
was size-selected with the BluePippin system using 3% agarose cassette, 100–250 kb (Sage
Science, Beverly, MA, USA, BDQ3010) to remove DNA fragments outside of the target
range. The pooled and purified libraries were analysed for fragment distribution with the
Agilent High Sensitivity DNA kit (Agilent Technologies, 5067-4626) with Agilent High
Sensitivity DNA reagents (Agilent Technologies, 5067-4627).

The library pool was sequenced on an Illumina NextSeq550 (single-read, 75 bp) ac-
cording to the manufacturer’s protocol.

4.5. RT-qPCR

cDNA was synthesized from total RNA using the miRCURY LNA RT kit (Qiagen,
339340). The samples were processed according to the manufacturer’s specifications. In
total, 2µL of total RNA were used per 10µL reverse transcription (RT) reaction. PCR
amplification was performed using a 96-well plate format on a Roche LC96 instrument
(Roche Diagnostic) using miRCURY LNA SYBR Green PCR kit (Qiagen, 339347) with the
following settings: 95 ◦C for 2 min, 45 cycles of 95 ◦C for 10 s, and 56 ◦C for 60 s, followed
by melting curve analysis. To calculate the cycle of quantitation values (Cq-values), a
combination of the 2nd derivative maximum and the fits point method (LC96, Roche
software) was used. Cel-miR-39 was added to the total RNA sample prior to reverse
transcription and qPCR to measure the efficiency of cDNA synthesis.
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4.6. Bioinformatic Analyses

The bioinformatic analyses were performed with the software package miND, a data
analysis pipeline that generates overall QC data, unsupervised clustering analysis, nor-
malised microRNA count matrices, and differential expression analysis based on raw NGS
data. Overall quality of the next-generation sequencing data was evaluated automatically
and manually with fastQC v0.11.8 [37] and multiQC v1.7 [38]. Reads from all passing
samples were adapter trimmed and quality filtered using cutadapt v2.3 [39] and filtered for
a minimum length of 17 nt. Mapping steps were performed with bowtie v1.2.2 [40] and
miRDeep2 v2.0.1.2 [41], whereas reads were mapped first against the genomic reference
GRCh38.p12 provided by Ensembl [42], allowing for two mismatches, and subsequently
miRBase v22.1. [43], filtered for microRNAs of hsa only, allowing for one mismatch. For a
general RNA composition overview, non-microRNA mapped reads were mapped against
RNAcentral [44] and then assigned to various RNA species of interest. Statistical analy-
sis of pre-processed NGS data was performed with R v3.6 and the packages pheatmap
v1.0.12, pcaMethods v1.78 and genefilter v1.68. Differential expression analysis with edgeR
v3.28 [45] used the quasi-likelihood negative binomial generalized log-linear model func-
tions provided by the package. The independent filtering method of DESeq2 [46] was
adapted for use with edgeR to remove low abundant microRNAs and thus optimize the
false discovery rate (FDR) correction. The absolute normalisation was performed based on
the predefined spike-in concentrations [28].

The subsampling was performed using Seqtk v1.3 tool [47].

4.7. Data Analyses and Statistical Methods

Data processing and analyses were conducted using Microsoft Excel version 16.57 [48]
and GraphPad Prism version 9.1 (GraphPad Software, San Diego, CA, USA, www.graphpad.
com (accessed on 13 December 2021).) [49]. Data were visualised using R v4.3 and the
packages ggplot2, ggpubr and enhancedVolcano by generating scatter plots and Volcano
plots. Graphics were created using BioRender.com [50].

5. Conclusions

We established and validated the miND assay that enables one to perform abso-
lute normalisation of small RNA sequencing data based on the concentrations of exoge-
nous spike-ins.

6. Patents

A patent was filed for the invention related to novel spike-in oligonucleotides for use
in quantitative normalisation of nucleotide sequence data and was granted in the EU under
EP3354746B1.
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//www.mdpi.com/article/10.3390/ijms23031226/s1.

Author Contributions: Conceptualization, K.K., A.T.S., H.R., K.R., C.E.G., W.E.G. and M.H.; method-
ology, K.K. and A.B.D.; software, A.B.D.; laboratory work, K.K., S.S., M.W., T.L.K., C.A.F., A.L.S.,
C.O., N.B., C.S., B.J., B.J.H.F. and J.G.H.; formal analysis, K.K., A.B.D., M.P., H.R. and M.H.; writing—
original draft preparation, K.K. and M.H.; writing—review and editing, M.H., C.E.G., J.G. and R.G.;
visualization, K.K. and M.P.; supervision, M.H. All authors have read and agreed to the published
version of the manuscript.

Funding: The TransBioLine project has received funding from the Innovative Medicines Initiative
2 Joint Undertaking under grant agreement No. 821283. This Joint Undertaking receives support
from the European Union’s Horizon 2020 research and innovation programme and EFPIA. This
communication reflects the authors’ view, and neither IMI nor the European Union or EFPIA are
responsible for any use that may be made of the information contained therein. K.R. received
research support from Novartis Pharma, Merck Serono, German Ministry of Education and Research,

www.graphpad.com
www.graphpad.com
https://www.mdpi.com/article/10.3390/ijms23031226/s1
https://www.mdpi.com/article/10.3390/ijms23031226/s1


Int. J. Mol. Sci. 2022, 23, 1226 18 of 20

European Union (821283-2), Stiftung Charité (BIH Clinical Fellow Program) and Arthur Arnstein
Foundation, and received travel grants from Guthy Jackson Charitable Foundation.

Institutional Review Board Statement: The NHV samples were obtained from the placebo period
of a clinical study investigating the effects of desmopressin on endothelial activation (REF: PMID
32483770). The independent Ethics Committee of the Medical University of Vienna (1178/2018)
and the competent authorities (Austrian Agency for Health and Food Safety) approved the study,
which was conducted in accordance with the Declaration of Helsinki and the Good Clinical Practice
guideline. All subjects provided informed consent prior to any trial-related activities.

Informed Consent Statement: Usage of serum and CSF samples for the purposes of this study was
approved by the ethics committee of Charité—Universitätsmedizin Berlin (EA1/258/19). Written
informed consent was obtained from all subjects. Usage of APAP samples for the purposes of this
study was approved by North West 4 Research Ethics Committee—Liverpool North: Ethics Number
is: 09/H1001/93. Written informed consent was obtained from all subjects. Synovial fluid samples
were obtained in accordance with the ethical guidelines of the Declaration of Helsinki. This study
was approved by the institutional ethics committee of the Vinzenz Group (registration number:
EK10/2020). Informed consent was obtained from all subjects.

Data Availability Statement: The datasets generated during the current study are available in the
Gene Expression Omnibus repository (GSE189930).

Conflicts of Interest: M.H., K.K., A.B.D., S.S., M.W., M.P. and T.L.K. are employed by TAmiRNA
GmbH, and M.H., J.G. and R.G. are company shareholders. M.H., J.G. and R.G. hold patents related
to diagnostic and therapeutic applications of microRNAs.

Abbreviations

APAP acetaminophen-induced liver injury
CSF cerebrospinal fluid
EV extracellular vesicles
FDR false discovery rate
IQR inter-quartile range
NGS Next generation sequencing
NHV Normal healthy volunteers
PPP platelet-poor plasma
RPM reads per million genome-matching reads
SF synovial fluid
UMI Unique Molecular Indices

References
1. Weber, J.A.; Baxter, D.H.; Zhang, S.; Huang, D.Y.; How Huang, K.; Jen Lee, M.; Galas, D.J.; Wang, K. The microRNA spectrum in

12 body fluids. Clin. Chem. 2010, 56, 1733–1741. [CrossRef] [PubMed]
2. Godoy, P.M.; Bhakta, N.R.; Barczak, A.J.; Cakmak, H.; Fisher, S.; MacKenzie, T.C.; Patel, T.; Price, R.W.; Smith, J.F.;

Woodruff, P.G.; et al. Large differences in small RNA composition between human biofluids. Cell Rep. 2018, 25, 1346–1358.
[CrossRef] [PubMed]

3. Gutmann, C.; Khamina, K.; Theofilatos, K.; Diendorfer, A.B.; Burnap, S.A.; Nabeebaccus, A.; Fish, M.; McPhail, M.J.W.;
O’Gallagher, K.; Schmidt, L.E.; et al. Association of cardiometabolic microRNAs with COVID-19 severity and mortality.
Cardiovasc. Res. 2021, cvab338. [CrossRef] [PubMed]

4. Corsten, M.F.; Dennert, R.; Jochems, S.; Kuznetsova, T.; Devaux, Y.; Hofstra, L.; Wagner, D.R.; Staessen, J.A.; Heymans, S.;
Schroen, B. Circulating MicroRNA-208b and MicroRNA-499 reflect myocardial damage in cardiovascular disease. Circ. Cardiovasc.
Genet. 2010, 3, 499–506. [CrossRef]

5. Kingsley, S.M.K.; Bhat, B.V. Role of microRNAs in sepsis. Inflamm. Res. 2017, 66, 553–569. [CrossRef]
6. Nahand, J.S.; Taghizadeh-Boroujeni, S.; Karimzadeh, M.; Borran, S.; Pourhanifeh, M.H.; Moghoofei, M.; Bokharaei-Salim, F.;

Karampoor, S.; Jafari, A.; Asemi, Z.; et al. MicroRNAs: New prognostic, diagnostic, and therapeutic biomarkers in cervical cancer.
J. Cell. Physiol. 2019, 234, 17064–17099. [CrossRef]

7. Macha, M.; Seshacharyulu, P.; Krishn, S.R.; Pai, P.; Rachagani, S.; Jain, M.; Batra, S. MicroRNAs (miRNAs) as biomarker(s) for
prognosis and diagnosis of gastrointestinal (GI) cancers. Curr. Pharm. Des. 2014, 20, 5287–5297. [CrossRef]

http://doi.org/10.1373/clinchem.2010.147405
http://www.ncbi.nlm.nih.gov/pubmed/20847327
http://doi.org/10.1016/j.celrep.2018.10.014
http://www.ncbi.nlm.nih.gov/pubmed/30380423
http://doi.org/10.1093/cvr/cvab338
http://www.ncbi.nlm.nih.gov/pubmed/34755842
http://doi.org/10.1161/CIRCGENETICS.110.957415
http://doi.org/10.1007/s00011-017-1031-9
http://doi.org/10.1002/jcp.28457
http://doi.org/10.2174/1381612820666140128213117


Int. J. Mol. Sci. 2022, 23, 1226 19 of 20

8. Larrea, E.; Sole, C.; Manterola, L.; Goicoechea, I.; Armesto, M.; Arestin, M.; Caffarel, M.M.; Araujo, A.M.; Araiz, M.;
Fernandez-Mercado, M.; et al. New concepts in cancer biomarkers: Circulating miRNAs in liquid biopsies. Int. J. Mol. Sci. 2016,
17, 627. [CrossRef]

9. Wang, J.; Chen, J.; Sen, S. MicroRNA as biomarkers and diagnostics: MicroRNAs as biomarkers for diagnostics. J. Cell. Physiol.
2016, 231, 25–30. [CrossRef]

10. Howell, L.; Ireland, L.; Park, B.K.; Goldring, C.E. MiR-122 and other microRNAs as potential circulating biomarkers of drug-
induced liver injury. Expert Rev. Mol. Diagn. 2018, 18, 47–54. [CrossRef]

11. Laterza, O.F.; Lim, L.; Garrett-Engele, P.W.; Vlasakova, K.; Muniappa, N.; Tanaka, W.K.; Johnson, J.M.; Sina, J.F.; Fare, T.L.;
Sistare, F.D.; et al. Plasma MicroRNAs as sensitive and specific biomarkers of tissue injury. Clin. Chem. 2009, 55, 1977–1983.
[CrossRef] [PubMed]

12. Erdos, Z.; Barnum, J.E.; Wang, E.; DeMaula, C.; Dey, P.M.; Forest, T.; Bailey, W.J.; Glaab, W.E. Evaluation of the relative performance
of pancreas-specific MicroRNAs in rat plasma as biomarkers of pancreas injury. Toxicol. Sci. 2020, 173, 5–18. [CrossRef] [PubMed]

13. Schofield, A.L.; Brown, J.P.; Brown, J.; Wilczynska, A.; Bell, C.; Glaab, W.E.; Hackl, M.; Howell, L.; Lee, S.; Dear, J.W.; et al. Systems
analysis of miRNA biomarkers to inform drug safety. Arch. Toxicol. 2021, 95, 3475–3495. [CrossRef] [PubMed]

14. Schraml, E.; Hackl, M.; Grillari, J. MicroRNAs and toxicology: A love marriage. Toxicol. Rep. 2017, 4, 634–636. [CrossRef]
[PubMed]

15. Buschmann, D.; Haberberger, A.; Kirchner, B.; Spornraft, M.; Riedmaier, I.; Schelling, G.; Pfaffl, M.W. Toward reliable biomarker
signatures in the age of liquid biopsies—How to standardize the small RNA-Seq workflow. Nucleic Acids Res. 2016, 44, 5995–6018.
[CrossRef]

16. Wang, Z.; Gerstein, M.; Snyder, M. RNA-Seq: A revolutionary tool for transcriptomics. Nat. Rev. Genet. 2009, 10, 57–63. [CrossRef]
17. Landgraf, P.; Rusu, M.; Sheridan, R.; Sewer, A.; Iovino, N.; Aravin, A.; Pfeffer, S.; Rice, A.; Kamphorst, A.O.; Landthaler, M.; et al.

A Mammalian microRNA expression atlas based on small RNA library sequencing. Cell 2007, 129, 1401–1414. [CrossRef]
18. De Rie, D.; Abugessaisa, I.; Alam, T.; Arner, E.; Arner, P.; Ashoor, H.; Åström, G.; Babina, M.; Bertin, N.; Burroughs, A.M.; et al. An

integrated expression atlas of miRNAs and their promoters in human and mouse. Nat. Biotechnol. 2017, 35, 872–878. [CrossRef]
19. Murillo, O.D.; Thistlethwaite, W.; Rozowsky, J.; Subramanian, S.L.; Lucero, R.; Shah, N.; Jackson, A.R.; Srinivasan, S.; Chung, A.;

Laurent, C.D.; et al. exRNA Atlas analysis reveals distinct extracellular RNA cargo types and their carriers present across human
biofluids. Cell 2019, 177, 463–477.e15. [CrossRef]

20. Wright, C.; Rajpurohit, A.; Burke, E.E.; Williams, C.; Collado-Torres, L.; Kimos, M.; Brandon, N.J.; Cross, A.J.; Jaffe, A.E.;
Weinberger, D.R.; et al. Comprehensive assessment of multiple biases in small RNA sequencing reveals significant differences in
the performance of widely used methods. BMC Genom. 2019, 20, 513. [CrossRef]

21. Fuchs, R.T.; Sun, Z.; Zhuang, F.; Robb, G.B. Bias in ligation-based small RNA sequencing library construction is determined by
adaptor and RNA structure. PLoS ONE 2015, 10, e0126049. [CrossRef] [PubMed]

22. Raabe, C.A.; Tang, T.-H.; Brosius, J.; Rozhdestvensky, T.S. Biases in small RNA deep sequencing data. Nucleic Acids Res. 2014, 42,
1414–1426. [CrossRef] [PubMed]

23. Meyer, S.U.; Pfaffl, M.W.; Ulbrich, S.E. Normalization strategies for microRNA profiling experiments: A “normal” way to a
hidden layer of complexity? Biotechnol. Lett. 2010, 32, 1777–1788. [CrossRef] [PubMed]

24. Fu, Y.; Wu, P.-H.; Beane, T.; Zamore, P.D.; Weng, Z. Elimination of PCR duplicates in RNA-seq and small RNA-seq using unique
molecular identifiers. BMC Genom. 2018, 19, 531. [CrossRef]

25. Barberán-Soler, S.; Vo, J.M.; Hogans, R.E.; Dallas, A.; Johnston, B.H.; Kazakov, S.A. Decreasing miRNA sequencing bias using a
single adapter and circularization approach. Genome Biol. 2018, 19, 105. [CrossRef]

26. Mussbacher, M.; Krammer, T.L.; Heber, S.; Schrottmaier, W.C.; Zeibig, S.; Holthoff, H.-P.; Pereyra, D.; Starlinger, P.; Hackl, M.;
Assinger, A. Impact of anticoagulation and sample processing on the quantification of human blood-derived microRNA signatures.
Cells 2020, 9, 1915. [CrossRef]

27. Lutzmayer, S.; Enugutti, B.; Nodine, M.D. Novel small RNA spike-in oligonucleotides enable absolute normalization of small
RNA-Seq data. Sci. Rep. 2017, 7, 5913. [CrossRef]

28. Wong, R.K.Y.; MacMahon, M.; Woodside, J.V.; Simpson, D.A. A comparison of RNA extraction and sequencing protocols for
detection of small RNAs in plasma. BMC Genom. 2019, 20, 446. [CrossRef]

29. Campbell, J.D.; Liu, G.; Luo, L.; Xiao, J.; Gerrein, J.; Juan-Guardela, B.; Tedrow, J.; Alekseyev, Y.O.; Yang, I.V.; Correll, M.; et al.
Assessment of microRNA differential expression and detection in multiplexed small RNA sequencing data. RNA 2015, 21,
164–171. [CrossRef]

30. Krauskopf, J.; De Kok, T.M.; Schomaker, S.J.; Gosink, M.; Burt, D.A.; Chandler, P.; Warner, R.L.; Johnson, K.J.; Caiment, F.;
Kleinjans, J.C.; et al. Serum microRNA signatures as “liquid biopsies” for interrogating hepatotoxic mechanisms and liver
pathogenesis in human. PLoS ONE 2017, 12, e0177928. [CrossRef]

31. The External RNA Controls Consortium. The External RNA Controls Consortium: A progress report. Nat. Methods 2005, 2,
731–734. [CrossRef] [PubMed]

32. Munro, S.A.; Lund, S.P.; Pine, P.S.; Binder, H.; Clevert, D.-A.; Conesa, A.; Dopazo, J.; Fasold, M.; Hochreiter, S.; Hong, H.; et al.
Assessing technical performance in differential gene expression experiments with external spike-in RNA control ratio mixtures.
Nat. Commun. 2014, 5, 5125. [CrossRef] [PubMed]

http://doi.org/10.3390/ijms17050627
http://doi.org/10.1002/jcp.25056
http://doi.org/10.1080/14737159.2018.1415145
http://doi.org/10.1373/clinchem.2009.131797
http://www.ncbi.nlm.nih.gov/pubmed/19745058
http://doi.org/10.1093/toxsci/kfz184
http://www.ncbi.nlm.nih.gov/pubmed/31504967
http://doi.org/10.1007/s00204-021-03150-9
http://www.ncbi.nlm.nih.gov/pubmed/34510227
http://doi.org/10.1016/j.toxrep.2017.11.001
http://www.ncbi.nlm.nih.gov/pubmed/29214146
http://doi.org/10.1093/nar/gkw545
http://doi.org/10.1038/nrg2484
http://doi.org/10.1016/j.cell.2007.04.040
http://doi.org/10.1038/nbt.3947
http://doi.org/10.1016/j.cell.2019.02.018
http://doi.org/10.1186/s12864-019-5870-3
http://doi.org/10.1371/journal.pone.0126049
http://www.ncbi.nlm.nih.gov/pubmed/25942392
http://doi.org/10.1093/nar/gkt1021
http://www.ncbi.nlm.nih.gov/pubmed/24198247
http://doi.org/10.1007/s10529-010-0380-z
http://www.ncbi.nlm.nih.gov/pubmed/20703800
http://doi.org/10.1186/s12864-018-4933-1
http://doi.org/10.1186/s13059-018-1488-z
http://doi.org/10.3390/cells9081915
http://doi.org/10.1038/s41598-017-06174-3
http://doi.org/10.1186/s12864-019-5826-7
http://doi.org/10.1261/rna.046060.114
http://doi.org/10.1371/journal.pone.0177928
http://doi.org/10.1038/nmeth1005-731
http://www.ncbi.nlm.nih.gov/pubmed/16179916
http://doi.org/10.1038/ncomms6125
http://www.ncbi.nlm.nih.gov/pubmed/25254650


Int. J. Mol. Sci. 2022, 23, 1226 20 of 20

33. Plotnikova, A.; Kellner, M.J.; Schon, M.A.; Mosiolek, M.; Nodine, M.D. MicroRNA Dynamics and Functions during Arabidopsis
Embryogenesis. Plant Cell 2019, 31, 2929–2946. [CrossRef]

34. Chomczynski, P.; Wilfinger, W.W.; Eghbalnia, H.R.; Kennedy, A.; Rymaszewski, M.; Mackey, K. Inter-individual differences in
RNA levels in human peripheral blood. PLoS ONE 2016, 11, e0148260. [CrossRef] [PubMed]

35. Baldrich, P.; Tamim, S.; Mathioni, S.; Meyers, B. Ligation bias is a major contributor to nonstoichiometric abundances of secondary
siRNAs and impacts analyses of microRNAs. bioRxiv 2020. [CrossRef]

36. Buchtele, N.; Kovacevic, K.D.; Brostjan, C.; Schwameis, M.; Hayden, H.; Derhaschnig, U.; Firbas, C. Differential Osteoprotegerin
Kinetics after Stimulation with Desmopressin and Lipopolysaccharides In Vivo. Thromb Haemost 2020, 120, 1108–1115. [CrossRef]

37. Andrews, S. Babraham Bioinformatics—FastQC a Quality Control Tool for High Throughput Sequence Data. Available online:
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 13 December 2021).

38. Ewels, P.; Magnusson, M.; Lundin, S.; Käller, M. MultiQC: Summarize analysis results for multiple tools and samples in a single
report. Bioinformatics 2016, 32, 3047–3048. [CrossRef]

39. Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet. J. 2011, 17, 10–12. [CrossRef]
40. Langmead, B.; Trapnell, C.; Pop, M.; Salzberg, S.L. Ultrafast and memory-efficient alignment of short DNA sequences to the

human genome. Genome Biol. 2009, 10, R25. [CrossRef]
41. Friedländer, M.R.; Mackowiak, S.D.; Li, N.; Chen, W.; Rajewsky, N. miRDeep2 accurately identifies known and hundreds of novel

microRNA genes in seven animal clades. Nucleic Acids Res. 2012, 40, 37–52. [CrossRef]
42. Zerbino, D.R.; Achuthan, P.; Akanni, W.; Amode, M.R.; Barrell, D.; Bhai, J.; Billis, K.; Cummins, C.; Gall, A.; Girón, C.G.; et al.

Ensembl 2018. Nucleic Acids Res. 2018, 46, D754–D761. [CrossRef] [PubMed]
43. Griffiths-Jones, S. The microRNA registry. Nucleic Acids Res. 2004, 32, D109–D111. [CrossRef] [PubMed]
44. The RNAcentral Consortium. RNAcentral: A hub of information for non-coding RNA sequences. Nucleic Acids Res. 2019, 47,

D221–D229. [CrossRef] [PubMed]
45. Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. edgeR: A Bioconductor package for differential expression analysis of digital gene

expression data. Bioinformatics 2010, 26, 139–140. [CrossRef] [PubMed]
46. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome

Biol. 2014, 15, 550. [CrossRef] [PubMed]
47. Seqtk. Available online: https://github.com/lh3/seqtk (accessed on 11 September 2021).
48. Excel Microsoft Office. Available online: https://office.microsoft.com/excel (accessed on 13 December 2021).
49. GraphPad Software. Available online: https://www.graphpad.com (accessed on 13 December 2021).
50. Biorender.com. Available online: https://biorender.com (accessed on 13 December 2021).

http://doi.org/10.1105/tpc.19.00395
http://doi.org/10.1371/journal.pone.0148260
http://www.ncbi.nlm.nih.gov/pubmed/26863434
http://doi.org/10.1101/2020.09.14.296616
http://doi.org/10.1055/s-0040-1712448
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://doi.org/10.1093/bioinformatics/btw354
http://doi.org/10.14806/ej.17.1.200
http://doi.org/10.1186/gb-2009-10-3-r25
http://doi.org/10.1093/nar/gkr688
http://doi.org/10.1093/nar/gkx1098
http://www.ncbi.nlm.nih.gov/pubmed/29155950
http://doi.org/10.1093/nar/gkh023
http://www.ncbi.nlm.nih.gov/pubmed/14681370
http://doi.org/10.1093/nar/gky1034
http://www.ncbi.nlm.nih.gov/pubmed/30395267
http://doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/pubmed/19910308
http://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://github.com/lh3/seqtk
https://office.microsoft.com/excel
https://www.graphpad.com
https://biorender.com

	Introduction 
	Results 
	Study Design, Selection of Commercial Kits, and Reference Material 
	Characterization of Four Small RNA Sequencing Protocols and Selection of the Protocol for the miND Assay 
	Design and Testing of the miND Spike-In for Quality Control and Absolute Normalisation of Small RNA Sequencing Data 
	Fit-for-Purpose Validation of the Established NGS Protocol 
	NGS Analyses of Diverse Biological Samples with the miND Spike-In Assay 

	Discussion 
	Materials and Methods 
	Samples 
	Design of the miND Spike-Ins 
	RNA Extraction 
	NGS Library Preparation 
	RT-qPCR 
	Bioinformatic Analyses 
	Data Analyses and Statistical Methods 

	Conclusions 
	Patents 
	References

