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Circulating miRNAs have potential as minimally invasive biomarkers for diagnosing various

diseases, including ageing-related disorders such as Alzheimer’s disease (AD). However, the lack

of standardization in the common analysis method, RT-qPCR, and specifically in the normalization
step, has resulted in inconsistent data across studies, hindering miRNA clinical implementation as
well as basic research. To address this issue, this study proposes an optimized protocol for key steps
in miRNA profiling, which incorporates absorbance-based haemolysis detection for assessing sample
quality, double spike-in controls for miRNA isolation and reverse transcription, and the use of 7 stable
normalizers verified in an aging population, including healthy subjects and individuals at different
stages of Alzheimer’s disease (140 subjects). The stability of these 7 normalizers was demonstrated
using our novel method called BestmiRNorm for identifying optimal normalizers. BestmiRNorm,
developed utilizing the Python programming language, enables the assessment of up to 11 potential
normalizers. The standardized application of this optimized RT-qPCR protocol and the recommended
normalizers are crucial for the development of miRNAs as biomarkers for AD and other ageing-related
diseases in clinical diagnostics and basic research.

Abbreviations
miRNA MicroRNA
RT-qPCR  Reverse transcription-quantitative polymerase chain reaction

Cq Quantification cycle

AD Alzheimer’s disease

MCI Mild cognitive impairment

SCI Subjective cognitive impairment

HC Healthy control

CSF Cerebrospinal fluid, p-tau: phosphorylated tau protein
GAPDH  Glyceraldehyde-3-phosphate dehydrogenase

SOPs Standard operating procedures

The identification of biomarkers circulating in blood that can be detected using cost-effective and minimally inva-
sive procedures is expected to become a breakthrough innovation for improving the diagnostics and prognostics
of many diseases, including ageing-related disorders such as Alzheimer’s disease (AD). The development of AD
diagnostics is a particularly good example of such efforts. Currently, AD diagnostics are based on the assessment
of dementia symptoms supported by the AD-associated biomarkers amyloid AP and tau and phosphorylated tau
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(p-tau/tau), whose levels are measured in cerebrospinal fluid (CSF) with immunoassays and imaging methods
in the brains of living patients"* The invasiveness of lumbar puncture for CSF assays, unsuitability for repeated
measures, and high costs of brain imaging significantly limit the broad applicability of these assays, driving the
search for robust, easily accessible blood-based biomarkers. Specifically, AD and other dementias are character-
ized by protracted latent periods in which diagnosis is a significant challenge. Because early AD detection is the
key to more effective therapy, blood-based diagnostic biomarkers are critically needed for early symptomatic AD
stages, as well as prognostic biomarkers that could detect the state of predementia, evaluate AD risk and allow for
prophylaxis. Broadly accessible, low-intervention biomarkers are also necessary for recruiting early AD patients
for clinical trials of new therapies and repeated assessments of response to treatment.

To meet these needs, considerable research effort has been invested in identifying brain-derived AD-associ-
ated molecules such as AP and p-tau/tau in blood**. However, such molecules are present in low concentrations
in blood, and moreover, their levels can be altered by molecules released from peripheral cells, making detection
difficult despite application of highly sensitive assays.

New biomarker paradigms for blood plasma have also been investigated recently. Among several approaches
tested, in the last decade, many reports have confirmed the biomarker capacity of circulating microRNAs (miR-
NAs) for AD as well as for other diseases®. miRNAs are short, noncoding, ubiquitous translational regulators
implicated in a vast array of cellular processes. In humans, over 2500 miRNAs epigenetically regulate almost
60% of transcripts by RNA interference, eventually causing repression and degradation of target RNA®. miRNAs
are released from cells in membranous extracellular vesicles or protected from degradation in protein or lipid
complexes and can act as messengers in intercellular signalling’'°. An increasing number of reports have shown
the presence of miRNAs in biofluids (plasma, serum, saliva, urine, tear, cerebrospinal fluid), their distinct com-
position in different fluid types and alteration of miRNA patterns between healthy subjects and individuals with
different physiopathological conditions'*'2. Given miRNA stable abundance in circulation, ability to cross the
blood-brain barrier, mediating brain-blood cross-talk!*!* and availability of well-established technical methods
for their isolation and measurements, miRNAs seem particularly promising as circulating biomarkers for AD and
other diseases. A number of potential biomarker candidates have been proposed, but the studies lack consistency,
mainly because of a lack of methodological standardization in miRNA analysis®.

In particular, after initial high-throughput screening and identification of candidate circulating miRNAs, the
most sensitive method of choice for verification of the selected candidates is reverse transcription-quantitative
polymerase chain reaction (RT-qPCR). Analysis of miRNA by RT-qPCR is a multistep procedure that includes
blood plasma sample acquisition, sample quality checking, miRNA isolation, reverse transcription, qPCR, and
data analysis. Each of these steps involves its own potential for confounding and requires proper quality con-
trols. Currently, a variety of methods and controls are employed'®. Furthermore, for proper interpretation of
RT-qPCR data, normalisation with appropriate controls is critical. This is also compounded by the variation in
normalisation methods (AC, and AAC, being two of the most common), where it is apparent that the choice of
normalisation method and normalisers can drastically alter the results'.

When measuring DNA/RNA in noncellular tissue, such as blood, standard normalisers such as glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) or B-actin are not physiologically relevant. This has resulted in the
use of a collection of methods for identifying optimal normalisers and a patchwork of applied normalisers across
the literature. The use of endogenous miRNAs as normalisers is one such method because their expression is
considered to be affected by the same variables as the expression of target miRNAs. For optimal normalisation,
RNA molecules that are considered to be stable under the experimental conditions should be employed. High-
throughput technologies (such as microarrays) are typically normalized using a global mean of miRNA C values,
and this is considered to be robust where large numbers of miRNAs are being analyzed. However, in smaller-scale
experiments, such as using RT-qPCR, the grand mean is less reliable, so optimal normalisers must be selected
from a broader panel within the scope of the experiment. For extracellular miRNAs, this often results in each
study determining the optimal normalisers within the context of their own experiments. Moreover, three major
algorithms are presently available for the determination of appropriate normalizers: NormFinder, GeNorm and
Bestkeeper'”"'?, which can identify normalisers with the lowest variance or the optimal number of normalisers
using model-based or pairwise comparison methods. Recently, a method was also described for combining
these approaches into a composite measure?. All of the current, widely used methods have the same limitation
of computational inefficiency as the number of normalisers being assessed increases.

Here, we examine key features of common analytical pipelines for miRNA in blood plasma using RT-qPCR
and highlight areas where current standard practice needs optimization. These include recommendations for
measurement of sample haemolysis and use of paired exogenous controls for monitoring efficiency of miRNA
isolation and reverse transcription steps. Furthermore, we present a novel method for the identification of optimal
normalisers with the advantages of assessments of a greater number of potential normalisers (7 in this study, up
to 11 with acceptable computational efficiency), clarity in evaluation basis and the ability for end users to weight
that evaluation according to their judgement of the relative importance of the features comprising the score.
Finally, we indicate 7 normalisers, the combination of which is stable in patients with AD as well as in healthy
control subjects, in males and females, of an ageing population.

Results

We analyzed the levels of selected miRNAs in the plasma samples from 140 subjects, including 27 healthy blood
donors and 113 subjects from two independent clinical cohorts consisting of nondemented subjects, subjects
with SCI, and patients at early and later AD stages (prodromal AD i.e. MCI-AD, and AD), patients with MCI-
non AD, and patients with other forms of dementia (OD) (Table 1).
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Female Male
Cohort Disease group n | Age(SD) MMSE (IQR) n | Age(SD) MMSE (IQR)
Bialystok Cognitively normal (HC) 12 | 68.8(7.7) 27 (26.8-28.3) 8 67.0 (10.5) | 29.5(28.8-30)
Alzheimer’s disease (AD) 32 |71.9(8.4) 21 (18.8-23.3) 8 72.3(13.4) |23(21.3-25.3)
Blood donors (non-hospital group) 27 |38.8(11) - 23 |39.8(10.4) |-
Subjective cognitive impairment (SCI) 3 |64.7(4.7) 28.7 (28-30) 3 53(2.7) 28 (27-29)
11;411)1;1 cognitive impairment due to AD (MCL- | 5 | 7} 5 7) 25.5(24.8-263) |2 |59(9.9) 28 (27.5-28.5)
Warsaw - —
11\\41‘)1‘)1 cognitive impairment-non AD (MCI-non | 5156 4 (g) | 283 (28-293) |7 |553(16.1) | 267 (24.5-28)
Alzheimer’s disease (AD) 2 |57.5(10.6) |17.5(15.8-19.3) |2 61.5(7.8) 14.55 (11.8-17.3)
Other dementia (OD) 3 |56.3(7.6) 25(23.5-26.5) 1 61 27

Table 1. Characteristics of study subjects.

In these plasma samples, we tested the stability and applicability of 4 exogenously added (spike-in) miRNAs
as controls for RT-qPCR and 7 endogenous miRNAs as normalizers (Table 2). Selection of miRNAs was based
on the review of the commonly used spike-in controls in the literature and the recommendations of the RT-
qPCR reagents manufacturer. In addition, we verified two approaches for detection of haemolysis and exclusion
of haemolysed samples from the analysis. We compared absorbance-based detection of haemoglobin with the
widely used haemolysis measure based on the RT-qPCR evaluation of two miRNAs levels: plasma marker miR-
23a-3p and red blood cell marker miR-451a. Plasma samples with ACq (Cq of miR-23a-3p-Cq of miR-451a) <7
for these two miRNAs are considered clear of contamination while with ACq> 7 are considered contaminated?.

Using samples from the Bialystok cohort, we first compared RT-qPCR results obtained for the same sample
run in parallel on two different machines, StepOnePlus and 7900HT, and analyzed the results with two different
software packages, Sequence Detection System v. 2.4. (SDS, Thermo Fisher Scientific, Waltham, MA, USA) and
ExpressionSuite Software v1.3 (Thermo Fisher Scientific, Waltham, MA, USA), respectively. This is a particularly
useful validation where the assay is deployed in clinical trials or diagnostic practice. During data processing, it
appeared that the SDS software used for analysis introduced some bias into the possible C, values (Supplemen-
tary Fig. 1). Moreover, Fig. 1A,B show how differing analysis software influences the number of samples that
may be considered for exclusion based on spike-in variability (Fig. 1A) or the widely used haemolysis measure
of AC, (miR-23a-3p - miR-451a) (Fig. 1B and Supplementary Table 1). This highlights just how crucial it is
that any pre-study validation work is fully scrutinised to ensure it is robust before inferences are made relating
to areas of study conduct that may render some data unusable. The differences between the analysis software
are further exemplified by Fig. 1C and Supplementary Table 2, where the potential normalisers included in the
panel show broadly similar distributions between the two software programs but with a consistently lower Cg
value derived from ExpressionSuite, potentially impacting choices on how samples relate to the upper or lower
limits of quantitation. This relationship is supported by Fig. 1D showing no detectable differences between the
AD and HC groups, and the scatter plot data consistently lie above the dashed line indicating y =x. Another
interesting feature of this view of the data was the clear observation of two discrete populations for miR-126-3p.
When replotted using colour to indicate the different machines (Fig. 1E), it becomes obvious that the machines

miRNA

Sequence

hsa-miR-23a-3p

AUCACAUUGCCAGGGAUUUCC

hsa-miR-451a

AAACCGUUACCAUUACUGAGUU

hsa-miR-16-5p

UAGCAGCACGUAAAUAUUGGCG

Haemolysis controls

Spike-In cel-miR-39-3p

UCACCGGGUGUAAAUCAGCUUG

Spike-In cel-miR-54-3p

UACCCGUAAUCUUCAUAAUCCGAG

Exogenous controls (isolation control)

Spike-In cel-miR-2-3p

UAUCACAGCCAGCUUUGAUGUGC

Spike-In cel-miR-238-3p

UUUGUACUCCGAUGCCAUUCAGA

Exogenous controls (cDNA synthesis control)

hsa-miR-93-5p

CAAAGUGCUGUUCGUGCAGGUAG

hsa-miR-192-5p

CUGACCUAUGAAUUGACAGCC

hsa-miR-24-3p

UGGCUCAGUUCAGCAGGAACAG

hsa-miR-126-3p

UCGUACCGUGAGUAAUAAUGCG

hsa-miR-16-5p

UAGCAGCACGUAAAUAUUGGCG

hsa-miR-484

UCAGGCUCAGUCCCCUCCCGAU

hsa-miR-23a-3p

AUCACAUUGCCAGGGAUUUCC

Endogenous controls (normalisers)

Table 2. A panel of miRNAs tested as potential controls for RT-qPCR-based assessment of miRNA levels in
human blood plasma.
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Figure 1. Bialystok cohort data analysed using different machines and software. (A) Z-score of cel-miR-39-3p
spike-in in the group diagnosed with AD and in control group obtained using SDS or ExSuite software. (B)
Standard evaluation of haemolysis level in the samples based on AC, between miR-23a-3p (plasma marker) and
miR-451a (red blood cell marker) with the dashed line showing a commonly applied threshold of 7, used as a
cutoft for haemolysis. (C) Comparison of distribution of C values of potential normalisers for data analysed
with ExpressionSuite (ExSuite) or Sequence Detection System (SDS) Software. (D) Pairwise C, plots for each
potential normaliser, coloured by diagnostic group: red = Alzheimer’s disease (AD), purple = Cognitively
normal (HC). (E) Data from D, coloured according to the PCR machine used for analysis: green=7900HT,
orange = StepOnePlus.

are delivering varied data, which was not detected during the pre-study validation. This is recapitulated for
miR-192-5p and miR-16-5p, as well as the other potential normalisers, albeit in a less obvious way. These data
clearly demonstrate the variability in RT-qPCR results which can be introduced by machine and software. We
thus recommend performing all steps of RT-qPCR analysis, including normalisation, using the same machine
and software for the whole study.

In the next step using plasma samples from the Warsaw cohort, we further explored the utility of the widely
used AC, method for assessing haemolysis and compared it with more traditional absorbance-based approaches.
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Each of the subplots in Fig. 2 shows a different measure of hemolysis plotted against the peak absorbance wave-
length for oxyhemoglobin, 414 nm. Compared with even this simple measure, the two plots indicating the AC,
calculations (Fig. 2C,D) show very poor correlations compared with absorbance-based methods. The upper
plots (Fig. 2A,B) use previously published equations®*** combining three different wavelength measurements
for which correlations to absorbance (414 nm) are very strong. In Supplementary Fig. 2, we show a t-distributed
stochastic neighbor embedding (tSNE), subsequent to a 30 parameter PCA, which is derived from the entire
absorbance spectrum for the samples, suggesting that this could be a viable alternative method that would not
rely on a priori selection of important wavelengths.

Figure 2E shows the high level of sensitivity of isolation controls to stochastic and sample-specific features
compared with those added prior to reverse transcription. On closer inspection, the measurement of cel-238-3p
also exhibits a partitioning of measurements into two subgroups (the basis of which could not be determined)
but is not related to age, sex or disease status (Supplementary Figs. 3 and 4).

The analysis of normalizer stability in the ageing population comprising healthy controls and AD patients
was performed in plasma from the Bialystok cohort. Based on these data, we developed a novel method, called
BestmiRNorm, to identify the optimal combination of normalisers (http://www.github.com/AndrewWant/Bestm
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Figure 2. Variability of hemolysis and exogenous controls for miRNA analysis. (A-D) Four discrete methods
are compared to light absorbance at 414 nm, algorithms from Shkurnikov (415, 450 and 700 nm wavelengths)zz,
Kahn (wavelengths 578, 562 and 598 nm)? as well as AC, (miR-23a, miR-451a) and AC, (miR-23a, miR-16-5p).
Linear regression curves (red, dashed) and correlation r values are added to each subplot. (E) Parallel axis plot
showing C, variability of four added exogenous controls for the Warsaw cohort. Annotation shows controls
added prior to miRNA isolation (cel-2-3p and cel-39-3p) and prior to reverse transcription (cel-238-3p and
cel-54-3p). Lines coloured according to disease class (BD blood donor, MCI mild cognitive impairment, SCI
subjective cognitive impairment, AD Alzheimer’s disease).
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iRNorm). The basic premise for our novel method rests on two assumptions: the best combination of normalisers
is that which produces the most stable value for the potential normalisers, and the optimal combination may not
necessarily be the combination of the single normalisers identified through other methods.

Our approach was to calculate — AAC, for each normaliser/combination (Fig. 3A-C) and then score the
data on the specified metrics (Fig. 3D). Once the rankings have been assigned, weights can be applied to each of
the metrics to amplify its rank value, according to the judgement of importance by the experimenter (Fig. 3E).
Following this, the individual weighted metrics can be summed, with a final ranking used to evaluate the best
normaliser combination.

With equal weighting applied to the scoring metrics, Fig. 4A shows the comparison of ranked scores for the
two different QPCR machines used (see Supplementary Fig. 5A-Y for all calculated weightings). The samples
analysed on the StepOnePlus appear to show considerably more clustering of ranked scores, with noticeably large
single-colour blocks, compared with 7900HT. Figure 4B illustrates the specific normalisers found in the top 10
ranked combinations, where miR-192-5p and miR-484 are present in 9 of the 10 top-ranked combinations, sug-
gesting that these are particularly stable. The application of weights to the scores (Fig. 4C) suggests that the mean
of all 7 potential normalisers is broadly stable, with the largest deviation from this pattern observed when a large
weight is applied to the KS score. The full conversion table for the code numbers is included in Supplementary
Table 3, from which it can be seen that the other notable miR combinations with consistent performance are 117
(hsa-miR-192-5p, 126-3p, 16-5p, 484, 23a-3p) and 84 (hsa-miR-192-5p, 24-3p, 126-3p, 484).

Figure 5A shows the comparison of the top ten ranked combinations of three normalizers according to the
most widely used algorithms and our novel approach. The most recent publication, Normirazor (purple star),
was used as a reference for the top ten most stable combinations. It can clearly be seen that our BestmiRNorm
method is distinct from Normirazor, which in turn appears to be dominated by Normfinder. Interestingly, both
our method and Normirazor found the same optimal combination of 3 normalizers (hsa-miR-192-5p, 24-3p,
484), despite the general disagreement between methods.

Figure 5B shows the computational running time for our algorithm when comparing increasing numbers of
normalizers. The current computational implementation adds an approximately 2.5-fold increase in time (min-
utes), and 11 normalizers can be compared in only 20 min of computational time, a significant improvement
over current standard approaches.

Discussion

Blood is one of the most readily accessible matrices for diagnostic testing, and plasma circulating miRNAs
show very promising features as biomarkers for many aging-related diseases, including AD. Despite consider-
able research effort, none of the plasma circulating miRNAs identified as candidate biomarkers have yet been
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Figure 3. Scheme for the identification of optimal normalisers. (A) Representation of the combinatorial
approach to evaluating normaliser combinations. For n normalisers, there are 2" — 1 combinations. (B)

Plasma samples analyzed by RT-qPCR and ExpressionSuite. (C) C, values used to calculate — AAC, for each
combination of normalisers (abbreviated here). (D) Normalised values of each combination of n normalisers

for Alzheimer’s disease (AD) and control (HC) groups compared along three metrics—Kolmogorov-Smirnov
(KS) test, mean of absolute deviation of group means from zero, and mean of group standard deviations. Data
are then ranked by minimising each metric, with the top-ranked normaliser combination given n.ympinations
points (15 in the example above), and the bottom given 0. Where desired, weights can be applied to each scoring
component by multiplying the rank score by a specified value. (E) Individual rank scores for the metrics are
summed, and then all normaliser combinations are ranked according to that sum.
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Figure 4. Normaliser identification in samples from the Biatystok cohort. (A) Each vertical stripe represents a
specific combination of normalisers with equal weighting applied to the score components (left: StepOnePlus,
right: 7900HT). Colour indicates the number of normalisers in the given combination. (B) Top 10 ranked
normaliser combinations with equal weighting for StepOnePlus (left) and 7900HT (right). Each row shows a
specific normaliser, with a white cross showing which ranks that normaliser is absent from. (C) Influence of
weighting on the total score ranking of normaliser combinations for StepOnePlus. Up to threefold weighting
(222 and 333 are omitted) was applied to the scoring components. Numerical annotation indicates the
substituted code for the combination (see Supplementary Table 3 for translation), and colour shows the number
of normalisers used.

broadly verified and implemented in clinical practice. One of the main reasons for this lack of implementation is
the variation in RT-qPCR controls and normalization approaches for miRNA profiling across different studies.

RT-qPCR is widely used due to its specificity and sensitivity, small amount of template RNA required, easily
available kits and instrument platforms, and relatively low costs of assays. While RT-qPCR serves as an invalu-
able tool for examining miRNA levels in plasma, it is crucial to implement proper normalization to prevent data
misinterpretation. A sound normalization strategy stands as one of the fundamental components outlined in
the MIQE Guidelines (Minimum Information for Publication of Quantitative Real-Time PCR Experiments)*.
However, so far no optimal normalization strategy for RT-qPCR based miRNA profiling exists and verified guide-
lines specifically addressing the quantification of circulating miRNAs based on RT-qPCR are not available. The
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Figure 5. Bialystok cohort normaliser identification comparison. (A) Comparison of the relative ranking of
the top ten 3-normaliser combinations using Normirazor (purple star), with its constituents (blue circle, orange
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running time (minutes) for evaluating the ascending total number of normalisers in combination.

necessity for standardized normalization approaches and standardization of all steps in RT-qPCR-based miRNA
profiling in plasma has been widely acknowledged in search for potential biomarkers in various pathologies
including neurodegeneration®>%.

The identification of miRNAs meeting normalizer criteria has proven challenging. It is now recognized as opti-
mal to normalize qPCR data using biomolecules of the same class'®. However, profiling studies have uncovered
significant variability in miRNA expression within various tissues and body fluids, with their blood levels chang-
ing during aging or in pathologies. Consequently, no single miRNA can serve as a “universal” normalizer*” . It
emphasizes the importance of verifying the stability of selected normalizers in the specific tissue or body fluid
of interest in each study.

To facilitate this task, our study presents a set of validated normalizers in human plasma for aging and
Alzheimer’s disease, along with the newly validated algorithm BestmiRNorm as normalization software. The
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elimination of haemolysed

samples (absorbance-based)

miRNAs confirmed as stable normalizers in this study are recommended as prime candidate normalizers for
other studies on miRNA profiling via RT-qPCR, in conjunction with the BestMiRNorm computational method to
validate their stability in a particular cohort of interest. These tools can assist researchers in confirming miRNAs
as normalizers for RT-qPCR-based miRNA profiling in their studies.

Furthermore, we examined common analytical pipelines for profiling circulating miRNAs and we propose
an optimization of current standard practice at key steps that may introduce variability. The absence of such
a unified comprehensive workflow for standardizing RT-qPCR-based miRNA profiling in human plasma has
impeded progress in developing miRNAs as plasma biomarkers thus far.

Our recommendations concern the following gPCR steps: homogeneous condition of sample collection and
storage and elimination of haemolysed samples prior to analysis, addition of exogenous miRNAs as controls of
miRNA isolation and reverse transcription, and the normalisation approach. We have summarized our recom-
mended standardized methodology for obtaining reliable and comparable miRNA analysis data in blood plasma
(and other body fluids) by RT-qPCR in Fig. 6.

After storage, the first necessary step in the analysis of miRNA from blood serum or plasma is to assess sam-
ple quality by evaluating haemolysis (Fig. 6). It has long been known that haemolysis can profoundly influence
the measured values of a broad range of miRNAs*-*!. The selection of appropriate methodologies to test for
haemolysis is a critical step to assess blood sample quality and identify true changes in miRNA expression levels
in this body fluid*'. The most commonly used method for haemolysis evaluation is based on the ratio of specific
miRNAs, usually miR-23a to miR-451a or to miR-16-5p, with samples exceeding a prespecified threshold (usu-
ally 7) excluded from the analysis. However, the main outcome of our study challenges the accepted standard
practice of examining only this miRNA ratio. Our experiments clearly demonstrated that this approach did
not work properly when compared with haemoglobin absorbance measurement. The other groups have also
indicated problems with false positive results of haemolysis assessment by specific miRNAs ratio in comparison
to alternative methods, e.g. absorbance-based ones®. It has been shown that the traditional absorbance-based
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Figure 6. Flowchart of the optimal study design. A flow chart describing the recommended subsequent steps of

plasma-derived miRNA analysis by RT-qPCR.

Scientific Reports|  (2023) 13:20869 | https://doi.org/10.1038/s41598-023-47971-3

nature portfolio



www.nature.com/scientificreports/

approach for assessing haemolysis has limitations due to haemoglobin absorbance interferences from analytes
(e.g. bilirubin, lipids) and other molecules presented in a sample. However, recent studies on haemolysis focus
on developing and improving absorbance methods by measurement of few different wavelengths and additional
mathematical algorithm for interference determination and elimination. Increasing number of reports on lysis
quantification in blood sample have confirmed the effectiveness of using absorbance-based method improved by
mathematical algorithm?>*>33-3, Interestingly, we have also shown that usage of the entire absorbance spectrum
for the samples to evaluate haemolysis could be a viable alternative method that would not rely on a priori selec-
tion of important wavelengths (Supplementary Fig. 2). There are also alternative haemolysis assays proposed for
blood sample experiments, such as monitoring of haemolysis in real-time based on resistance measurement or
optofluidic waveguide sensor®” and haemolysis detection in silico®. Nevertheless, these methods are not well-
studied and verified and have not been compared in our study. Thus, to avoid errors in miRNA quantification,
we suggest an absorbance-based method as the preferred option for assessing haemolysis. Additionally, a visual
pre-check of the haemolysis status can also be useful.

Secondly, our studies indicate the necessity of using at least two exogenous controls to evaluate the efficiency
of each of the two steps: miRNA isolation and reverse transcription (Fig. 6). Typically, an exogenous control in
the form of a synthetic spike-in miRNA is added at a known concentration before isolation or RT to demonstrate
the efficiency of each process/reaction, allowing for correction or elimination of unreliable samples. We recom-
mend using spike-in controls for both steps, with more than one spike-in for each step. This double control for
each step of miRNA processing is necessary because, despite the synthetic origin of spike-ins, the isolation and
reverse transcription of each individual miRNA spike-in may be differentially affected by other components of
the plasma sample. Using spike-in miRNAs as controls of these two steps has advantages compared to endog-
enous reference miRNAs. Endogenous miRNAs are affected similarly to the target miRNAs by experimental
conditions because of the matched starting physiological context. However, variations in technical conditions
of isolation and RT of specific miRNAs can lead to a discontinuity between certain endogenous controls and
target miRNAs in particular samples. As such, the benefit of simultaneous use of endogenous normalisers with
exogenous controls (spike-ins) to enhance the quality and reproducibility of experimental findings is essential.

Thirdly, we propose here a novel and transparent method called BestmiRNorm for selecting optimal normal-
isers in an ageing population for proper RT-qPCR data analysis openly accessible at github.com/AndrewWant/
BestmiRNorm. Moreover, we verified stability of plasma levels of 7 candidate normalisers in a non-demented
ageing population and in the subjects at early and later AD stages and recommend their application in search for
circulating miRNAs biomarkers in ageing-related diseases such as AD. Variability in normalization approaches
is the most important factor responsible for the low reproducibility of plasma circulating miRNAs identified by
qPCR as biomarkers’. Our review of the literature shows that no universal endogenous normalisers are used, and
the applicability of reference genes from other studies or the use of a single reference gene does not guarantee
reliable miRNA quantitation®.

BestmiRNorm, our novel approach for identifying optimal normalisers, enables comparison of up to 11 nor-
malisers in combination, in a computationally efficient fashion. Furthermore, uniquely to our method, the user
can define what a “good” combination of normalisers means to them through the application of weighting to the
scores for overall variance, average net mean deviation from zero and/or distribution of two classes of interest.

Finally, the logic behind the evaluation of normalizers is clearer and more transparent, providing users and
the audience of resulting publications with evident justification for the "best" normalizers. These results empha-
size the necessity of increasing standardization and analytical transparency to advance miRNAs as therapies or
markers of disease. Furthermore, we provide an open-source tool that enables other researchers to apply our
methods to their own data and extend and improve our approach.

In conclusion, to avoid misleading conclusions regarding circulating miRNAs as candidate biomarkers and
to facilitate comparison of miRNA biomarkers across studies and laboratories for their translation from the
discovery phase to clinical diagnostics, standardization of the preanalytical and analytical methods is necessary.
In this study, we propose an optimized analytical methodology for obtaining reliable and comparable miRNA
analysis data in blood plasma using RT-qPCR. Our studies indicate the necessity of:

(a) evaluating the quality of the sample and excluding haemolysed samples based on absorbance measurements,

(b) using at least two exogenous controls for miRNA isolation and reverse transcription, and adjusting/cor-
recting for the efficiency of these steps, and

(c) selecting optimal normalizers for data analysis using our novel, openly accessible, and computationally
efficient method called BestMirNorm.

Using the BestMirNorm method, we successfully selected and validated seven stable normalizers in an aging
population. We recommend their use in biomarker assays of miRNAs in aging-related diseases.

Methods

Reagents

miRNeasy Serum/Plasma Advanced Kit (Qiagen, Hilden, Germany, # 217204); TaqManw Advanced miRNA cDNA
Synthesis Kit (Applied Biosystems, Bedford, MA, USA, #A28007); TagMan" Fast Advanced Master Mix (Applied
Biosystems, Bedford, MA, USA, # 4444556); TagMan" Advanced miRNA Assays Single-tube assays (Applied
Biosystems, Bedford, MA, USA, # A25576: 478293 _mir, Spike-In cel-miR-39-3p; 478291_mir, Spike-In cel-miR-
2-3p; 478292 _mir, Spike-In cel-miR-238-3p; 478410_mir, Spike-In cel-miR-54-3p; 478262_mir, hsa-miR-192-5p;
478210_mir, hsa-miR-93-5p; 477860_mir, hsa-miR-16-5p; 478308_mir, hsa-miR-484; 478532_mir, hsa-miR-
23a-3p; 478107 _mir, hsa-miR-451a; 477992_mir, hsa—miR—24—3p; 477887 _mir, hsa—miR—126—3p; 478369 _mir,
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hsa-miR-29b-3p; 478007 _mir, hsa-miR-30b-5p; 478048 _mir, hsa-miR-34a-5p; 477885_mir, hsa-miR-125b-5p;
478581 _mir, hsa-miR-135a-5p; 477910_mir, hsa-miR-142-3p; 478399_mir, hsa-miR-146a-5p; 478490_mir,
hsa-miR-ZOOa-3p; 478432_mir, hsa-miR-483-5p; 478128 _mir, hsa-miR-486-5p, 478348_mir, hsa-miR-502-3p;
477952_mir, hsa-miR-191-5p).

Human subjects

Plasma samples were collected from Polish subjects of two independent cohorts enrolled at the Medical Uni-
versity of Bialystok (Bialystok cohort) and at Central Clinical Hospital of the Ministry of Interior (MSWiA) in
Warsaw (Warsaw cohort). Plasma collection and analyses were performed in accordance with the Declaration
of Helsinki after obtaining approval from Bioethical Committees at the respective centres (Medical University of
Bialystok: R-I1_002/459/2018 and MSWIiA in Warsaw: 106-2016). Patients were diagnosed with AD, mild cogni-
tive impairment due to AD (MCI-AD), MCI not due to AD (MCI-non AD), or subjective cognitive impairment
(SCI), according to the National Institute of Neurologic, Communicative Disorders and Stroke/Alzheimer’s
Disease and Related Disorders Association (NINCDS-ADRDA) criteria and recommendations from the National
Institute on Aging-Alzheimer’s Association workgroups'. Diagnosis was based on clinical interview and the
MMSE test (global cognitive impairment assay, scale 0-30) and was additionally supported by the assays of
standard AD biomarkers in the cerebrospinal fluid: AP peptides, t-tau (“total” tau protein) and p-tau-181 (tau
protein phosphorylated at threonine 181). The CSF assays were carried out in the hospital laboratory using an
ELISA kit (Innogenetics, Gent, Belgium). Peripheral blood samples were collected after written informed consent
was obtained from all study subjects or their legal representatives. Inclusion criteria for samples were clinical
diagnosis of AD, MCI-AD, MCI-non AD, SCI or cognitively normal. The exclusion criteria were as follows: an
age below 50, identified comorbidities such as depression, other dementia or neurologic disease, a history of
alcohol or drug abuse, and other serious medical conditions that might influence cognition. The sample analysis
was performed in a blinded manner to limit the possibility of bias.

All protocols for CSF collection and CSF assays were recommended by the international JPND BIO-
MARKAPD consortium and adhere to the most recent guidelines*. A control group of samples from healthy
blood donors from the Warsaw blood donation service was also included. The characteristics of the study subjects
are presented in Table 1.

Plasma collection

Blood was collected by venipuncture into BD Vacutainer K2-EDTA tubes. The samples were immediately cen-
trifuged, and aliquots of plasma were stored in nuclease-free tubes at — 80 °C. The procedure was carried out in
adherence to the guidelines for the standardization of preanalytic variables for blood-based biomarker studies
in Alzheimer’s disease research of the international working group*' and to the detailed SOPs (Standard Operat-
ing Procedures) established under the international European Union Horizon 2020 FET OPEN grant 737390
“ArrestAD” (Warsaw cohort) and 7th European Union Framework grant 2/BIOMARKAPD/JPND/2012JPND
(Bialystok cohort).

miRNA isolation

miRNA was isolated using the miRNeasy Serum/Plasma Advanced Kit (Qiagen, Hilden, Germany, # 217204)
according to the manufacturer’s recommendation. The spike-in cel-miR-39-3p (Bialystok cohort) or cel-miR-
39-3p and cel-miR-2-3p (Warsaw cohort) were added at a fixed amount per isolation (after lysis stage). Target
sequences of exogenous controls (spike-ins) are included in Table 2.

RT-gPCR

Synthesis of cDNA and RT-qPCR were performed according to TagMan’ Advanced miRNA Assays Single-tube
assays (Applied Biosystems, Bedford, MA, USA, # A25576). miRNA was reverse transcribed with a TagMan’
Advanced miRNA cDNA Synthesis Kit (Applied Biosystems, Bedford, MA, USA, #A28007) according to the
manufacturers’ protocols (with 2 uL of sample eluent) using a Master cycler nexus gradient (Eppendorf, Ham-
burg, Germany) and T100™ Thermal Cycler (Bio-Rad, Hercules, USA). The cDNA synthesis controls (cel-miR-
238-3p and cel-miR-54-3p) were added to evaluate the efficiency of this reaction. Target sequences of exogenous
controls (spike-ins) are included in Table 2.

RT-qPCR was performed according to the manufacturer’s protocol using a TagMan’ Fast Advanced Master
Mix (Applied Biosystems, Bedford, MA, USA, # 4444556) with a 1:10 dilution of cDNA template and thermal
profile of 95 °C for 20 s; 95 °C for 1 s and 60 °C for 20 s in 40 cycles on a StepOnePlus™ Real-Time PCR System
(Applied Biosystems, Bedford, MA, USA) or Abi 7900HT (Applied Biosystems, Bedford, MA, USA) as indicated.
Data were analyzed using either ExpressionSuite Software v1.3 (Thermo Fisher Scientific, Waltham, MA, USA)
or Sequence Detection System (SDS) Software SDS v. 2.4 (Thermo Fisher Scientific, Waltham, MA, USA).

Absorbance measurements of plasma
A wavelength scan (220-750 nm) was performed on 2 pL isolated plasma using a NanoDrop 2000 (Thermo
Scientific™, Waltham, MA, USA).

Normaliser identification

The Normirazor webtool?® was used to evaluate candidate normalizers up to 3n combinations, providing outputs
from Normfinder, Bestkeeper and Genorm as well as the Normirazor aggregated score. Our new method called
BestmiRNorm for identifying normalisers was written in the Python programming language (v. 3.7.3), using
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pandas (v. 1.2.3), numpy (v. 1.17.1), scipy (v. 1.3.1). The method we developed uses three measures to evaluate
the miRNA C values for potential normalisers: Kolmogorov-Smirnov score (KS-score), average displacement
from a mean of zero and mean standard deviation. In each case, the comparators are two distinct biological
groups of interest (such as Alzheimer’s disease and cognitively normal controls). Before comparison, the group
of potential normalisers was normalized according to the log,(2724°9) method*?. To enable anyone to access,
download and run BestmiRNorm on their own data, the code is published on github.com.

Statistical analysis and software
Raw RT-qPCR data were analyzed using either ExpressionSuite v1.3 (Thermo Fisher Scientific, Waltham, MA,
USA) or Sequence Detection System (SDS, Thermo Fisher Scientific, Waltham, MA, USA) software v. 2.4. All
C, data were divided into sex groupings and age-adjusted prior to additional analysis (Supplementary Fig. 6A-C
and Supplementary Fig. 7).

Statistical analysis was performed using GraphPad Prism 9.1.2 or SciPy (v.1.3.1). PCA and tSNE were carried
out using scikit-learn (v. 0.21.3).

Ethics approval and consent to participate

Human blood plasma collection and analyses were performed in accordance with the Declaration of Helsinki
after obtaining approval from Bioethical Committees at the Medical University of Bialystok: R-I_002/459/2018
and at the Central Clinical Hospital of the Ministry of Interior and Administration (MSWiA) in Warsaw:
106-2016. Written informed consent was obtained from all of the patients or their legal representatives.

Data availability

The novel normalization method BestmiRNorm is publicly available from http://www.github.com/AndrewWant/
BestmiRNorm. Example template files are available from: https://doi.org/10.5281/zenodo.7060403. The datasets
generated and used during the current study are available from the corresponding author on reasonable request.

Received: 6 June 2023; Accepted: 20 November 2023
Published online: 27 November 2023

References
1. McKhann, G. M. et al. The diagnosis of dementia due to Alzheimer’s disease: Recommendations from the National Institute on
Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement. 7, 263-269
(2011).
2. Jack, C. R. et al. NIA-AA Research Framework: Toward a biological definition of Alzheimer’s disease. Alzheimers Dement. 14,
535-562 (2018).
3. Hampel, H. ef al. Blood-based biomarkers for Alzheimer’s disease: Mapping the road to the clinic. Nat. Rev. Neurol. 14, 639-652
(2018).
4. Palmqyist, S. et al. Prediction of future Alzheimer’s disease dementia using plasma phospho-tau combined with other accessible
measures. Nat. Med. 27, 1034-1042 (2021).
5. Nagaraj, S., Zoltowska, K. M., Laskowska-Kaszub, K. & Wojda, U. microRNA diagnostic panel for Alzheimer’s disease and epige-
netic trade-off between neurodegeneration and cancer. Ageing Res. Rev. 49, 125-143 (2019).
6. Bartel, D. P. Metazoan MicroRNAs. Cell. 173, 20-51 (2018).
7. Valadi, H. et al. Exosome-mediated transfer of mRNAs and micro RNAs is a novel mechanism of genetic exchange between cells.
Nat. Cell Biol. 9(6), 654659 (2007).
. Thomou, T. et al. Adipose-derived circulating miRNAs regulate gene expression in other tissues. Nature 542(7642), 450-455 (2017).
9. Vickers, K. C., Palmisano, B. T., Shoucri, B. M., Shamburek, R. D. & Remaley, A. T. MicroRNAs are transported in plasma and
delivered to recipient cells by high-density lipoproteins. Nat. Cell Biol. 13(4), 423-433 (2011).
10. Arroyo, J. D. et al. Argonaute2 complexes carry a population of circulating micro RNAs independent of vesicles in human plasma.
Proc. Natl. Acad. Sci. U.S.A. 108(12), 5003-5008 (2011).
11. Weber, J. A. et al. The micro RNA spectrum in 12 body fluids. Clin. Chem. 56(11), 1733-1741 (2010).
12. Roth, C. et al. Circulating microRNAs as blood-based markers for patients with primary and metastatic breast cancer. Breast
Cancer Res. 12, R90 (2010).
13. Blandford, S. N., Galloway, D. A. & Moore, C. S. The roles of extracellular vesicle microRNAs in the central nervous system. Glia
66(11), 2267-2278 (2018).
14. Abdelsalam, M., Ahmed, M., Osaid, Z., Hamoudi, R. & Harati, R. Insight into exosome transport through the blood-brain barrier
and the potential therapeutical applications brain diseases. Pharmaceuticals 16(4), 571 (2023).
15. Forero, D. A., Gonzalez-Giraldo, Y., Castro-Vega, L. ]. & Barreto, G. E. QPCR-based methods for expression analysis of miRNAs.
Biotechniques 67, 192-199 (2019).
16. Faraldi, M. et al. Normalization strategies differently affect circulating miRNA profile associated with the training status. Sci. Rep.
9, 1584 (2019).
17. Andersen, C. L., Jensen, J. L. & Qrntoft, T. E Normalization of real-time quantitative reverse transcription-PCR data: A model-based
variance estimation approach to identify genes suited for normalization, applied to bladder and colon cancer data sets. Cancer Res.
64, 5245-5250 (2004).
18. Vandesompele, . et al. Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal
control genes. Genome Biol. 3, research0034.1 (2002).
19. Pfaffl, M. W, Tichopad, A., Prgomet, C. & Neuvians, T. P. Determination of stable housekeeping genes, differentially regulated
target genes and sample integrity: BestKeeper—Excel-based tool using pair-wise correlations. Biotechnol. Lett. 26, 509-515 (2004).
20. Pagacz, K. et al. A systemic approach to screening high-throughput RT-qPCR data for a suitable set of reference circulating miR-
NAs. BMC Genom. 21, 111 (2020).
21. Shah,J.S., Soon, P. S. & Marsh, D. J. Comparison of methodologies to detect low levels of hemolysis in serum for accurate assess-
ment of serum microRNAs. PLoS One 11, e0153200 (2016).
22. Shkurnikov, M. Y. et al. Analysis of plasma microRNA associated with hemolysis. Bull. Exp. Biol. Med. 160, 748-750 (2016).
23. Kahn, S. E., Watkins, B. E. & Ew, B. An evaluation of a spectrophotometric scanning technique for measurement of plasma hemo-
globin. Ann. Clin. Lab. Sci. 11, 126-131 (1981).

oo

Scientific Reports |

(2023) 13:20869 | https://doi.org/10.1038/s41598-023-47971-3 nature portfolio


http://www.github.com/AndrewWant/BestmiRNorm
http://www.github.com/AndrewWant/BestmiRNorm
https://doi.org/10.5281/zenodo.7060403

www.nature.com/scientificreports/

24. Bustin, S. A. et al. The MIQE guidelines: Minimum information for publication of quantitative real-time PCR experiments. Clin.
Chem. 55, 611-622 (2009).

25. O’Bryant, S. et al. Blood-based biomarkers in Alzheimer disease: Current state of the science and a novel collaborative paradigm
for advancing from discovery to clinic. Alzheimers Dement. 13(1), 45-58 (2017).

26. Faraldi, M., Gomarasca, M., Banfi, G. & Lombardi, G. Free circulating miRNAs measurement in clinical settings: The still unsolved
issue of the normalization. Adv. Clin. Chem. 87, 113-139 (2018).

27. Ludwig, N. et al. Distribution of miRNA expression across human tissues. Nucleic Acids Res. 44, 3865-3877 (2016).

28. Landgraf, P. et al. A mammalian microRNA expression atlas based on small RNA library sequencing. Cell 129, 1401-1414 (2007).

29. Kirschner, M. B. et al. The impact of hemolysis on cell-free microRNA biomarkers. Front. Genet. 4, 94 (2013).

30. Pizzamiglio, S. et al. A methodological procedure for evaluating the impact of hemolysis on circulating micro RNAs. Oncol. Lett.
13, 315-320 (2017).

31. Chan, S.-F, Cheng, H., Goh, K.K.-R. & Zou, R. Preanalytic methodological considerations and sample quality control of circulating
miRNAs. J. Mol. Diagn. 25(7), 438-453 (2023).

32. Murray, M. J. et al. Future-proofing blood processing for measurement of circulating miRNAs in samples from biobanks and
prospective clinical rials. Cancer Epidemiol. Biomark. Prev. 27(2), 208-218 (2018).

33. Azhar, M. et al. Hemolysis detection in sub-microliter volumes of blood plasma. IEEE 99, 1 (2019).

34. Gislefoss, R. E., Berge, U., Lauritzen, M., Langseth, H. & Wojewodzic, M. W. A simple and cost-effective method for measuring
hemolysis in biobank serum specimens. Biopreserv. Biobank. 19(6), 525-530 (2021).

35. Heckl, Ch. et al. Spectrophotometric evaluation of hemolysis in plasma by quantification of free oxyhemoglobin, methemoglobin,
and methemalbumin in presence of bilirubin. J. Biophotonics 14, €202000461 (2021).

36. Van Buren, T., Arwatz, G. & Smits, A. J. A simple method to monitor hemolysis in real time. Sci. Rep. 10, 5101 (2020).

37. Zhou, Ch. et al. Optofluidic sensor for inline hemolysis detection on whole blood. ACS Sens. 3(4), 784-791 (2018).

38. Smith, M. D. et al. DraculR: A web-based application for in silico haemolysis detection in high-throughput microRNA sequencing
data. Genes 14(2), 448 (2023).

39. Schwarzenbach, H., da Silva, A. M., Calin, G. & Pantel, K. Data normalization strategies for microRNA quantification. Clin. Chem.
61, 1333-1342 (2015).

40. Hansson, O. et al. The impact of preanalytical variables on measuring cerebrospinal fluid biomarkers for Alzheimer’s disease
diagnosis: A review. Alzheimers Dement. 14, 1313-1333 (2018).

41. O’Bryant, S. E. et al. Guidelines for the standardization of preanalytic variables for blood-based biomarker studies in Alzheimer’s
disease research. Alzheimers Dement. 11, 549-560 (2015).

42. Schmittgen, T. D. & Livak, K. J. Analyzing real-time PCR data by the comparative CT method. Nat. Protoc. 3, 1101-1108 (2008).

Acknowledgements

We thank all the patients and their families involved in this study and Ms. Katarzyna Brzozowska, MSc, for her
excellent assistance in collecting clinical samples. The project was carried out with the use of CePT infrastruc-
ture financed by the European Union—The European Regional Development Fund within the Operational
Programme “Innovative economy”.

Author contributions

U.W. and A.W. conceptualized the study; A.W. provided the normalization algorithm, implemented the algo-
rithm and participated in the data analysis and interpretation, W.G.P,, A.F,, and K.S. performed experiments
and analysed the data, performed data analyses and interpretation. A.W., K.S. and U.W. wrote the manuscript.
All authors reviewed the submitted manuscript.

Funding

The findings for this research were provided by the Polish National Science Centre grants OPUS 2018/29/B/
NZ7/02757 and OPUS 2022/47/B/NZ7/03005, and European Union’s Horizon 2020 FET OPEN grant no 737390
(ArrestAD) to UW.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-023-47971-3.

Correspondence and requests for materials should be addressed to U.W.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:20869 | https://doi.org/10.1038/s41598-023-47971-3 nature portfolio


https://doi.org/10.1038/s41598-023-47971-3
https://doi.org/10.1038/s41598-023-47971-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Optimized RT-qPCR and a novel normalization method for validating circulating miRNA biomarkers in ageing-related diseases
	Results
	Discussion
	Methods
	Reagents
	Human subjects
	Plasma collection
	miRNA isolation
	RT-qPCR
	Absorbance measurements of plasma
	Normaliser identification
	Statistical analysis and software
	Ethics approval and consent to participate

	References
	Acknowledgements


