Received: 13 December 2018
Accepted: 22 August 2019
Published online: 04 September 2019

www.nature.com/scientificreports

SCIENTIFIC
REPORTS

natureresearch

Corrected: Author Correction

Identification of stably expressed
housekeeping miRNAs in
endothelial cells and macrophages
in an inflammatory setting

Fabian Link?, Knut Krohn®? & Julia Schumann®?

Reliable quantification of miRNA expression by qRT-PCR crucially depends on validated housekeepers
for data normalization. Here we present thoroughly tested miRNAs eligible as references in
immunological studies utilizing endothelial cells and macrophages, respectively. Endothelial cells

(cell line: TIME) and macrophages (cell line: RAW264.7) were treated with various pro- and anti-
inflammatory mediators (cytokines, LPS, unsaturated fatty acids) given as either single substances orin
combination. Isolated RNA was screened for stably expressed miRNAs by next generation sequencing.
Housekeeper candidates were thereafter validated by means of two independent quantification
techniques: qRT-PCR for relative quantification and ddPCR for absolute quantification. Both methods
consistently confirmed the suitability of let-7g-5p, let-7i-5p, miR-127-3p and miR-151a-5p in cytokine/
fatty acid-treated TIME and miR-16-5p, miR-27b-3p, miR-103a-3p and miR-423-3p in LPS/fatty acid-
treated RAW264.7, respectively as housekeeping miRNAs. With respect to abundancy and over all
expression stability the miRNAs miR-151a-5p (cell line: TIME) as well as miR-27b-3p and miR-103a-3p
(cell line: RAW264.7) can be particularly recommended for normalization of qRT-PCR data.

MicroRNAs (miRNAs) have become an object of intense research in biomedical sciences as they play an impor-
tant role in the regulation of complex biological systems by repressing gene translation'=. For example, miR-
NAs are involved in inflammatory processes and have been linked to endothelial dysfunction*-® and macrophage
polarization’~. Further on, miRNA expression alterations have been described in oncological'® or various other
diseases'"'> which makes them a promising tool in clinical diagnostics. In order to gain a detailed molecular and
mechanistic understanding of miRNA functions as well as to verify the usefulness of miRNAs as innovative diag-
nostic biomarkers precise quantification tools are imperatively required.

A method often used for miRNA quantification is the Real-Time polymerase chain reaction (QRT-PCR
Modern qRT-PCR systems detect the fluorescent signal of a reporter dye after every cycle and determine the cycle
in which the signal exceeds an arbitrarily set threshold". This cycle number (called “Ct value”) is a measuring unit
for the target abundance relative to a defined housekeeping nucleic acid which is used for normalization'®. An
absolute prerequisite to reliably compensate procedural and biological variability is the independency and stabil-
ity of the chosen housekeeper!”-2°. The selection of an adequate housekeeper, therefore, is a key point in gRT-PCR
analysis. However, with respect to miRNA quantification this has proven to be a difficult issue.

Housekeeping genes typically used for messenger RNA (mRNA) quantification like GAPDH and (3-actin are
considerably larger than miRNAs. As the amplification efficiency depends on DNA size these housekeepers are
inappropriate for miRNA qRT-PCR?!. Small nuclear and nucleolar RNAs, such as U6 or SNORD44, are more suit-
able with respect to size but their eligibility has been found to be limited, too. There is evidence that the expression
rate of these housekeepers differs among tissue types and shows inter-individual variations?. In addition, these
normalizers seem to be affected by the surrounding milieu, e.g. the presence of cytokines?*-?*. Another problem
is that the nuclear/nucleolar RNAs differ from miRNAs in biochemical properties which could lead to normali-
zation bias**?’. Housekeepers belonging to the same type of RNA, therefore, appear to be particularly appropriate
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Coefficient of Stability
Cellline miRNA variation value
TIME let-7g-5p 0.13 0.20
TIME let-7i-5p 0.14 0.19
TIME miR-106b-3p 0.14 0.16
TIME miR-127-3p 0.14 0.20
TIME miR-151a-5p 0.09 0.09
RAW264.7 miR-10a-5p 0.11 0.12
RAW264.7 miR-16-5p 0.09 0.12
RAW264.7 miR-27b-3p 0.10 0.11
RAW264.7 miR-103a-3p 0.10 0.12
RAW264.7 miR-423-3p 0.09 0.09

Table 1. Potential housekeeping miRNAs selected from screening based on NGS.

for normalization. Hence, there is a need for the identification of stably expressed housekeeper miRNAs with
respect to the experimental setting.

Here we present thoroughly tested miRNAs eligible as housekeepers in immunological studies utilizing
endothelial cells and macrophages, respectively. The expression rate of the identified housekeeper miRNAs was
proven to be virtually unaffected by several pro- and anti-inflammatory mediators (cytokines, LPS, unsaturated
fatty acids) given as either single substances or in combination.

Results

Next generation sequencing (NGS). To identify adequate housekeeping genes for gRT-PCR on endothe-
lial cells (cell line: TIME) and macrophages (cell line: RAW264.7) under inflammatory conditions a NGS-based
screening was carried out. In TIME treated with the cytokines IL-103, TNF-o and IFN-~ (5ng/ml each) 1173 dif-
ferent miRNAs were detected compared with 1093 miRNAs in unstimulated control cells. In RAW264.7 treated
with LPS (1 ug/ml) 236 different miRNAs were detected compared with 235 miRNAs in unstimulated control
cells. For those miRNAs detectable in both stimulated and unstimulated cells the coefficient of variation (CV) and
NormFinder stability value over all samples was calculated to find the most stable expressed ones. Low CV and
stability value indicate a stable miRNA expression. The five miRNAs with the lowest CV and stability value were
elected for both cell types as potential housekeeper candidates (Table 1).

Quantitative real-time PCR (QRT-PCR).  Eligibility of selected miRNAs as housekeepers under the influ-
ence of inflammatory mediators was validated by means of qRT-PCR. The melting curves confirmed the specific-
ity of all primers used. An amplification efficiency between 0.90 and 1.10 was considered sufficient.

All of the five housekeeper candidates for TIME were detected in qRT-PCR while they differed substantially
in abundance. The highest expression rate was measured for let-7i-5p with a mean Ct value of 26.52. Lowest
abundancy was found for miR-106b-3p with a mean Ct value of 35.25. As expected from NGS screening data
expression rates of the miRNAs let-7g-5p, let-7i-5p, miR-127-3p and miR-151a-5p were not significantly affected
by cytokine stimulation (Fig. 1). Likewise, supplementation of unsaturated fatty acids or a combination of
cytokine and fatty acid treatment did not alter the expression rate (Fig. 1). Of those miRNAs with a mean Ct value
below 30, miR-151a-5p showed the lowest over all variation at implemented experimental conditions. Unlike the
aforementioned miRNAs the miR-106b-3p displayed significant group differences between treatment groups
(Supplementary Fig. S1) which render it unsuitable as a housekeeper.

For RAW264.7 qRT-PCR-based detection was successful for each of the five housekeeping candidates. miR-
27b-3p was found to be the most abundant one with a mean Ct value of 25.98. The lowest expression rate was
detected for miR-10a-5p with a mean Ct value of 35.44. As displayed in Fig. 2 the miRNAs miR-16-5p, miR-
27b-3p, miR-103a-3p and miR-423-3p were nearly unaltered under the influence of LPS stimulation, unsaturated
fatty acid supplementation or combination treatment. Of those miRNAs with a mean Ct value below 30, miR-
27b-3p and miR-103a-3p were the most invariant ones. On the contrary miR-10a-5p showed some variations in
expression rates due to cytokine and/or fatty acid treatment (Supplementary Fig. S2).

Droplet digital PCR (ddPCR). For a deeper insight on expression changes of housekeeper candidates we
additionally performed an absolute quantification of the miRNAs by means of the Droplet Digital PCR (ddPCR)
technology.

In line with the results from the qRT-PCR in TIME cells let-7i-5p showed the highest abundancy (25089
copies per ng RNA on average of all test groups) and miR-106b-3p the lowest abundancy (380 copies per ng RNA
on average of all test groups) of the analysed miRNAs. The ddPCR analysis further confirmed the eligibility of
the miRNAs let-7g-5p, let-7i-5p, miR-127-3p and miR-151a-5p as housekeepers under the influence of cytokines
and/or unsaturated fatty acids (Fig. 3). The fold changes in miRNA expression rate induced by cytokine treatment
and/or unsaturated fatty acid supplementation did not exceed 0.25 for all of these miRNAs (Fig. 3) which is also
evident from the low average differences in absolute copy counts of stimulated compared to unstimulated TIME
cells (Table 2). For miR-106b-3p the fold change in miRNA expression rate was found to be higher but not signif-
icantly altered compared to untreated control (Supplementary Fig. S1).
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Figure 1. qRT-PCR data of TIME cells. TIME were stimulated with a cytokine mix consisting of IL-13,
TNF-oand IFN- (each in a concentration of 5 ng/ml) and/or supplemented with the unsaturated fatty

acids docosahexaenoic acid (DHA, C22:6n3) or arachidonic acid (AA, C20:4n6). Quantification of miRNA
expression was performed by means of the miRCURY LNA SYBR Green PCR kit and appropriate miRCURY
LNA miRNA PCR assay primers on a CFX96 Touch Real Time PCR detection system (N =4, n=2). The
fluorescence signal of all samples was measured at the end of every PCR cycle as relative fluorescent unit (RFU).
miRNA expression is displayed as mean difference to unstimulated control on the basis of raw Ct values. The
mean RFU values and standard deviations are plotted as a sigmoidal curve.

Likewise for RAW264.7 a high consistency was seen between qRT-PCR and ddPCR data. With a mean of
121174 copies per ng RNA miR-27b-3p was the most abundant of the miRNAs analysed. The lowest expres-
sion rate (1975 copies per ng RNA on average of all test groups) was found for miR-10a-5p. LPS stimulation
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Macrophage cell line RAW267.4
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Figure 2. qRT-PCR data of RAW264.7 cells. RAW264.7 were stimulated with LPS (1 pg/ml) and/or
supplemented with the unsaturated fatty acids docosahexaenoic acid (DHA, C22:6n3) or arachidonic acid

(AA, C20:4n6). Quantification of miRNA expression was performed by means of the miRCURY LNA SYBR
Green PCR kit and appropriate miRCURY LNA miRNA PCR assay primers on a CFX96 Touch Real Time PCR
detection system (N =4, n=2). The fluorescence signal of all samples was measured at the end of every PCR cycle
as relative fluorescent unit (RFU). miRNA expression is displayed as mean difference to unstimulated control on
the basis of raw Ct values. The mean RFU values and standard deviations are plotted as a sigmoidal curve.

and/or unsaturated fatty acid supplementation did not lead to significant alterations in the expression of miR-
16-5p, miR-27b-3p, miR-103a-3p and miR-423-3p (Fig. 4). The induced fold change in miRNA expression rate
did not exceed 0.40 for all of these miRNAs (Fig. 4). This can also be deduced from the average differences in
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Figure 3. ddPCR data of TIME cells. TIME were stimulated with a cytokine mix consisting of IL-13, TNF-«
and IFN-~ (each in a concentration of 5 ng/ml) and/or supplemented with the unsaturated fatty acids
docosahexaenoic acid (DHA, C22:6n3) or arachidonic acid (AA, C20:4n6). Absolute quantification of miRNA
expression was performed by means of the EvaGreen Supermix and appropriate miRCURY LNA miRNA PCR
assay primers on a QX200 ddPCR droplet reader system (N =4, n=2). miRNA expression was measured as
RNA molecules per pl sample. Results are displayed as fold change to unstimulated control.

Mean copy count of Mean difference induced by LPS/
Cell type miRNA untreated control cytokines and/or fatty acids
TIME let-7g-5p 15111 2332
TIME let-7i-5p 27198 4807
TIME miR-127-3p 1675 189
TIME miR-151a-5p 8965 1279
RAW264.7 miR-16-5p 105490 21978
RAW264.7 miR-27b-3p 164010 51403
RAW264.7 miR-103a-3p 19291 2841
RAW264.7 miR-423-3p 4667 545

Table 2. miRNA copy count differences induced by inflammatory mediators (cytokines, LPS, unsaturated fatty
acids).

absolute miRNA copy counts of LPS and/or fatty acid treated RAW264.7 compared to unstimulated controls
(Table 2). Expression rate of miR-10a-5p was significantly affected by LPS and/or unsaturated fatty acid treatment
(Supplementary Fig. S2).

Discussion
Due to their important role in gene regulation and their potential as diagnostic markers miRNAs have become
an important research area in recent years. For quantification of miRNAs qRT-PCR is a common tool providing
sensitive and reliable data. However, a basic condition for gaining a sound database is the application of control
measures and a proper normalization strategy. To this end different methods are available which should be used
with careful consideration.

Spike-in oligonucleotides are exogenous controls added to samples in a constant concentration. They enable
monitoring of cDNA synthesis efficiency and are of use for detection of inter-assay variabilities?®*’. Normalization
based on global mean expression is mainly intended for parallel measurement of multiple targets and miRNA
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Figure 4. ddPCR data of RAW264.7 cells. RAW264.7 cells were stimulated with LPS (1 pug/ml) and/or
supplemented with the unsaturated fatty acids docosahexaenoic acid (DHA, C22:6n3) or arachidonic acid (AA,
C20:4n6). Absolute quantification of miRNA expression was performed by means of the EvaGreen Supermix
and appropriate miRCURY LNA miRNA PCR assay primers on a QX200 ddPCR droplet reader system (N =4,
n=2). miRNA expression was measured as RNA molecules per pl sample. Results are displayed as fold change
to unstimulated control.

arrays®®?. In experiments with a limited number of target miRNAs the usability of this method is restricted with
respect to the small data record?®?’. Housekeepers, in contrast, may even be used for normalization of single
target QRT-PCR experiments. These nucleic acids are known to be stably expressed and, therefore, indicate poten-
tial intra-assay and inter-assay variabilities?*. Yet, certain basic conditions have to be met in order to prevent
normalization bias. The main criterion for suitability of a housekeeper is a stable expression rate with respect to
the analysed cell/tissue type as well as the experimental setting. Further on, an optimal level of conformity in bio-
chemical properties needs to be reached. For that reason housekeeper and target should be of the same RNA type.

A few reports describe the successful application of housekeeping miRNAs in certain disease models and
experimental settings investigating particular cells/tissues and treatment conditions (Supplementary Table S1). It
should be noted that these studies show considerable variations in the proposed reference miRNAs. This could be
attributed to the fact that miRNA expression is described to not only vary among cell and tissue types but also to
depend on the surrounding milieu®*-32. It seems that there is no miRNA that is eligible as universal housekeeper.
Thus, there is a need for defining adequate housekeeping miRNAs with respect to the intended model system. The
present study was undertaken in order to establish valid housekeepers for miRNA studies on endothelial cells or
macrophages in an inflammatory setting.

Three different techniques were used in a systematically manner. First, NGS was applied to screen all expressed
miRNAs (1173 miRNAs for endothelial cell line TIME, 236 miRNAs for macrophage cell line RAW264.7) for
their potential eligibility as housekeepers. For both cell lines the five most invariant miRNAs were selected for
further validation. Candidates identified were let-7g-5p, let-7i-5p, miR-106b-3p, miR-127-3p and miR-151a-5p
for TIME as well as miR-10a-5p, miR-16-5p, miR-27b-3p, miR-103a-3p and miR-423-3p for RAW264.7.

In the next step those miRNAs were analysed using two independent quantification methods: relative quanti-
fication by means of QRT-PCR and absolute quantification by means of ddPCR. Both techniques consistently con-
firmed the suitability of the above mentioned miRNAs as housekeepers in the presence of cytokines/LPS and/or
unsaturated fatty acids except for miR-106b-3p (TIME) and miR-10a-5p (RAW264.7). In particular, miR-151a-5p
in TIME as well as miR-27b-3p and miR-103a-3p in RAW264.7 can be highly recommended as housekeeping
miRNAs with respect to abundancy and over all expression stability.
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Previous studies propose the use of the geometric mean of multiple housekeepers as an elegant option to
minimize normalization bias?****. The validation of four housekeeping miRNAs for both cell types analysed,
therefore, represents an opportunity to further optimize qRT-PCR-based quantification.

Remarkably, the majority of the miRNAs identified in our study have already been proposed as housekeepers
in the literature (Supplementary Table S1). Whether the identified reference miRNAs might be applied to further
cell/tissue types and experimental conditions carefully needs to be validated before being used in any deviant set-
tings. Yet, it is probable that let-7g-5p, let-7i-5p and miR-151a-5p are generally suitable as housekeeping miRNAs
in immunological studies investigating vessel cells of mammalian origin. Complementary investigations of our
laboratory provides evidence that these miRNAs are stably expressed not only in the endothelial cell line TIME
but also in primary murine endothelial cells (mEC) and vascular smooth muscle cells (mVSMC) in either pres-
ence or absence of cytokine stimulation (Supplementary Fig. S3).

In order to check the plausibility of the results, the biological function of the proposed reference miRNAs was
assessed based on in silico prediction of genomic binding sites from mirWalk®. For GO enrichment focussed on
the ontology domain “biological process” G:profiler*® was used and redundant GO terms were removed by subset
analysis by means of REVIGO?. Altogether 546 GO term subsets in the biological process domain could be iden-
tified. As expected, interrelations of each miRNA with biological processes are diverse and complex. Nevertheless
certain functionalities are frequently present. For example, all proposed miRNAs are involved in processes at the
neuronal synapse like “synapse organization” (GO:0050808) and “learning and memory” (GO:0007611). Another,
frequently occurring pattern is the functional connection to formation of the urogenital tract (GO:0001655) and
reproductive system (GO:0061458). A link to inflammatory processes is only found for miR-423-3p as terms
like “immune effector process” (GO:0002252) or “leucocyte differentiation” (GO:0002521) are assigned to this
miRNA. In this respect, the in silico data are consistent with the results of our study, as the putative and validated
functional relations, with the exception of miR-423-3p, do not suggest any change due to an inflammatory milieu.

Over and above the presented data underlines the suitability of ddPCR for a housekeeper-independent abso-
lute quantification of miRNAs. The method has shown to deliver highly reliable and comparable results without
necessity of any reference for normalization. In spite of the extra effort and cost this technique might be of benefit
in case of unsatisfactory housekeepers.

Materials and Methods

Cell lines and culture media. If not stated otherwise, materials were provided by Sigma-Aldrich
(Taufkirchen, Germany). Commercially available cell lines (LGC Standards, Wesel, Germany) were used: the
human telomerase-immortalized microvascular endothelial cell line TIME (ATCC number: CRL-4025) as well as
the murine macrophage cell line RAW264.7 (ATCC number: TIB-71). TIME were cultured in basal microvascu-
lar endothelial cell growth medium (Provitro, Berlin, Germany) enriched with 5ng/ml VEGE, 5ng/ml EGE, 5ng/
ml FGE, 15ng/ml IGF-1, 10 mM L-glutamine, 0.75 U/ml heparin sulphate, 1 pg/ml hydrocortisone hemisucci-
nate, 50 pg/ml ascorbic acid (all Provitro, Berlin, Germany), 5% v/v FCS, and 12.5 pg/ml blasticidin (Invitrogen/
Thermo Fischer Scientific, Dreieich, Germany). Cell culture medium used for RAW264.7 was RPMI 1640 (PAN-
Biotech, Aidenbach, Germany) enriched with 5% v/v fetal calf serum (FCS).

Fatty acid supplementation and stimulation of cells.  For cellular fatty acid enrichment TIME as well
as RAW264.7 were incubated in cell culture medium supplemented with either docosahexaenoic acid (DHA,
C22:6n3) or arachidonic acid (AA, C20:4n6) (both Biotrend, Koln, Germany) in a final concentration of 15uM
for 72 hours. For stimulation TIME were treated with a cytokine mix consisting of IL-13, TNF-o and IFN-~, each
in a concentration of 5 ng/ml (all PeproTech, Hamburg, Germany) and RAW264.7 were treated with 1 ug/ml LPS
(from E. coli serotype 0111:B4). Stimulation was performed in the last 24 hours of fatty acid supplementation.

RNA isolation. Total RNA isolation was performed using TriFast FL (VWR/Peqlab, Erlangen, Germany)
following the manufacturer’s standard protocol. RNA concentration and quality was determined by means
of a NanoDrop spectrophotometer (Thermo Fischer Scientific, Dreieich, Germany). An absorbance quotient
A260/280 > 1.8 was considered appropriate for following procedures. Complementary DNA (cDNA) was syn-
thesized by means of the miRCURY LNA RT Kit (QIAGEN, Hilden, Germany) according to standard protocol.
Synthesized cDNA was used for both qRT-PCR and ddPCR miRNA expression quantification.

Deep sequencing and analysis of deep sequencing data. miRNA expression analysis was performed
using high-throughput sequencing by means of an Illumina HiScanSQ (Illumina Inc., San Diego, USA) in the
Core Unit DNA at the Medical Faculty, Leipzig University. In every test group three biological replicates were ana-
lysed. Samples were processed using the TruSeq Small RNA Prep kit v2 (Illumina Inc., San Diego, USA) following
the manufacturer’s standard protocol. Size restriction (140-165bp), purification and quantification of barcoded
libraries were performed using the Library quantification kit - Illumina/Universal (KAPA Biosystems, Woburn,
USA). For cluster generation up to 10 libraries per lane were factored using an Illumina cBot. 50 bp sequencing
was performed using an Illumina HighScanSQ sequencer based on version 3 chemistry and flowcell following the
manufacturer’s standard protocol.

For deep sequencing data analysis the adapter sequences were removed from raw sequences by means of
Cutadapt software, version 1.9.1%. To verify that small RNAs other than miRNAs are filtered out from the
data only sequences 15-27 bases long were analysed. These reads were aligned to human (GRCh38: NCBI_
Assembly:GCA_000001405.15) and murine (GRCm38): NCBI_Assembly:GCA_000001635.2) genome as well as
mature sequences of miRBase v21 using the bowtie2 aligner®. An error ratio of 1 nt per mature miRNA sequence
was accepted. For data compression to bam format Samtools*’ were used. Mapped reads count was determined
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using the R/Bioconductor programming environment*! by application of the ShortRead library*%. Sequence anal-
ysis after mapping against mature sequences of miRBase v21 is not affected by counts for other small RNAs (e.g
rRNA, tRNA fragments) because these sequences are not present in the reference sequences. For mapping against
the whole genome reference rRNA or tRNA fragments are usually below 1-2% in the 15-27 bp fraction. Reads
that map to their respective loci were removed before analysis using genome coordinates. Normalization of data
was performed by independent application of the DESeq 2 and the TMM (EdgeR) algorithm™.

Stability of miRNA expression was assessed based on coefficient of variation (CV), which is defined as the ratio
of standard deviation to the mean. In addition the bioinformatic VBA tool NormFinder v.0.953 for Microsoft
Excel was used to confirm expression stability considering the intra- and intergroup variation**.

Quantitative real-time PCR (qQRT-PCR). Relative expression of miRNAs was analysed by means of
the miRCURY LNA SYBR Green PCR kit and appropriate miRCURY LNA miRNA PCR assay primers (both
QIAGEN, Hilden, Germany) following the manufacturer’s instructions. Thermal cycling was performed on a
CFX96 Touch Real Time PCR detection system (BioRad, Munich, Germany). The cycling conditions comprised
initial heat activation at 95 °C for 2 minutes, 40 cycles at 95 °C for 10 seconds and 56 °C for 60 seconds followed
by a melt curve analysis. qRT-PCR reactions were performed in duplicates of four biological replicates in every
test group.

Droplet digital PCR (ddPCR). miRNA copy counts were determined by means of the Droplet Digital PCR
technology (BioRad, Munich, Germany) following the manufacturer’s standard protocols. Appropriate miR-
CURY LNA miRNA PCR assay primers (QIAGEN, Hilden, Germany) and ddPCR EvaGreen Supermix (Bio-Rad,
Munich, Germany) were used. Measurement of the nucleic acid copy count per ul sample was performed on a
QX200 ddPCR Droplet Reader (Bio-Rad, Munich, Germany). Data output was converted into nucleic acid copy
count per ng RNA. ddPCR reaction was performed in duplicates of four biological replicates in every test group.

Statistical analysis. Data are presented as means + standard deviation (SD). To identify statistical differ-
ences between means one-way analysis of variance and multiple comparisons with Tukey correction was used.
Statistical analysis was performed by means of the GraphPad Prism 6 statistics software (GraphPad Software, La
Jolla, USA). A p value < 0.05 was assumed as an indicator of significant differences.

Data Availability
Deep sequencing datasets generated and analysed during the current study are available in the Gene Expression
Omnibus (GEO) repository, accession number GSE132361.
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