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Abstract

Accurate determination of microRNA expression levels is a prerequisite in using these small non-coding RNA molecules as
novel biomarkers in disease diagnosis and prognosis. Quantitative PCR is the method of choice for measuring the expres-
sion levels of microRNAs. However, a major obstacle that affects the reliability of results is the lack of validated reference
controls for data normalization. Various non-coding RNAs have previously been used as reference controls, but their use
may lead to variations and lack of comparability of microRNA data among the studies. Despite the growing number of stud-
ies investigating microRNA profiles to discriminate between healthy and disease stages, robust reference controls for data
normalization have so far not been established. In the present article, we provide an overview of different reference controls
used in various diseases, and highlight the urgent need for the identification of suitable reference controls to produce reli-
able data. Our analysis shows, among others, that RNUG6 is not an ideal normalizer in studies using patient material from
different diseases. Finally, our article tries to disclose the challenges to find a reference control which is uniformly and stably

expressed across all body tissues, fluids, and diseases.
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Introduction

MicroRNAs (miRNAs) are single-stranded, non-coding
RNA molecules that play a pivotal role in post-transcrip-
tional regulation of gene expression. They act as transla-
tional repressors by binding to complementary sequences in
the 3’-untranslated region (UTR) of their target mRNAs [1].
To date, numerous reports have documented that miRNAs
are involved in multiple pathways that play a role in cell dif-
ferentiation, proliferation, and apoptosis. Moreover, aberrant
expression of miRNAs has been detected in a wide range of
pathological conditions including cancers [2-5], neurode-
generative disorders [6, 7], and cardiovascular diseases [8].
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This detection points to disease-specific miRNA expression
profiles that correlate with patient diagnosis, prognosis, and
responses to treatment [9]. Thus, measuring the expression
levels of miRNAs is of scientific and clinical significance.
Several methods, such as real-time PCR, northern blot-
ting, next-generation sequencing, and microarray assays,
have been described for miRNA quantification [10]. Real-
time PCR is the gold standard method for measuring miRNA
expression due to its high sensitivity, specificity, reproduc-
ibility, and low template requirements [11]. The use of refer-
ence controls for data normalization, technical and handling
variations introduced by differences in the amount and qual-
ity of starting material, as well as efficiency and performance
of the technical platforms are expected to be corrected for
an accurate miRNA quantification [12]. Thus, an optimal
selection of reference controls is critical for miRNA expres-
sion studies. Several RNA species, including small nuclear
RNAs (snRNAs), nucleolar RNAs (snoRNAs), ribosomal
RNAs (rRNAs), miRNAs, and synthetic RNAs have been
used as endogenous and exogenous reference controls so far.
Despite an increasing number of miRNA studies, there
is no current consensus on reference controls for miRNA
analyses in various diseases. The use of “pseudo” reference
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controls seems to be one of the major reasons for the discrep-
ancies in miRNA expression levels among the previously
published studies [13]. For example, Hong et al. reported
that miR-21 is up-regulated by 550-fold in pancreatic cancer
tissues if normalized to RNUG6 [14], while using RNU6 and
5S rRNA as reference controls, du Rieu et al. detected a
20-fold up-regulation in miR-21 levels in the same malignant
tissues [15]. This is a tremendous discrepancy and does not
make the data convincing. In the following, we introduce dif-
ferent reference controls used for the miRNA quantification
in different sources and diseases, and discuss their impact
on data normalization.

For our literature research, we applied PubMed, and used
the following keywords: reference control, normalizer, inter-
nal control plus serum, and plasma, tissue (Table 1).

Technical challenges

Accurate and comparable miRNA quantification depends on
pre-analytical and analytical factors. Several aspects should
be considered, starting from the selection and quality of
the matrix, the technical platform and method applied for
miRNA extraction, amplification and detection, and, finally,
the strategy of data quantification and normalization [13, 16,
17]. MiRNAs can be extracted from cultured cells, condi-
tioned cell culture media, as well as fresh, frozen and fixed
tissues, and fresh and stored body fluids, e.g., whole blood,
plasma, serum, and urine. To avoid molecular changes in
miRNA levels leading to global miRNA instability and caus-
ing enrichment or depletion of particular miRNAs in the
human samples, their collection requires the preservation by
different methods, such as blood coagulation prevention, tis-
sue freezing, fixing, and paraffin-embedding [18]. However,
the administration of archival tissue blocks with formalin
and paraffin may lead to low yields of amplifiable RNA,
false-positive data, and poor reproducibility.

Although miRNAs circulate stable in liquid biopsies,
their levels are known to be affected by several pre-analytical
factors. Initially, blood collection by anticoagulants, such
as heparin, acid citrate dextrose or EDTA, requires a rapid
processing of blood. There are also tubes (PAX) which sta-
bilize circulating miRNAs and prevent cell lysis. Thus, they
allow a prolonged storage and facilitate transport at ambi-
ent temperature between the clinic and a laboratory. Nota-
bly, plasma should be shipped. Blood cell count also sig-
nificantly affects miRNA levels in serum/plasma; therefore,
samples from patients with inflammatory status, who usually
have high white blood cell counts, should be excluded from
the analysis. In addition, hemolytic samples should also be
excluded. Hemolysis can be measured by hemoglobin quan-
tification by spectral analysis. For the preparation of serum/
plasma, a low- and high-speed step centrifugation should be

@ Springer

carried out to avoid a contamination with cells. For long-
term storage, miRNA samples should be rather stored at
temperatures of — 80 °C than —20 °C [16].

MiRNAs are challenging molecules to quantify, mainly
because of their very short length, their GC content, simi-
larities in sequences among miRNAs of the same family,
and the low abundance in the body fluids [16]. Moreover,
miRNAs only represent a small part of total RNA, and exist
in three forms: the short, linear mature miRNA, the hairpin
pre-miRNA, and the long pri-miRNA [19]. MiRNA recov-
ery also depends on their GC content and the free energy
(AG) of their most stable secondary structure. Structured
miRNAs that fold into a stable secondary structure display
a low AG. For example, phenol-based isolation techniques
result in a poor recovery rate of structured miRNAs with a
low GC content in samples with low RNA concentrations
[20].

The gold standard for detection of particular miRNAs is
real-time PCR which is specific and sensitive, allowing the
detection of small quantities of miRNAs. The most com-
mon RT-PCR uses stem-loop-shaped RT-primer TagMan
assays (Applied Biosystems), assays using locked nucleic
acid primers (Exiqon), and assays with poly-A tailing prim-
ers (Qiagen). However, using these techniques, only a lim-
ited set of miRNAs can be tested in a single reaction [21].
In contrast, the TagMan real-time PCR-based arrays using
format microfluidic cards on which preloaded PCR primers
can simultaneously profile hundreds of known miRNAs [22]
provide a better comparison of the levels of several miR-
NAs. Finally, massively parallel sequencing (next-generation
sequencing and RNA-seq) technology has enabled profiling
of know and new miRNAs.

Unfortunately, most studies have only investigated
miRNAs in populations with a low patient number. These
small-sized cohorts may introduce biases resulting in data
misinterpretation, and influence a confident detection and
validation of disease biomarkers. A previously published
meta-analysis demonstrated that the majority of the studies
have only dealt with populations below 100 individuals with
a median size of 69 subjects for the detection of miRNAs in
non-neoplastic diseases [23]. To conclude, these common
factors in performing miRNA analyses may contribute to
lacking comparability of miRNA data among the studies and
exacerbate reproducibility of the studies.

Eligibility of a reference miRNA for data
normalization

To accurately determine the levels of analyzed miRNAs, their
expression data should be normalized relatively to endogenous
and exogenous reference genes. As listed in the following sec-
tions, different studies use different normalization strategies.
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Table 1 Summary of non-coding RNAs used in different studies and their eligibility as data normalizers
Disease RNA type Source Sample size (patient/con- Suitability References
trol)
Hepatitis B RNU6 Serum 52/57 No [28]
RNU6 Serum-derived exosomes 50/50 No [29]
RNU6 Plasma 20/— No [30]
The combination of Serum 52/57 Yes [28]
miR-22%*, miR-26a, and
miR-221
miR-221/miR-22* Serum-derived exosomes 50/50 Yes/no [29]
miR-221/miR-106a/miR-21  Plasma 20/- No/yes/yes  [30]
Chronic kidney disease miR-16/miR-92a Urine 33/5 Yes/no [33]
Coronary artery disease miR-6090/miR-4516/RNU6 Plasma 111/111 Yes/yes/no [36]
Hypertension miR-92a-3p/miR-16-5p/ Plasma 18/10 Yes/yes/yes  [38]
miR-21-5p
Tuberculosis miR-93 Plasma 36/24 Yes [39]
Major depressive disorder The combination of miR- Plasma 16/14 Yes/no [40]
101-3p and miR-93-5p/
RNU6
Parkinson’s disease The combination of RNU24 Blood 38/38 Yes/no/no [41]
and Z30 snoRNA/
RNU6B/miR-103a-3p
Colorectal cancer The combination of miR- Tissue 53/53 Yes/no [44]
193a-5p, miR-27a and
let-7g/RNU6B
RNU6/miR-191-5p Serum 173/100 Yes/yes [45]
miR-106b-5p/miR-25-3p/ Serum 30/30 Yes/yes/yes  [47]
miR-93-5p
the combination of miR-345 Tissue 35/39 Yes [48]
and miR-16
miR-520d/miR-1228/miR- Exosome, plasma, tissue 20/20 Yes/yes/yes  [51]
345
Breast cancer miR-425/miR-16/RNU6B Blood 40/20 Yes/yes/no [52]
The combination of miR-16  Tissue 26/— Yes [53]
and let-7a
miR-16/5S rRNA/RNU6 Serum 15/15 No/no/no [54]
RNU6 Tissue 20/20 No [58]
Bladder cancer The combination of miR- Tissue 58/58 Yes/yes/no [60]
151-5p, miR-125a-5p,
miR-148b and miR-101/
the combination of miR-
148b, miR-874, and miR-
181b/RNU6B
miR-193a-5p/miR-16-5p Serum 60/35 Yes/yes [62]
Renal cell carcinoma The combination of miR-28, Tissue 57/57 Yes/no/no [63]
miR-103 and miR-106a/
RNU6B/RNU44
RNU6B/miR-16 Serum 34/23 Nol/yes [64]
miR-145 Tissue 34/34 Yes [64]
Cervical cancer miR-23a/miR-191/RNU6 Tissue 23/23 Yes/yes/no [66]
RNU6/RNU6B/miR-423 Tissue 20/10 No/nol/yes [68]
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Table 1 (continued)

Disease RNA type Source Sample size (patient/con- Suitability References
trol)
Hepatocellular carcinoma the combination of miR- Serum 33/33 Yes/no/mo/mo [70]

221, let-7a, and miR-26a/
miR-16/RNU6/5S rRNA

The combination of miR- Serum-derived exosomes 50/50 Yes/no [29]
221, let-7a, and miR-26a/
RNU6
The combination of miR-21 Plasma 20/- Yes/no [30]
and miR-106a/RNU6
Prostate cancer miR-130b/miR-16/RNU6B  Tissue 76/76 Yes/nol/yes [72]
RNUG6B/RNU24/RNU43 Tissue 19/19 No/yes/no [73]
miR-191 Urine 35/26 Yes [74]
Pancreatic cancer U91 snoRNA/RNU6/miR-  Tissue 24/- Yes/no/no [76]
16
RNU6B Serum-derived exosomes 41/8 Yes [77]
Gastric cancer miR-16/miR-93 Serum 40/20 Yes [80]
Endometrioid endometrial The combination of RNU48, Tissue 30/15 (fresh samples) Yes/no/no [81]
carcinoma RNU44 and SNORD75/ 44/14 (FFPE® samples)
miR-92a/miR-26b
Ovarian cancer RNU48/miR-16-5p/miR- Tissue 75/30 Yes/no/no [84]

92a-3p

*Formalin-fixed paraffin-embedded

This leads to ambiguous data interpretation and impairing
comparisons between studies. So far, no optimal normalization
strategy seems to have reached consensus status for the scien-
tific community. To find the best endogenous reference miR-
NAs, different algorithms including geNorm and Normfinder
were created. For each miRNA, geNorm calculates a stability
score as the average of a miRNA with all other miRNAs. The
less stable miRNA is removed, and calculation is repeated
until the most stable pair has been obtained. Normfinder esti-
mates the inter-group and intra-group variances of the log-
transformed expression ratios, and then combines them into a
stability value [24]. However, the reference miRNA selected
by these algorithms needs a further validation in human tissues
to examine their steady expression across the samples derived
from patients as well as healthy individuals. A stable expressed
miRNA folds into a stable secondary structure displays a short
hairpin structure and exhibits a low free energy. Accordingly,
a stable reference miRNA for an accurate data normalization
should harbor the feature of a housekeeping gene which is uni-
formly, consistently, and highly expressed among the samples,
and less degraded by RNA nucleases.
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Small nuclear, nucleolar, ribosomal RNAs,
and miRNAs as reference controls

The non-coding snRNAs, snoRNAs, and rRNAs do
not belong to the family, but they are frequently used
for miRNA data normalization. For example, snRNAs
are divided into Sm- and Lsm-classes and involved in
pre-mRNA intron splicing. SnoRNAs which are also
divided into two classes have diverse functions, of which
2'-O-methylation and pseudouridylation of rRNAs,
tRNAs, and snRNAs are the main functions. TRNAs are
the major components of the ribosome complex, and are
essential for translation in all living organisms [25, 26].

Liver disorders
The small non-coding RNUS6 is the most frequently used

reference gene for data normalization. However, RNUG6 is
not a miRNA, and therefore, miRNA data normalization
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with a different RNA type should always be scrutinized
[27]. In this regard, Zhu et al. evaluated the reliability of
RNUG6 as a reference control for miRNA data normaliza-
tion in Hepatitis B (HBV). Analyzing RNUG levels in the
serum of 52 HBV patients and 57 healthy controls, they
found large variations in RNU6 expression (10 cycles)
and a different expression between the two groups. The
stability of RNU6 was further determined using geNorm
and NormFinder algorithms, and both programs identi-
fied RNUG as the least steadily expressed gene [28]. Like-
wise, Li et al. found that expression of RNU6 was highly
unsteady in serum-derived exosomes of 50 HBV patients
and 50 healthy controls. They also detected that data nor-
malization with RNUG6 introduced bias into the analysis,
resulting in the misinterpretation of miR-21 expression
levels in HBV patients compared with hepatocellular car-
cinoma patients [29]. Moreover, Tang et al. showed that
RNUG6 expression lacked a constant level in the plasma
samples of 20 HBV patients [30]. In a benign liver dis-
order, Benz et al. indicated that RNUG6 levels were highly
variable and down-regulated in the serum of 64 liver fibro-
sis patients [31]. Finally, we also demonstrated that the
reliability of RNUBS6 as a reference gene for serum miRNA
data normalization needs further verification [32].

In addition, numerous studies have normalized their
miRNA data to miRNAs. The use of miRNAs as normal-
izer seems to be more appropriate data normalization, since
this normalization strategy with the same family of RNA
molecules comprises the same methods, such as extraction,
reverse transcription, and PCR. In this regard, Zhu et al.
selected ten miRNAs from the TagMan low-density array
that had expression levels equal to the mean levels as poten-
tial reference controls, from which five miRNAs (miR-22%,
miR-26a, miR-221, miR-16, and miR-30e) were used for fur-
ther evaluation as they were detected with the same high lev-
els in all serum samples. Then, GeNorm algorithm specified
that the optimal number of genes for an accurate normali-
zation was 3, and recommended to use the combination of
miR-22*, miR-26a, and miR-221 for miRNA normalization.
The high stability of this miRNA panel was also proved by
NormFinder algorithm. Using a cohort of 52 HBV patients
and 57 healthy controls, these scientists found that none of
the three miRNAs was differentially expressed between the
two groups due to their steady expression among all sub-
jects independent from the cohort [28]. The high stability of
miR-221 in patients with HBV was also proved in the study
conducted by Li et al. However, in this study, miR-22* was
identified as a highly unstable reference control in exosomes
from the serum of HBV patients [29]. In contrast, Tang et al.
identified miR-221 as one of the least stable reference genes
in the plasma samples of HBV patients, and showed that
miR-106a and miR-21 were highly stable in their samples
[30].

Kidney disorders

Lange and coworkers analyzed miR-16, miR-21, miR-92a,
and miR-124a as endogenous controls in expression stud-
ies on urinary exosomal miRNAs of patients with chronic
kidney disease (CKD). They introduced miR-16 as the best
candidate, since four algorithms demonstrated its high sta-
bility, as well as the mean value of miR-16 in urine samples
did not significantly differ between 33 CKD patients and 5
healthy subjects. They also indicated that though miR-92a
was the most stable candidate, it is not suitable for miRNA
normalization because of its differential expression between
the two groups [33].

Cardiovascular diseases

Mase et al. evaluated the stability of five widely used refer-
ence genes in the atrial tissue specimens from 18 patients
using geNorm, NormFinder, BestKeeper, and AC, assays.
RNU48 and RNU6 were the most and least stable refer-
ence genes, respectively. The impact of adopting different
normalization strategies was demonstrated in the case of
the quantification of miR-499a-5p expression in the study
population. Using RNU48 as a normalizer, miR-499a-5p
was significantly over-expressed in the patients with atrial
fibrillation compared to the sinus rhythm patients being in
line with a previous study [34], whereas normalization with
RNUG6 led to the loss of any subgroup expression difference
[35].

Zhang et al. investigated the suitability of ten potential
reference controls for plasma miRNA quantification in sta-
ble coronary artery disease (CAD). Using NormFinder and
BestKeeper algorithms, they identified miR-6090 and miR-
4516 as the most stable candidates in their study. They con-
firmed the reliability of miR-6090 and miR-4516 for miRNA
normalization by indicating that their levels were not signifi-
cantly different between CAD patients and healthy individu-
als in two independent cohorts comprising 21 and 90 pairs
of plasma samples. They also proved the lack of RNUG6 as a
normalizer for the quantification of miRNAs in the plasma
of CAD patients as RNU6 was the least stable reference gene
according to the NormFinder and BestKeeper algorithms. Its
use as a normalizer led to the misinterpretation of miR-21
expression. When the expression of miR-21 was normalized
to the validated endogenous controls of miR-6090 and miR-
4516, significant differences were detected between CAD
patients and controls. However, normalization with RNU6
did not reveal these differences [36].

Wang et al. assessed the stability of 7 common normal-
izers in the serum of 62 cases, of which 25 were patients
with heart failure and 10 were patients with hypertension.
The results of BestKeeper and AC, algorithms showed that
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miR-16 and let-7i were the most stable reference genes with
a low standard deviation (SD) [37].

Solayman et al. showed that miR-92a-3p, miR-16-5p, and
miR-21-5p were suitable normalizers for plasma miRNA
expression in hypertension studies. Using plasma samples
from 18 hypertensive patients and 10 healthy controls, they
found that the expression levels of none of these miRNAs
were statistically different between the two groups, and these
three endogenous controls were highly stable according to
the geNorm and NormFinder programs [38].

Tuberculosis

Barry et al. reported that miR-93 was a suitable reference
control for normalizing miRNA levels in tuberculosis (TB)
patients. They showed that its levels were steadily expressed
in plasma of 12 Chinese TB patients and 12 healthy controls
as well as in 24 Australian TB patients and 12 healthy con-
trols. This high stability of miR-93 in the different popula-
tions was also demonstrated by the geNorm and Normfinder
algorithms [39]. The study also indicated that ethnic differ-
ences should be kept in mind when investigating reliable
reference controls, because the expression of miRNAs may
differ significantly between different nations.

CNS disorders
Major depressive disorder

Liu et al. analyzed 1425 miRNAs on a microarray, and
selected miR-320d, miR-101-3p, miR-106a-5p, miR-423-5p,
and miR-93-5p for searching a suitable plasma-based ref-
erence genes for miRNA normalization in major depres-
sive disorder (MDD). They subsequently measured plasma
expression levels of these candidates in a cohort that con-
sisted of 16 patients and 14 controls, and found that all 5
miRNAs displayed no significant differences between the
two groups. They assessed the stability of the candidates
using four algorithms, and the results of the merged data
revealed that miR-101-3p and miR-93-5p were the most sta-
ble miRNAs. As the optimal number of reference genes for
a proper normalization was two, the combination of miR-
101-3p and miR-93-5p could be used for plasma miRNA
normalization in MDD. Liu et al. also evaluated the expres-
sion of RNUG6 in the plasma samples of both cohorts. They
found that although RNUG6 was steadily expressed between
the two groups, it was also one of the least stable reference
controls in comparison to the validated endogenous controls
of miR-101-3p and miR-93-5p. Thus, RNU6 may not be
suitable for miRNA normalization. Finally, they normalized
the expression levels of miR-147b and miR-30c-1-3p to the
validated reference controls and demonstrated that these two

@ Springer

miRNAs were down-regulated in the patients with MDD
which was accordant with the microarray data [40].

Parkinson’s disease

Due to their literature research, Serafin et al. [41] investi-
gated RNU24, RNUG6B, and Z30 snoRNA as normalizers
in 38 pairs of blood samples from patients with Parkinson’s
disease (PD) and healthy controls. They identified the com-
bination of RNU24 and Z30 snoRNA as a reliable reference
panel for data normalization in their experimental cohort, as
its high stability was proved by three different algorithms.
Furthermore, they considered RNU6B as an inappropri-
ate reference gene in their study because of its low PCR
amplification efficiency and low stability. They also found
that miR-103a-3p was the least stable reference gene in the
blood samples of PD patients according to the geNorm and
the comparative AC, algorithms. They selected miR-29a-3p
and miR-30b-5p, two dysregulated miRNAs in PD [42, 43],
to test the effect of using different combinations of refer-
ence genes on the relative expression values. The results
showed that these two target miRNAs were up-regulated in
PD patients when their levels were normalized to the stable
pair of endogenous controls of RNU24 and Z30 snoRNA,
while the target miRNAs were down-regulated using miR-
103a-3p as a normalizer.

Cancers

In particular, there is a wealth of literature on miRNA
quantification in different cancer types with different nor-
malization strategies, resulting in frequently non-comparable
miRNA data in the same tumor type and stage.

Colorectal cancer

To identify the most stably expressed miRNAs in their
study, Eriksen et al. profiled a panel of more than 750 miR-
NAs on 10 pairs of rectal cancer and adjacent tissues, and
applied a global mean expression normalization strategy.
MiR-645, miR-193a-5p, miR-27a, and let-7g were selected
as candidate reference controls. The high stability of these
miRNAs was further proved using the NormFinder algo-
rithm. Subsequent real-time PCR-based validation of these
candidates was performed in two serial steps with 25 and
28 pairs of samples, and showed that the levels of miR-
193a-5p, miR-27a, and let-7g were not significantly differ-
ent between the rectal cancer and adjacent tissues in both
experimental steps, allowing the combination of them to
be as a reliable normalizer for miRNA expression analy-
ses in rectal cancer. They also assessed the suitability of
RNUG6B as a normalizer, since it has been frequently used
in the miRNA expression studies on rectal cancer. Using
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NormFinder algorithm, they demonstrated that RNU6B
showed a ten times lower expression steadiness in com-
parison to the validated combination of miR-193a-5p,
miR-27a, and let-7g. Using a two-phase real-time PCR-
based validation with at first 50 and then 56 samples, they
found that RNU6B was differentially expressed between
rectal cancer and adjacent tissue, indicating that RNUG6B is
not appropriate for miRNA normalization in rectal cancer
[44]. In contrast, Zheng et al. suggested that RNU6 may
be suitable for serum miRNA normalization in colorec-
tal cancer as it was ranked as the second and third best
normalizers in the geNorm and NormFinder algorithms,
respectively. Using two separate cohorts of 45 patients
plus 40 controls and of 128 patients plus 60 controls, they
demonstrated that RNU6 was steadily expressed between
patient and healthy groups. Furthermore, they observed
no differential expression of RNU6 among the four tumor
stages of colorectal cancer [45].

To identify a set of reliable miRNA references in colorec-
tal cancer, Niu et al. established an miRNA profiling assay,
and assessed 485 endogenous miRNAs. They found that
miR-106b-5p, miR-25-3p, and miR-93-5p met the criteria
of suitable normalizers. Measuring their expression in the
serum of 30 colorectal cancer patients and 30 healthy indi-
viduals, they confirmed that the three miRNAs were steadily
expressed in the diseased and healthy groups. NormFinder
and geNorm algorithms proved that these miRNAs are
highly stable in the cohorts analyzed. Accordingly, the use of
miR-106b-5p, miR-25-3p, and miR-93-5p for data normali-
zation led to similar results. For instance, miR-144-3p whose
prognostic value was described in colorectal cancer [46] was
significantly up-regulated in the patient group, when data
were normalized to the three normalizers [47].

Conducting profiling of 380 miRNAs in ten pairs of colo-
rectal tumor and normal tissues, Chang et al. [48] identi-
fied eight candidate reference genes including miR-345 as
a reference gene with an expression profile closest to the
mean expression value. Using real-time PCR and a larger
cohort comprising tissues from 35 patients and 39 controls,
they did not found any evidence for a differential expression
of all candidate reference genes between tumor and normal
tissues. In this regard, C, values of miR-16 showed the least
variability. Stability evaluation was further assessed using
the two algorithms. NormFinder and geNorm identified
miR-345 and miR-16 as the most stable reference genes. In
addition, both programs determined that the combination
of miR-345 and miR-16 is the most stable reference panel.
Finally, Chang et al. found a significant up-regulation of
miR-21 and miR-31, two well-established oncogenic miR-
NAs in colorectal cancer [49] when they used this panel for
data normalization. However, the utility of miR-16 as a nor-
malizer in colorectal cancer needs further evaluation, since
it is well known for its deregulation in this cancer type [50].

MiR-191-5p was also identified as a reliable endogenous
control for serum miRNA normalization in colorectal can-
cer, as it was the most stable reference gene as disclosed
by the geNorm and NormFinder software. By applying two
independent cohorts of 45 patients plus 40 controls and 128
patients plus 60 controls, Zheng et al. showed that the C,
values of miR-191-5p were constant between both groups
and cancer stage-independent [45]. Conversely, Danese
et al. reported that the expression levels of miR-191 were
significantly higher in exosomes and plasma of colorectal
cancer patients than in those of healthy controls [51]. In
this respect, this laboratory carried out a literature research,
and evaluated 12 miRNASs as internal controls, of which five
miRNAs were selected for further analysis, as they showed
no features of a known oncogene or tumor suppressor gene.
They determined that miR-520d, miR-1228 and miR-345
were suitable endogenous controls for miRNA normalization
in different matrices, as their C, values were steady between
exosome, plasma and tissue samples of 20 colorectal cancer
patients and 20 healthy controls. Accordingly, these three
miRNAs were also the most stable candidates in all matri-
ces when NormFinder and BestKeeper algorithms were per-
formed [51].

Breast cancer

McDermott et al. performed miRNA profiling on the blood
samples of ten breast cancer patients and ten healthy con-
trols. Ten miRNAs with expression profiles closest to their
mean value were identified as potential endogenous controls.
Among them, miR-425 was selected for a further analysis
as the other miRNAs were reported by the previous arti-
cles to be deregulated in breast cancer. They also evalu-
ated miR-16, miR-142-3p and miR-484, because they were
frequently used as normalizers in the literature. GeNorm
algorithm determined that miR-425 and miR-16 were the
most stable reference genes among the candidates. The
expression of miR-425 and miR-16 was further verified in
a larger cohort of 40 breast cancer patients and 20 healthy
women. The results confirmed the steady expression of miR-
16 and miR-425 in both groups [52]. Likely, using geNorm
and NormFinder programs, Davoren et al. also identified
miR-16 as one of the most stable reference controls in their
experimental cohort of 26 breast cancer patients with differ-
ent tumor grades. They also showed that miR-16 was equiva-
lently expressed between the malignant and benign tumor
groups. They validated miR-16 in combination with let-7a
as the best normalization strategy for miRNA analysis [53].
Conversely, Appaiah et al. found that miR-16 levels were
significantly higher in the serum of 15 disease-free breast
cancer patients’ than 15 healthy controls with or without per-
forming data normalization. They also observed that serum
levels of miR-16 were elevated in breast cancer patients
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with active metastasis [54]. To date, numerous studies have
shown that miR-16 is a biomarker of breast cancer and, thus,
lacks the features of a normalizer in this disease [55, 56].

In their study, McDermott et al. also quantified RNU6B,
RNU44, and RNU48 in the same cohorts, and found that
these snRNAs were the least stable reference genes as
derived from their microarray data set consisting of 380
miRNAs. They showed that the aberrantly expressed
RNUG6B as a normalizer introduced significant analysis
biases. When they normalized their data of miR-93 which is
usually not dysregulated in breast cancer [57] with RNU6B,
they detected that miR-93 was overexpressed in the cancer
group, but was constantly expressed when they carried out
the normalization with their validated endogenous controls
of miR-425 and miR-16 [52]. Similarly, Lou et al. showed
that RNUG levels were significantly higher in breast car-
cinoma tissue than in adjacent normal tissue of 20 breast
cancer patients. They also found that tissue levels of RNU6
exhibited a high inter-individual variability [58].

In their study, Appaiah et al. also quantified RNU44 in the
serum of 55 healthy controls and 69 breast cancer patients,
and found that the levels of RNU44 were similar between
both groups. Thus, RNU44 could be used as a normalizer in
normalizing not only miRNA but also 5S rRNA and RNU6
data. In addition, calculation of the average C, values of 5S
rRNA and RNUG6 showed that their levels were significantly
higher in the serum of 39 cancer patients than of 40 healthy
subjects. A further analysis in this cohort showed that 5S
rRNA levels were increased in the serum of estrogen recep-
tor-/progesterone receptor-negative (ER™/PR™) patients,
while RNUG6 levels were elevated in both ER™/PR™ and
ER*/PR" patients, when RNU44 was used as an internal
control. The use of further cohorts of 15 healthy controls,
15 symptom-free breast cancer patients and 15 patients with
overt metastasis showed that RNU6 was up-regulated in the
serum of symptom-free and metastatic patients, when its
levels were normalized to RNU44. These results revealed
that RNUG6 was significantly over-expressed in women who
had breast cancer, irrespective of disease activity [54].

Finally, Gee et al. showed that snoRNAs had highly vari-
able expression levels in breast cancer patients and were
associated with their clinicopathological factors. For exam-
ple, the amounts of RNU48 were negatively correlated with
tumor grade, those of RNU48 and RNU43 were inversely
correlated with proliferation score, and lower levels of
RNU44 were an adverse prognostic factor for overall sur-
vival [59], suggesting that these snoRNAs have tumor sup-
pressive features.

Bladder cancer

Ratert et al. identified 16 putative miRNAs as reference con-
trols using miRNA microarray data derived from 24 tissue
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specimens of bladder cancer patients and healthy controls.
The stability value of these putative reference genes was
determined using three algorithms. GeNorm recommended a
panel of four miRNAs including miR-151-5p, miR-125a-5p,
miR-148b, and miR-101 for an accurate normalization, while
miR-148b, miR-874, and miR-181b were the most stable
reference genes in the NormFinder program. In addition,
miR-874 and miR-151-5p were ranked at second and third
positions by BestKeeper, respectively. The expression of
these stable reference genes which was further verified in
58 normal and malignant samples sustained the findings
[60]. However, since miR-148b is an established plasma
biomarker of bladder cancer [61], its use as a normalizer in
this disease needs further evaluation.

Ratert et al. also demonstrated that RNU6B is one of
the least stable reference genes in their investigations, as
it was ranked at the 10th position by geNorm, 12th posi-
tion by NormFinder, and 9th position by BestKeeper. They
used miR-20a, an miRNA up-regulated in malignant blad-
der tissues as detected in the microarray data, as a target
miRNA of interest, to examine the effect of their reference
control selection on the levels of this miRNA. As expected,
they found that miR-20a was up-regulated in the malig-
nant tissues using their validated endogenous controls (the
combination of miR-151-5p, miR-125a-5p, miR-148b, and
miR-101 or the combination of miR-148b, miR-874, and
miR-181b) as normalizers, but its expression was not dif-
ferentially expressed between the malignant and control
groups, when RNU6B was used as a normalizer. In other
words, RNU6B was unable to detect the expression changes
in miR-20a levels in bladder cancer [60].

Wang et al. identified miR-193a-5p and miR-16-5p as
reliable reference controls for the quantification of serum
miRNAs in bladder cancer because of their steady expres-
sion in the serum of 60 patients and 35 controls. Both miR-
NAs were also ranked as the most stable reference genes
according to the geNorm and NormFinder algorithms. Using
a further cohort, these scientists supported their findings that
these two internal controls were, in fact, stably expressed
between both groups. Finally, they normalized the expres-
sion levels of miR-148b, an established biomarker of bladder
cancer [61], to their validated panel of reference controls,
and found that miR-148b is a biomarker for bladder cancer
[62].

Renal cell carcinoma

To identify reliable reference controls for renal cell carci-
noma (RCC), Wotschofsky et al. performed a microarray
including 117 miRNAs, from which 6 miRNAs were con-
sidered to be stably expressed. The stability of these six
miRNAs was evaluated using geNorm and NormFinder
algorithms. MiR-28, miR-103, miR-106a, and miR-151 were
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selected for further analysis in 57 samples of non-malignant
and malignant tissues from RCC patients. With the exception
of miR-151, these miRNAs were steadily expressed between
both cohorts, suggesting that their combination can be used
as a normalizer [63]. They also evaluated RNU6B, RNU44,
and RNU48 as internal controls for miRNA normalization
in RCC because of their frequent use in the previous studies.
Using the same specimen pairs, they observed significant
differences in RNU6B and RNU44 levels between the non-
malignant and malignant tissues. GeNorm and NormFinder
algorithms showed that RNU6B and RNU44 were the least
stable reference genes in the cohorts. Finally, these authors
demonstrated that using RNUG6B as a reference gene for the
relative quantification led to erroneous results, since normal-
ization with RNUG6B resulted in miR-19b over-expression
in the RCC tissues, whereas miR-19b was under-expressed
in the malignant tissues when its levels were normalized
to the validated endogenous controls of the combination of
miR-28, miR-103, and miR-106a [63]. Likely, Iwamoto et al.
confirmed these data, and found that C, values of RNU6B
were significantly lower in the serum of RCC patients than
in healthy controls. However, they found constant C, values
of miR-145 in tissue and miR-16 in serum between RCC
patients and healthy controls by examining their expres-
sion profiles in 34 pairs of tumor and normal tissues and 34
serum samples of RCC patients plus 23 of healthy subjects
[64]. Nevertheless, Sanders et al. showed that other members
rather than RNU6B and RNU44; for example, RNU43 and
RNU1-4 were suitable reference genes for serum miRNA
normalization in RCC [65]. Therefore, evaluation and com-
parison of the suitability of all members of this family would
be recommendable for data normalization in a large study.

Cervical cancer

Shen et al. investigated nine candidate reference controls for
miRNA normalization in cervical cancer tissues as detected
by the literature research and their microarray data. Both
geNorm and NormFinder algorithms determined miR-23a
and miR-191 as the most stable candidates. Furthermore,
miR-23a and miR-191 were equivalently expressed between
23 cervical cancer and 23 normal tissues. The C, values of
both miRNAs remained constantly in a large cohort of 108
samples that represented the full pathological spectrum of
cervical cancer samples [66]. The high stability of miR-191
and miR-23a in cervical cancer tissues was also proved in a
study by Leitao et al. [67]. The suitability of RNU6 was also
investigated in the study conducted by Shen et al. Although
RNUG6 was equivalently expressed in a cohort of 23 pairs of
cervical cancer and healthy tissues, it was identified as a ref-
erence gene with low stability (seventh position out of nine
candidates) by the geNorm algorithm. Using miR-424 as the
target miRNA of interest, the authors showed that RNUG6 is

not appropriate for tissue miRNA normalization in cervical
cancer, since the use of RNUG6 as a normalizer provided con-
tradictory values of miR-424 levels in human papillomavirus
(HPV)-negative and -positive tissues, whereas normaliza-
tion to the validated endogenous controls of miR-23a and
miR-191 and their microarray data indicated that miR-424
levels were significantly different between both cohorts [66].
Likely, Babion et al. demonstrated that RNU6 and RNU6B
were the least stable reference genes in the geNorm, Nor-
mFinder, and BestKeeper algorithms, and their use as nor-
malizers lacked to detect the statistically significant changes
in miR-100 and miR-15b levels between the normal and
malignant tissue of cervical cancer patients. In contrast,
they observed that miR-423 is a reliable endogenous control
for miRNA expression studies in cervical cancer as it was
the most stable reference gene in the geNorm, NormFinder,
and BestKeeper algorithms, and displayed steady expression
levels in 20 cancerous and 10 normal tissues [68]. Finally,
Hansen et al. showed that RNU6 was up-regulated 15-fold
in the cervical cancer tissues compared with normal tissues,
and its levels were associated with the stage of cervical can-
cer [69].

Hepatocellular carcinoma

Li et al. selected ten candidate reference genes from the
previous research articles, and assessed their suitability
for serum miRNA normalization in hepatocellular carci-
noma (HCC). RefFinder identified miR-221, let-7a, and
miR-26a as the most stable endogenous controls. The C,
values showed their steady expression in 33 pairs of pre-
and post-operative serum samples, suggesting that their
combination is appropriate for data normalization [70].
This panel of miRNAs was also appropriate for data nor-
malization in the serum-derived exosomes of HCC patients
[29]. The researchers also showed that miR-16 is not reliable
for miRNA analysis in HCC as normalization with miR-
16 caused the down-regulation of miR-122 in the serum
of post-operative patients, whereas normalization with the
combination of miR-221, let-7a, and miR-26a showed simi-
lar serum levels of miR-122 in 40 pre- and post-operative
patients [70]. In addition, Li et al. found that C, values of
RNUG6 and 5S rRNA significantly differed between pre- and
post-operative patients, and that RNU6 and 5S rRNA were
the least stable reference genes in their experimental cohort
[70]. The lack of RNU6 as a normalizer in HCC was also
reported in other studies. According to the geNorm and Nor-
mPFinder algorithms, RNU6 was the least stable reference
gene in exosomes from the serum of 50 HCC patients and
50 healthy subjects [29]. Ding et al. showed that its serum
levels decreased by fivefold in HCC patients compared to
healthy controls [71]. Consistent with these results, Tang
et al. identified RNUG6 as the least stable reference gene in
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the plasma samples of 30 HCC patients and 20 healthy indi-
viduals using a comprehensive gene stability assay. They
recommended the combined use of miR-21 and miR-106a
as an endogenous control for miRNA expression studies in
HCC as their C, values did not significantly differ between
the plasma samples [30]. However, the use of miR-21, one
of the most analyzed miRNAs in cancer, as a normalizer is
very questionable, because miR-21 has been shown to be
deregulated in most cancer types.

Prostate cancer

Schaefer et al. identified miR-130b as a reliable endogenous
control for miRNA normalization in prostate cancer because
of its steady expression in cancerous and normal tissues.
They calculated equivalent values in 76 pairs of malignant
and non-malignant samples. GeNorm and Normfinder soft-
ware proved miR-130b as the most stable gene in their analy-
ses. In addition, this laboratory showed that miR-16 is a bad
normalizer in prostate cancer, as it was significantly under-
expressed in the malignant tissues, and the fold changes of
miR-96, miR-125b, miR-205, and miR-375 normalized to
miR-16 were significantly different from those related to
miR-130b. They also documented the steady expression of
RNUG6B between 76 pairs of malignant and normal tissues
and its high stability. Thus, they approved the reliability of
RNUG6B for tissue miRNA normalization in prostate cancer
[72]. In contrast, Carlsson et al. identified RNUG6B as the
least stable reference gene in their experimental cohort using
NormFinder and BestKeeper software. However, they pro-
posed RNU24 as a suitable reference gene for tissue miRNA
normalization in prostate cancer as its levels were not signif-
icantly different between 19 pairs of malignant and normal
tissues, and were identified as the most stable reference gene
using NormFinder and BestKeeper algorithms. Conversely,
RNU43 was not suitable for miRNA normalization in this
type of cancer due to its low stability and differential expres-
sion between the cancerous and normal tissues [73]. Egidi
et al. recommended the use of miR-191 for urine miRNA
normalization in patients with prostate cancer as its C, values
were constant in the urine sediments of 35 prostate cancer
patients and 26 controls with benign prostatic hyperplasia.
MiR-191 was also selected as the most stable reference gene
by the BestKeeper algorithm [74].

Esophageal squamous cell carcinoma

Chen et al. identified RNU48 as an ideal reference gene
for real-time PCR in esophageal squamous cell carcinoma
due to its stable expression in 50 pairs of cancerous and
normal tissues. They also found that 5S rRNA, RNU6, and
RNUG6B were no appropriate reference genes in this setting
as their C, values varied between esophageal normal and
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squamous cell carcinoma samples. Moreover, they were
the least stable genes in the geNorm and NormFinder
algorithms. However, Chen et al. determined miR-28-5p,
miR-34a-5p, and miR-186-5p as suitable internal controls
for data normalization in esophageal squamous cell car-
cinoma, as their C, values were steady in both tissues and
these miRNAs were highly stable according to the geNorm
and NormFinder software [75].

Pancreatic cancer

Popov et al. identified U91 snoRNA as a new internal con-
trol for accurate miRNA normalization in pancreatic cancer.
They showed that this snoRNA was highly stable and had
the lowest standard deviation in the tissues analyzed. Fur-
thermore, they quantified the expression of six target miR-
NAs including miR-21, miR-96, miR-148a, miR-155, miR-
196a, and miR-217 using alien spike in and U91 snoRNA
as normalizers, and detected that the difference between the
spike in and U91 snoRNA was statistically insignificant for
all miRNAs analyzed except miR-217, suggesting a similar
behavior of U91 snoRNA to the alien spike in. They also
showed an overexpression of RNU6 in the pancreatic can-
cer tissues and significant differences of miRNA expression,
when normalized to RNUG6 in comparison to the artificial
spike in [76], whereas RNU6B was steadily expressed in
the serum exosomes of 41 pancreatic cancer patients as
reported by Que et al. [77]. In addition, Popov et al. found
that miR-16 was not trustworthy for miRNA normalization
in pancreatic cancer, as its tissue levels varied from —2.94
up to 7.38-fold between malignant and normal pancreatic
tissues. It was also the least stable reference gene using
NormFinder algorithm. This laboratory also demonstrated
that miR-16 introduced bias to the miRNA quantification,
since the average fold change in miR-21, miR-96, miR-148a,
miR-155, and miR-196a differed significantly between the
normalization with miR-16 and the artificial spike in [76].
These findings were also supported by our laboratory [78].

Neuroendocrine tumors

Sperveslage et al. analyzed nine small RNAs with regard to
their applicability as reference controls for tissue miRNA
normalization in ileal neuroendocrine tumors (NETs), and
revealed that RNU61 and RNU9S5 were the most suitable
candidates as they were the most stable RNAs according
to the comprehensive gene ranking and not differentially
expressed between ten pairs of primary tumors and metas-
tases. Furthermore, they indicated that RNU95 was also a
reliable reference control for miRNA quantification in pan-
creatic NETs [79].
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Gastric cancer

Song et al. selected six miRNAs as potential endogenous
controls by literature research. The stability value of the six
miRNAs was determined using geNorm and NormFinder
programs. Both programs identified miR-16 and miR-93
as the most stable reference genes for data normalization.
The expression of both miRNAs was measured in a cohort
of serum samples from 40 gastric cancer patients and 20
healthy controls. Neither miR-16 nor miR-93 was differen-
tially expressed between the both cohorts, suggesting them
as appropriate normalizers in gastric cancer [80].

Endometrioid endometrial carcinoma

Torres et al. showed that the combination of RNU48,
RNU44, and SNORD75 may be used for miRNA normali-
zation in endometrioid endometrial carcinoma (EEC) using
real-time PCR, as they were the most stable reference panel
in NormFinder and geNorm algorithms, and no significant
difference was observed in their mean C, values in 45 fresh
tissue samples, of which 30 samples were obtained from
EEC patients and 15 samples were obtained from healthy
controls. However, the reliability of RNU48 and SNORD75
as normalizers needs to be further verified as the C, values
of these two snoRNAs were statistically different between
the formalin-fixed paraffin-embedded (FFPE) tissue speci-
mens of 44 EEC patients and 14 healthy controls. They also
showed that miR-92a was not reliable for tissue miRNA nor-
malization in EEC as it was differentially expressed with
a high inter-group variation between healthy controls and
EEC patients. Normalization with miR-92a led to the down-
regulation of miR-9, miR-141, miR-183, miR-200a, and
miR-200c in the ECC tissue samples, while these miRNAs
were up-regulated in ECC when the data were normalized
to the validated reference controls of RNU48, RNU44, and
SNORD75. Furthermore, the study showed that miR-26b
was also not suitable as a normalizer in real-time PCR due
to its low stability in geNorm and NormFinder algorithms
and because of its high inter-group variation between the
malignant and normal tissues [81].

Ovarian cancer

Bignotti et al. reported that let-7a-5p and miR-191-5p were
among the most stable internal controls in a cohort of 105
tissue samples, of which 75 samples were obtained from
high-grade serous ovarian carcinoma patients and 30 sam-
ples were obtained from healthy individuals. They also
revealed that the expression of let-7a-5p and miR-191-5p
were not significantly different between the two groups.
This interesting study was also accounted for the presence
of potential outliers, by fitting weighted least squares with

weights computed by M-estimation [82]. To test non-differ-
ence of small non-coding RNA expression among groups,
Bignotti et al. additionally used the two one-sided test
(TOST) approach, a type of intersection union test [83]. By
adopting the strict equivalence range of +0.36 and using
TOST, miR-191-5p emerged as the most equivalent candi-
date in the tumor sample cohort. Furthermore, they dem-
onstrated that miR-16-5p and miR-92a-3p were unsuitable
normalizers in ovarian cancer as they were the least stable
reference genes in geNorm and NormFinder algorithms, and
their expression statistically differed between the cancerous
and normal groups. Similar negative results were obtained
for SNORD72. On the other hand, RNU48 was identified as
the best reference gene for data normalization in this study,
since its levels were not statistically different between 75
malignant and 30 normal tissues as detected by its steady
expression in both ovarian tissue types. RNU48 was also the
most stable reference control in the NormFinder software.
It was also shown that RNU48 was the only candidate that
falls within the fixed equivalence range between malignant
and non-malignant samples [84].

Assortment of different cancer types

To find a stable endogenous control for quantifying circulat-
ing miRNAs in different cancer types, Hu et al. preformed
microarray analysis and assessed 723 miRNAs in the plasma
samples of a cohort of 80 controls (34 healthy subjects,
21 HBV patients, and 25 cirrhosis patients) and 171 can-
cer patients (57 HCC, 41 CRC, and 73 lung cancer). They
selected seven miRNAs based on the NormFinder findings,
of which miR-1228 was the most stable candidate. Using an
independent cohort of 184 plasma samples from the same
population subgroups, they verified the steady expression of
miR-1228 that displayed the lowest coefficient of variability
(CV). Moreover, no statistical difference between early and
late tumor stages in HCC, CRC, and lung cancer was found
Quantification of miR-1228 levels in additional 109 patients
with esophageal, gastric, renal, prostate, and breast cancers
sustained the low CV value of miR-1228. These findings
suggest that miR-1228 is one of the rare normalizers for
miRNA quantification in several various cancer types [85].
Further studies that introduced stable reference controls in
an assortment of cancer types are specified in Table 2 and
Fig. 1.

Healthy individuals

Lamba et al. performed miRNA profiling and evaluated the
expression of 22 miRNAs in the liver specimens from 50
healthy individuals, of which 14 miRNAs were selected for
stability analysis using geNorm and NormFinder programs.
MiR-23b was determined as the most stable reference gene
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Table 2 (continued)

Validation phase

Screening phase

First author Sample type

Most stably expressed

Method used to
miRNAs

Assessment of the

Cases and control

samples

Candidate reference

genes

Number of assessed Cases and control

miRNAs in the
microarray

assess miRNAs

sion using RT-qPCR stability

differential expres-

samples

miR-16

The difference of

v

miR-16, miR-24, 20 Patients with

Not applicable 20 Nasopharyngeal

Serum

Xiang [90]

AC, values

gastric cancer,

miR-142-3p, miR-
19b, miR-192,

RNU6

cancer patients
20 Healthy controls

nasopharyngeal
cancer, CRC,

breast cancer
30 Healthy controls

miR-103a+ miR-

geNorm, Nor-

miR-103a, miR-24,

41 Patients with

71

FFPE lymph-node

Inada [91]

24 +let-7a

mFinder, Best-

let-7a, miR-152,

various metastatic

cancers
16 Heathy controls

tissue

Keeper, compara-
tive AC, method

miR-191, miR-34a,

miR-92a, miR-

148b, miR-16,

miR-21

in geNorm analysis, while it ranked at the fourth position
in NormFinder. In addition, miR-152 was the most stable
candidate in NormFinder ranking and ranked at the second
position in geNorm. Using geNorm, it was shown that two
endogenous controls were sufficient for miRNA normaliza-
tion, suggesting that the combination of miR-23b and miR-
152 were reliable for miRNA quantification in hepatic tis-
sue samples. Lamba et al. also investigated the reliability of
RNU6 and RNUG6B as reference genes for hepatic miRNA
quantification. Both geNorm and NormFinder identified
RNUS6 as the least stable reference control in the tissue sam-
ples. Besides, RNU6B was also not among the top genes in
stability. Additional analyses showed that RNUG6 levels were
higher in males than in females, indicating its high inter-
group variability. Finally, the impact of different normaliza-
tion approaches was documented by miR-150, miR-138, and
miR-34a that displayed gender differences. The differences
in expression levels between males and females were signifi-
cant when data were normalized to the validated endogenous
controls of the combination of miR-23b and miR-152, but
not when RNU6 or RNU6B were used for normalization
[92]. Measuring RNUG6B levels in the serum of 44 healthy
controls, Benz et al. also demonstrated that serum levels of
RNUG6B harbored a high inter-individual variability of up to
eight cycles in real-time PCR [31].

Exogenous controls

To ensure that miRNA quantification is not affected by the
technical variability that may be introduced at different anal-
ysis steps, synthetic, non-human spike-in miRNAs should
be used. The Caenorhabditis elegans miRNA cel-miR-39 as
an exogenous control is frequently used for data normaliza-
tion [13, 93, 94], but cel-miR-54 [95], synthetic miRNAs
Quanto EC1 and Quanto EC2 [96], as well as the simian
virus gene SV40 [97] have also been used. The addition
of these exogenous miRNAs to the samples before reverse
transcription of RNA documents the uniform handling of
the samples and RT-PCR efficiencies. This spike-in method
can additionally eliminate deviations of the experimental
process and, thus, provides more reliable results. However,
the use of such a spike-in control does not correct for devia-
tions in sampling or quality of the samples. Therefore, data
normalization should always be carried out by a combina-
tion of an endogenous and an exogenous control miRNA, to
warrant that such differences in miRNA detection may be
compensated [98].

Regrettably, the purpose of an exogenous reference
gene is frequently misunderstood. In this regard, Niu
et al. wrongly presumed that cel-miR-54-5p may be a suit-
able alternative in the absence of an endogenous control,
because the normalization of the relative expression of
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Hepatocellular
carcinoma

serum
RNU6  5STRNA

miR-16

miR-221+let-7a+miR-26a

Colorectal cancer

serum
RNU6

miR-25-3p
miR-93-5p  miR-106b-5p

miR-191

miR-21+miR-106a

tissue
RNU6B
RNU24
miR-130b
RNU43
miR-16

RNU6

plasma

Prostate cancer

serum

miR-193a-5p

miR-16-5p

Bladder cancer

serum
miR-16

miR-148b+miR-874+miR-181b

RNU6B
RNU6B

tissue

miR-193a-5p+miR-27a+let-7g
miR-16
RNU6B

tissue

serum
5SS rRNA

RNU6

Breast cancer

miR-16

blood
RNU6B

miR-16 miR-425

serum

Ovarian cancer

RNU48 let-7a miR-191

serum

miR-16-5p  miR-92a-3p
SNORD72
tissue

miR-28+miR-103+miR-106a
miR-145
RNU6B RNU44
tissue

Renal cell carcinoma

Fig. 1 Preliminary test of reference controls in different sources and
diseases as performed by different studies. Reference genes are illus-
trated in green if the respective study found them to be suitable for

miR-27a, miR-144, and miR-223 to the exogenous cel-
miR-54-5p and to the endogenous controls of miR-93-5p,
miR-25-3p, and miR-106b-5p showed similar values in the
serum of CRC patients and healthy controls [47]. However,
exogenous controls can never replace endogenous con-
trols. To date, numerous studies have utilized cel-miR-54
as a normalizer, e.g., Luque et al. added cel-miR-54 to
the serum samples of patients with early preeclampsia to
check their handling in sample-to-sample variations [99].
Likely, the expression levels of serum miRNAs of CRC
patients and plasma miRNAs of pancreatic cancer were
normalized to the spiked-in cel-miR-54 in the study con-
ducted by Zhang et al. [100] and Xu et al. [101], respec-
tively. Sohn et al. spiked synthetic cel-miR-39 in the serum
of hepatocellular carcinoma samples for the normalization
of their exosomal miRNA panel [102], while Appourchaux
et al. added cel-miR-39 to the serum samples of patients
with chronic hepatitis B and C [103]. We usually applied
cel-miR-39 in our assays and found appropriate C, values
of 21 [104, 105]. Mmu-miR-295 and cel-miR-238 that are
derived from Mus musculus and C. elegans, respectively,
are further examples of exogenous controls [106, 107].
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miR-191

miR-423

miR-23a

RNU6  RNU6B
tissue

Cervical cancer

data normalization, but they were not validated. Reference genes are
illustrated in red if the study found them unsuitable. Reference genes
with controversial results are displayed in blue

Conclusion

MiRNAs have become a challenging area of intense
research in vitro and in vivo systems to investigate their
utility as novel biomarkers of timely disease diagnosis,
prognosis, and response to therapy. However, before intro-
ducing in the clinic, some obstacles have to overcome.
Accuracy and efficiency of miRNA quantification depend
on several technical steps and platforms, such as RNA iso-
lation, reverse transcription, real-time-PCR using probes
and/or SYBR Green, miRNA arrays, and next-generation
sequencing. In addition, the input material, e.g., tissue,
plasma, serum, and urine, has also to be considered,
along with the age and storing of the samples. Finally, the
obtained data have to be corrected by both, endogenous
and exogenous reference controls. To date, several types
of RNA molecules from different RNA families have been
used as reference controls. However, this diversity is one
of the main factors that contribute to the differences in the
relative values of miRNAs among the studies. Whereas
some studies showed that certain miRNAs are significantly
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up-regulated, other studies reported the same miRNAs to
be only weakly up-regulated or even down-regulated in
the same disease, population, disease stage, and source.

These controversial results in miRNA expression, sum-
marized in Table 1, have drawn particular attention to the
effect of reference controls in data normalization and high-
light the urgent need for a proper reference control [13, 108,
109]. Approaching several previously published articles, we
suggest that RNU6 which is frequently used as a normal-
izer is not eligible for data normalization in many diseases,
e.g., HBV, breast cancer, cervical cancer, HCC, and different
cardiovascular diseases. In addition, RNU6 does not belong
to the miRNA family. Therefore, data normalized to such a
RNA molecule should be critically interpreted. Instead of
normalizing with a single reference gene, the combination
of several endogenous reference controls as well as with an
exogenous reference control should be preferred [110].

To summarize, our findings document the controversial
data on a normalizer in the same biological material, but also
show that not always a suitable normalizer for tissue is also
suitable for plasma or serum of the same disease. Unfortu-
nately, this suggests that each experimental study should
verify the uniform expression of a reference control in rela-
tion to the specimen type and disease under investigation.
Reference controls cannot be simply transferred from one
study to another without their previous validation. The most
accurate approach entails a selection of stably expressed ref-
erence controls by means of high-throughput technologies,
such as microarray and sequencing, and subsequent valida-
tion of their expression and stability in single analyses. How-
ever, this approach is appropriate for extensive studies and
is often difficult to carry out due to the substantial cost and
amount of work. Therefore, multicenter projects that carry
out such experiments and compare the multitude of potential
reference controls in different sources of large populations
are urgently needed.
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