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Data normalization of plasma
miRNA profiling from patients with
COVID-19

Julia Tiemi Siguemoto®, Carolini Motta Neri¥°>, Nadine de Godoy Torso?,

Aline de Souza Nicoletti?, Marilia Berlofa Visacri3,

Carla Regina da Silva Correa da Ronda?, Mauricio Wesley Perroud Jr.?,

Leonardo Oliveira Reis?, Luiz Augusto dos Santos*, Nelson Duran?, Wagner José Favaro?,
Eder de Carvalho Pincinato? & Patricia Moriel***

When using the reverse-transcription quantitative polymerase chain reaction (RT-qPCR) technique
for quantitative assessment of microRNA (miRNA) expression, normalizing data using a stable
endogenous gene is essential; however, no universally adequate reference gene exists. Therefore,

in this study, we aimed to determine, via the RNA-Seq technique, the most adequate endogenous
normalizer for the expression assessment of plasma miRNAs in patients with coronavirus disease
2019 (COVID-19). Two massive sequencing procedures were performed (a) to identify differentially
expressed miRNAs between patients with COVID-19 and healthy volunteers (n=12), and (b) to
identify differentially expressed miRNAs between patients with severe COVID-19 and those with mild
COVID-19 (n=8). The endogenous normalizer candidates were selected according to the following
criteria: (1) the miRNA must have a fold regulation =1; (2) the miRNA must have a p-value > 0.990;
and (3) the miRNAs that were discovered the longest ago should be selected. Four miRNAs (hsa-
miR-34a-3p, hsa-miR-194-3p, hsa-miR-17-3p, and hsa-miR-205-3p) met all criteria and were selected
for validation by RT-qPCR in a cohort of 125 patients. Of these, only hsa-miR-205-3p was eligible
endogenous normalizers in the context of COVID-19 because their expression was stable between the
compared groups.

Keywords MicroRNA, COVID-19, Endogenous normalizer, Reference gene

Coronavirus disease 2019 (COVID-19) is an acute respiratory infection caused by the SARS-CoV-2 coronavirus,
a betacoronavirus identified in December 2019 in Wuhan, Hubei Province, China. It has been described as the
seventh coronavirus to infect humans'. As of March 2024, more than 770 million confirmed COVID-19 cases
have been reported worldwide?, making it one of the most contagious pandemics in human history>.

Given the global prevalence of this disease, understanding and characterizing the pathways associated
with its pathogenesis and severity is crucial. MicroRNAs (miRNAs) are among the molecules considered for
this purpose. miRNAs are small, single-stranded RNA molecules consisting of approximately 22 non-coding
nucleotides that regulate gene expression post-transcriptionally?.

Reverse-transcription quantitative polymerase chain reaction (RT-qPCR) is considered as the gold standard
for evaluating miRNA expression. For this purpose, data normalization is required; more precisely, the expression
of each target miRNA should be normalized to the expression of a stable endogenous miRNA (known as an
endogenous normalizer). This procedure aims to eliminate variations that do not result from the biological
conditions®.

Although data normalization directly influences the accuracy of results, no standardized protocol exists for
this procedure. In addition, no specific normalized miRNAs have been identified in patients with COVID-19.
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A commonly employed strategy for data normalization involves the use of cel-miR-39, a synthetic miRNA
of exogenous origin often added to samples®. Therefore, it cannot be considered the best candidate for use as a
normalizer; instead, it should be used as a quality control for miRNA extraction, as the efficiency ratio can be
determined by comparing the concentration of cel-miR-39 added to the sample to the quantity obtained after
extraction®.

Hence, considering that there are no concrete conclusions regarding which miRNA should be used as a
normalizer for miRNA expression assessment in COVID-19 and considering the severity and importance of the
disease, further research is required to elucidate this issue. Therefore, in this study, we aimed to determine the
most appropriate endogenous normalizer for assessing plasma miRNA expression in patients with COVID-19.

Results

Participants

The criterion adopted for dividing the participants included in the study was the presence or absence of SARS-
CoV-2 virus infection, as confirmed by a reference RT-qPCR test conducted using plasma collected on the same
day as the test. Two large-scale sequencing procedures were performed.

In the first group, 12 participants were involved and subdivided into two groups: (1) Case group (n=38,
participants with a positive RT-PCR test for SARS-CoV-2); (2) Control group (n=4, with a negative RT-PCR
test for SARS-CoV-2).

The second sequencing involved eight participants, all of whom tested positive for SARS-CoV-2 using
RT-PCR. The patients were divided into two groups based on COVID-19 severity (classified according to
NIH Coronavirus Disease 2019 Treatment Guidelines®): (1) Non-severe group (n=4 participants with mild
COVID-19); (2) Severe/critical group (n =4 participants with severe/critical COVID-19) (Fig. 1).

The participants’ clinical characteristics are shown in Table 1.

miRNA sequencing

For the sequencing that evaluated miRNA expression between patients with COVID-19 and controls,
the GeneGlobe Data Analysis Center (Qiagen) executed the analysis using the following method: fold
regulation = miRNA expression in the case group (patients with COVID-19)/miRNA expression in the control
group (healthy volunteers) (Table 2). For sequencing that evaluated miRNA expression between patients with
severe/critical COVID-19 and those with mild COVID-19, fold regulation=miRNA expression of the severe
or critical group/miRNA expression in the mild or moderate group (Table 3). For both tests, p-value were
determined using the Wald test. Tables 2 and 3 show the sequencing results for plasma miRNAs with a fold
regulation of 1.00.

In accordance with the selection criteria of this study and the sequencing outcomes, four miRNAs were
selected as exogenous control candidates. The selected miRNAs, hsa-miR-34a-3p, hsa-miR-194-3p, hsa-miR-17-
3p, and hsa-miR-205-3p, are listed in Tables 2 and 3.

Figures 2 and 3 present volcano plots with all plasma miRNAs identified in the sequencing comparing miRNA
expression between patients with COVID-19 and controls, and the sequencing comparing miRNA expression
between patients with severe/critical COVID-19 and patients with mild COVID-19, respectively.

Validation of candidates for normalizing miRNAs

Four miRNAs (hsa-miRNA-34a-3p, hsa-miR-194-3p, hsa-miR-17-3p, and hsa-miR-205-3p) selected by next-
generation sequencing were confirmed by RT-qPCR in a larger cohort of participants (n=125, including all
those involved in the sequencing).

Although hsa-miR-194-3p was detected in all samples during sequencing, it was not amplified by RT-
qPCR. Different experiments were conducted to determine whether amplification could be confirmed, but all
experiments were unsuccessful. Therefore, the use of this miRNA as an endogenous control was ruled out.

For the remaining three miRNAs (hsa-miR-34a-3p, hsa-miR-17-3p, and hsa-miR-105-3p), Tables 4 and
5 show their expression levels according to RT-qPCR. When comparing the expression levels between the
case (n=285) and control groups (n=40), hsa-miR-17-3p was not suitable as an endogenous normalizer, as it
exhibited significant differences in expression (p <0.05). Similar expression levels of hsa-miR-34a-3p and hsa-
miR-205-3p were observed in the two groups (p=0.3990 and p=0.0805, respectively).

Furthermore, when comparing the expression levels between the group of patients with mild COVID-19
(n=45) and critical COVID-19 (n=39), a significant difference was observed (p <0.05) for hsa-miR-34a-3p,
hsa-17-3p, and hsa-205-3p. Therefore, none of the selected miRNAs met the prerequisites for use as endogenous
normalizers for different disease severities.

Stability assessment of selected endogenous miRNAs

The endogenous reference gene must be stably expressed in both groups (Case and Control when discussing
the first sequencing; Mild COVID-19 and Critical COVID-19 when discussing the second sequencing). Thus, a
statistical analysis was performed to evaluate this premise; as all candidate miRNAs showed significant differences
when comparing expression between patients with severe/critical COVID-19 and those with mild COVID-19
(p <0.05), the analysis was made only for the results comparing miRNA expression between COVID-19 patients
and controls.

Figure 4 illustrates the sequencing analysis conducted to compare the differentially expressed miRNAs
between patients with COVID-19 and controls (healthy volunteers). RefFinder stability analysis”® indicated
that hsa-miR-17-3p was the most stable candidate, followed by hsa-miR-205-3p and hsa-miR-34a-3p. However,
as hsa-miR-17-3p exhibited significant differences in expression between the control and case groups, the best
endogenous normalizer for miRNA expression assessment was hsa-miR-34a-3p, followed by hsa-miR-205-3p.
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Fig. 1. On the left, the sequencing was performed to identify differentially expressed miRNAs between
patients with COVID-19 and controls (healthy volunteers). Participants were divided as follows: (1) Case
group (n =38, participants who tested positive for SARS-CoV-2 in the reference test RT-PCR); (2) Control
group (n=4, participants with a negative RT-PCR result for SARS-CoV-2). On the right, the sequencing was
performed to identify differentially expressed miRNAs between patients with severe/critical COVID-19 and
those with mild COVID-19. Participants were divided as follows: (1) non-severe group (n =4, participants
with mild/moderate COVID-19); (2) severe/critical group (n =4, participants with severe/critical COVID-19).
(Created with BioRender.com, accessed on March 17, 2024.)
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Patients with COVID-19

Non-severe group | Severe/critical group | Patients without COVID-19
Variable (n=4) (n=4) (n=4)
Age (mean + SD, years) 61.8+11.7 61.5+8.5 51.7+16.9
Gender (n, %)
Male 2 (50.0) 2 (50.0) 2 (50.0)
Female 2 (50.0) 2 (50.0) 2 (50.0)
Ethnicity (n, %)
Caucasian 0(0.0) 2 (50.0) 4(100.0)
Non-Caucasian 0(0.0) 2 (50.0) 0(0.0)
Not reported 4 (100.0) 0(0.0) 0(0.0)
Comorbidities*
Yes 2 (50.0) 3 (75.0) 2 (50.0)
No 2 (50.0) 1(25.0) 2 (50.0)

Table 1. Clinical data of participants whose plasma miRNA expression were evaluated in the sequencing
(n=12). n, absolute number of patients; SD, standard deviation. *Systemic arterial hypertension, diabetes
mellitus, congestive heart failure, chronic kidney disease, hypothyroidism, obesity, cardiac arrhythmia, acute
myocardial infarction and/or previous stroke.

Discussion

To ensure the success of miRNA expression assessment using the gold standard method RT-qPCR, the most
appropriate normalizer is expected to be utilized. For this purpose, a gene must remain stable and exhibit
constant expression across different contexts and individuals. However, as there is no ideal miRNA, testing the
stability of potential normalizers prior to experimentation is necessary. Thus, we aimed to determine the best
plasma miRNA normalizer for patients with COVID-19.

Although miR-16 and miR-191 are some of the most frequently employed miRNAs as normalizers’, these
miRNAs might not consistently exhibit the same pattern of expression in different biological or experimental
contexts!®!2 In a recent study by Belmonte et al.'’, who also investigated endogenous normalizers for
COVID-19 severity, miR-16-5p expression showed a significant difference between the COVID and control
groups. The authors also mentioned that certain binding sites in the SARS-CoV-2 genome are specific for miR-
16-5p, suggesting that miR-16-5p may interfere with viral replication'®. The high number of these binding sites
in the viral genome could potentially reduce the presence of the coronavirus in infected cells, possibly aiding in
infection control!?.

Therefore, to ensure the selection of the most appropriate normalizer, and consequently, the quality of the
results' in the present study, miRNA sequencing was used to identify the best candidates. This high-throughput
assay provided a comprehensive view of the presence and expression of miRNAs in a sample!®>. Combining
the RNA sequencing results and the criteria established previously in this study (namely, a fold change=1, a
p-value>0.990 for the miRNA, and the longest previously discovered miRNAs) yielded four candidates for
validation as possible endogenous normalizers: hsa-miRNA-34a-3p, hsa-miR-194-3p, hsa-miR-17-3p, and
hsa-miR-205-3p. Subsequently, RT-qPCR was conducted with a larger cohort of participants, analyzing the
selected miRNAs as potential endogenous normalizers. Furthermore, care was taken to ensure that differences
in individual profiles did not interfere with the study of miRNA expression.

During the RT-qPCR step, hsa-miR-194-3p did not show amplification in any sample, despite being detected
by RNA sequencing. This could be attributed to various reasons such as inadequate reaction conditions for the
specific miRNA or the presence of polymerase inhibitors that affect primer-template annealing!®. Additionally,
this result may be influenced by the fact that sequencing and RT-qPCR techniques are not always directly
comparable, along with the potential limitations of RT-qPCR in validating high-throughput sequencing data®.
Therefore, hsa-miR-194-3p was not an appropriate endogenous normalizer for use in the experiments, as neither
amplification nor detection was observed using the gold standard method.

Next, the RT-qPCR results for the remaining three miRNAs were analyzed. To obtain an appropriate
normalizer, gene expression would remain the same between the two groups being compared (in this case, case
versus control group and non-critical COVID-19 versus critical COVID-19 group). At this stage, hsa-miR-17-
3p could be discarded because a significant difference in its expression was observed both in the comparison
between the case and control groups and between the mild and severe COVID-19 groups. Furthermore, the
miRNAs hsa-miR-205-3p and hsa-miR-34a-3p showed significant differences in expression between the groups
with mild and severe COVID-19 and was excluded in the context of disease severity. Thus, the aforementioned
miRNAs are not ideal reference normalizers for RT-qPCR, because it requires stable expression across all
individuals'”.

RefFinder”® was used to evaluate the stability of hsa-miR-34a-3p, hsa-miR-17-3p, and hsa-miR-205-3p. The
results indicate that hsa-miR-17-3p is the most stable miRNA. However, this miRNA exhibited different values
when comparing the two groups involved in the analyses and, thus, was disregarded. Among the two remaining
candidates, hsa-miR-34a-3p was more stable than hsa-miR-205-3p.
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Differential miRNA expression between
COVID-19 patients and controls (healthy
volunteers)

miRNA Fold regulation | p-Value *
hsa-miR-34a-3p 1 0.993
hsa-miR-194-3p 1 0.991
hsa-miR-374b-3p 1 0.996
hsa-miR-518a-3p 1 0.996
hsa-miR-519b-5p 1 1.000
hsa-miR-520a-5p 1 0.997
hsa-miR-525-5p 1 0.998
hsa-miR-548am-3p | 1 1.000
hsa-miR-548ay-5p | 1 1.000
hsa-miR-636 1 0.995
hsa-miR-1292-5p 1 0.991
hsa-miR-3650 1 0.996
hsa-miR-3689b-5p | 1 1.000
hsa-miR-3936 1 0.996
hsa-miR-3941 1 1.000
hsa-miR-4419a 1 0.992
hsa-miR-4520-5p 1 1.000
hsa-miR-4524a-5p | 1 0.995
hsa-miR-4721 1 0.990
hsa-miR-4740-3p 1 0.992
hsa-miR-4766-3p 1 0.998
hsa-miR-5095 1 0.997
hsa-miR-6508-3p 1 0.990
hsa-miR-6516-5p 1 0.993
hsa-miR-6762-3p 1 0.997
hsa-miR-6802-3p |1 0.994
hsa-miR-7160-5p | 1 0.994

Table 2. Sequencing results for the plasma miRNAs with fold regulation =1 and p-value >0.990, indicating
differential miRNA expression between patients with COVID-19 and controls (healthy volunteers). The
miRNAs are ordered in the table in ascending numerical order according to their respective nomenclature. The
two miRNAs that have been identified as potential normalizers are highlighted in bold. *Wald Test.

To our knowledge, no studies have been published associating these miRNAs with potential endogenous
normalizers. However, hsa-miR-34a-3p was previously shown to be associated with cell proliferation and
apoptosis in meningioma cells'® and vascular proliferation in acute pulmonary embolism'®. Most importantly,
it is associated with the pathophysiology of diabetes®. As diabetes is a relatively common comorbidity among
patients with COVID-19, this miRNA may not be suitable as a normalizer in these patients. By contrast, hsa-
miR-205-3p was associated only with bladder?!, lung??, breast?*, and gastric cancers?*, and none of the patients
in our cohort had such conditions.

Therefore, hsa-miR-205-3p is the most suitable normalizer for comparing plasma miRNAs from patients
with COVID-19 with those from healthy volunteers. However, when comparing distinct COVID-19 severities,
there was no indication that it would be the best endogenous normalizer, thus, leaving it as a subject to be
addressed in future research.

Limitations

This study had two significant limitations. First, to avoid potential bias in the interpretation of the results,
the control and case groups should differ only with reference to COVID-19 for a better study design. While
precautions were taken to match the groups in terms of age and sex, the same was not possible regarding
ethnicity and comorbidities, such as diabetes and systemic arterial hypertension. Second, ideally, the number
of participants in the validation cohort should have been larger. Therefore, some issues must be addressed to
establish hsa-miR-205-3 as an endogenous normalizer.

Conclusions

In the context of COVID-19, there is currently no ideal normalization strategy for applications in studies
assessing miRNA expression using the gold standard RT-qPCR method. However, an appropriate endogenous
normalizer should possess characteristics such as stability under different conditions and equivalent expression
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Differential miRNA expression between
severe/critical COVID-19 patients and mild
COVID-19 patients

miRNA Fold regulation | p-Value*
hsa-miR-17-3p 1 0.995
hsa-miR-205-3p |1 0.999
hsa-miR-513a-5p | 1 0.992
hsa-miR-596 1 0.990
hsa-miR-670-3p | 1 0.996
hsa-miR-922 1 0.993
hsa-miR-1207-3p | 1 0.996
hsa-miR-2682-3p | 1 0.997
hsa-miR-3133 1 0.992
hsa-miR-3187-3p | 1 0.995
hsa-miR-3605-5p | 1 0.999
hsa-miR-3907 1 0.992
hsa-miR-4329 1 0.997
hsa-miR-4443 1 0.999
hsa-miR-4474-5p | 1 0.997
hsa-miR-4493 1 0.991
hsa-miR-4650-3p | 1 0.990
hsa-miR-4667-3p | 1 0.995
hsa-miR-4701-5p | 1 0.990
hsa-miR-4799-3p | 1 0.998
hsa-miR-5090 1 0.999
hsa-miR-5571-5p | 1 0.999
hsa-miR-5693 1 1.000
hsa-miR-6717-5p | 1 0.993
hsa-miR-6737-3p | 1 0.994
hsa-miR-6746-3p | 1 0.999
hsa-miR-6750-3p | 1 0.997
hsa-miR-6755-5p | 1 0.992
hsa-miR-6847-5p | 1 0.994
hsa-miR-7844-5p | 1 0.994
hsa-miR-7856-5p | 1 0.993

Table 3. Sequencing results for the plasma miRNAs with fold regulation =1 and p-value >0.990,
indicating differential miRNA expression between patients with severe/critical COVID-19 and those with
mild COVID-19. The miRNAs are ordered in ascending numerical order according to their respective
nomenclature in the table, with potential normalizers highlighted in bold. *Wald Test.

across all individuals. Thus, this study aimed to determine the best endogenous normalizer for assessing plasma
miRNA expression in patients diagnosed with COVID-19.

Based on the experimental results, the miRNA that most closely approximates the ideal conditions for use
as an endogenous normalizer when comparing plasma miRNAs from patients with COVID-19 versus healthy
volunteers is hsa-miR-205-3p. Future research is expected to define the most suitable normalizer for different
COVID-19 severities.

Considering the significance of the topic presented by COVID-19 in recent years and ongoing research, we
believe that this work will pave the way for further research and advancements in science and technology within
the context of the disease.

Materials and methods

Ethical considerations

This study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics
Committee of the Universidade Estadual de Campinas (protocol code: 31049320.7.1001.5404, July 25, 2020,
and 36041420.0.000.5404, August 15, 2020). Informed consent was obtained from all participants or their legal
guardians.

Participants characterization
This was a case-control study. The participants were subdivided into two groups according to their SARS-
CoV-2 results in the reference RT-PCR test. For the first one, the “case group,” the inclusion criteria consisted
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Fig. 2. Volcano plot illustrating plasma miRNA expression according to RNA-sequencing technique. Samples
are from case and control groups (respectively, participants with a positive RT-PCR test for SARS-CoV-2 and
participants with a negative RT-PCR test for SARS-CoV-2). The miRNAs that had no difference in expression
between the two groups are shown as gray dots. miRNAs with a fold change=0.99-1.01 are shown as yellow
dots (the miRNAs mentioned in Table 2). FC, fold change =miRNA expression in the case group (patients with
COVID-19)/miRNA expression in the control group (healthy volunteers).

of individuals aged between 18 and 80 years, who tested positive for SARS-CoV-2. These participants were
hospitalized at the Hospital Estadual de Sumaré Dr. Leandro Francheschini (HES), the Hospital de Clinicas of
University of Campinas (HC-UNICAMP), the Centro de Saiide da Comunidade (CECOM UNICAMP), or the
Basic Health Units of Paulinia, all located in the state of Sao Paulo, Brazil. In the “control group,” participants
were included according to the following criteria: individuals between 18 and 80 years old and members of
the UNICAMP community with a negative RT-PCR result for SARS-CoV-2. These individuals, in addition to
having negative test results, had no flu-like symptoms, had no contact with SARS-CoV-2 infected people, did
not participate in frontline COVID virus control efforts, and were monitored for 15 days after sample collection
to ensure that they did not exhibit COVID-19-related symptoms.

Additionally, a second division was performed within the case group, separating it into “Patients with mild/
moderate COVID-19” and “Patients with severe/critical COVID-19. The severity criteria used were based on
NIH Coronavirus Disease 2019 Treatment Guidelines®: mild, individuals with common symptoms of COVID-19
but without shortness of breath, dyspnea, or abnormal chest imaging; moderate, patients with evidence of lower
respiratory disease or imaging and with oxygen saturation (SpO2) >94% in room air; severe, individuals with
SpO2 <94% in room air, a ratio of arterial partial pressure of oxygen to fraction of inspired oxygen (PaO2/
Fi02) <300 mm Hg, a respiratory rate > 30 breaths/min, or lung infiltrates > 50%; and critical, individuals who
presented respiratory failure, septic shock, and/or multiple organ dysfunction.
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Differential miRNA expression between severe/critical COVID-19 patients
and mild COVID-19 patients
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Fig. 3. Volcano plot illustrating plasma miRNA expression according to RNA-sequencing technique. Samples
are from severe and mild groups (respectively, participants with severe COVID-19 and mild COVID-19). The
least expressed miRNAs in the group of patients with severe COVID-19 are shown as red dots; the miRNAs
that had no difference in expression between the two groups are shown as gray dots. miRNAs with a fold
change=0.99-1.01 are shown as yellow dots (the miRNAs mentioned in Table 3). FC, fold change = miRNA
expression of severe or critical group/miRNA expression of mild or moderate group.

ACt (mean + standard deviation)

Control group | Case group
miRNA (n=40) (n=85) p-Value* | Fold-change | p-Value*
hsa-miR-17-3p 15.12+1.79 14.02+1.38 | <0.005 1.06 0.667
hsa-miR-34a-3p | 26.95+3.49 26.78+3.50 0.399 1 0.992
hsa-miR-205-3p | 25.25+1.89 24.61+3.11 0.080 1.22 0.193

Table 4. Expression of endogenous miRNAs (mean =+ standard deviation), comparing the control group
versus the case group data. ACt (Ct miR of interest - Ct cel-miR-39); Ct, threshold cycle; n, absolute number of
participants. ¥t test for nonparametric data, considering p < 0.05 as a significant value.

The participants were characterized by age, sex, and comorbidities. Data were collected from patient records
(case group) and questionnaires (control group). Patients with severe/critical COVID-19, mild/moderate
COVID-19, and healthy controls were matched for sex and age.

Sample collection
Peripheral venous blood samples were collected from all participants in EDTA tubes. In the case group, all
samples were collected during hospitalization within 10 days of symptom onset. Plasma samples were separated
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hsa-miR-17-3p | 13.66+1.20 14.45+1.46 0.008 1 0.995
hsa-miR-34a-3p | 24.66+2.44 29.22+2.90 <0.005 |0.97 0.953
hsa-miR-205-3p | 26.23+2.05 23.07+3.25 <0.005 1 0.999

Table 5. Expression of endogenous miRNAs (mean + standard deviation), comparing the patients with mild
COVID-19 versus the those with severe/critical COVID-19 data. ACt (Ct miRNA of interest - Ct cel-miR-39);
Ct, threshold cycle; n, absolute number of participants. *t test for nonparametric data, considering p <0.05 as a
significant value. **n =39, as two samples failed on the RT-PCR amplification.
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Fig. 4. Stability of candidate miRNAs for normalization chosen by the RT-qPCR results comparing
differentially expressed miRNAs between patients with COVID-19 and controls (healthy volunteers),
determined by different algorithms (RefFinder, http://blooge.cn/RefFinder/). On the ordinate axis, higher
values indicate lower the stability of the miRNA.

from the whole blood by centrifugation at 2500 rpm, at 4 °C for 10 min, and stored in a -80 °C biobank freezer
until the experiments were conducted.

Criteria for defining possible normalizer candidates

Three criteria were employed to select candidate normalizer miRNAs from RNA-Seq data: (1) miRNA must
have a fold-change value equal to 1; (2) miRNA must have a p-value>0.990; and (3) considering the first two
criteria, the third criterion was to select the miRNAs that were discovered the earliest (i.e., those with the smallest
number in their nomenclature). For RT-qPCR validation, the most adequate normalizer miRNA was the one
with no difference in expression between the evaluated groups (p> 0.05).
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miRNA extraction and cDNA synthesis

miRNA extraction was performed using 200 L of each plasma sample with the miRNeasy Serum/Plasma Kit
(Qiagen, Germany), following the manufacturer’s instructions. The samples were once again kept in a -80 °C
freezer after the experiment was completed.

To ensure an accurate analysis of miRNA expression using the RT-qPCR technique, 15 fmol of the synthetic
miRNA cel-miR-39 was added. This exogenous miRNA (spike-in) served as a quality control for the entire
technical process. If the sample threshold cycle (Ct) was outside two standard deviations from the mean Ct of
the exogenous control, the sample was re-extracted. This was exclusively the case with the miRNA samples used
for RT-qPCR validation; the samples extracted for sequencing did not contain cel-miR-39.

cDNA was synthesized using the TagMan~ Advanced miRNA cDNA Synthesis kit (Applied Biosystems,
Waltham, MA, USA) following the manufacturer’s instructions.

miRNA sequencing

The sequencing cohort comprised 12 participants (n=12). For library construction, 5 puL of each miRNA
sample was used, along with the QIAseq’ miRNA Library Kit (Qiagen, Germany), following the manufacturer’s
instructions. Quality control of the samples was also performed by analyzing 1 and 2 uL of each miRNA
sequencing library using an Agilent Bioanalyzer and a Qubit fluorometer, according to the manufacturer’s
specifications. Library preparations were sequenced using an Illumina HiSeq 2500 platform, generating 75 bp
single-end reads, which were sent to the Life Sciences Core Facility (LaCTAD) at UNICAMP for sequencing.

RT-q PCR for the complete cohort
RT-qPCR was used to validate the results obtained by sequencing as it is considered the gold standard for
assessing miRNA expression. The validation cohort comprised 125 participants (n=125), including the 12
participants from the sequencing cohort.

The RT-qPCR was performed at the Clinical Pharmacy Laboratory (CliPhar), Faculty of Pharmaceutical
Sciences, UNICAMP. RT-qPCR was performed on a Rotor-Gene Q (Qiagen, Germany) using TagMan~ Advanced
miRNA Assays (Applied Biosystems, Waltham, MA, USA) for the selected miRNAs as possible normalizers, as
well as for cel-miR-39 (spike-in). The total reaction volume was reduced to 10 pL, consisting of 5 uL of TagMan’
Fast Advanced Master Mix (2X) (Applied Biosystems, USA), 0.5 pL of TagMan" Advanced miRNA Assay
(20x) (Applied Biosystems, USA), 2 uL of RNase-free water, and 2.5 pL of diluted cDNA (1:10). The reactions
were performed in duplicates. Raw data were evaluated using Rotor-Gene Q Series Software 2.1.0.9 (Qiagen,
Germany). As part of quality control, samples with cel-miR-39 expression above two standard deviations were
excluded from the analysis.

Stability assessment of selected endogenous miRNAs

The stability assessment of the endogenous miRNAs chosen by the RT-qPCR results was performed using the
RefFinder online tool”®, which encompasses four different normalization tools commonly utilized: BestKeeper,
ACt, NormFinder, and GeNorm, each employing distinct algorithms to assess gene expression stability,
comparing the stability values of other endogenous controls; the lower the stability value, the more appropriate
is the endogenous control.

Statistical analysis

For the clinical and demographic data analyses, absolute frequencies/percentages, measures of position (mean),
and dispersion (standard deviation) were presented. Data normality was assessed using the Shapiro-Wilk test.
During the validation phase, miRNA expression was compared between the COVID-positive and COVID-
negative groups using the Mann-Whitney U test. A p-value <0.05 was considered statistically significant for
all analyses. All statistical analyses were performed using the GraphPad Prism v.9.1.0 software for Windows
(GraphPad Software, Inc., San Diego, CA, USA).

The stability of endogenous control miRNAs was assessed using the online in silico prediction tool RefFinder
(http://blooge.cn/RefFinder/)”8, which comprises four normalization methods: BestKeeper, Comparative ACt,
NormFinder, and GeNorm. Briefly, it employs distinct algorithms concurrently based on different statistical
endpoints, and assigns a value to each gene to determine the most consistently expressed gene.

BestKeeper is an Excel-based tool that determines the best internal reference gene using a pairwise correlation
analysis between the expression levels of all candidate genes?®. GeNorm is also an Excel-based approach that
determines the most stable candidate from a set based on the average expression stability value, which is the
average pairwise variation of a specific gene with all other genes?’. NormFinder, unlike GeNorm, assesses each
candidate’s expression stability independently and can also evaluate system-induced errors as it allows a direct
measure of the estimated expression variation”. Finally, the comparative ACt method uses the gene stability
indicator, which is the mean of standard deviation values derived from a comparison between a particular
reference gene and any other candidate; the lower the arithmetic mean, the more stable is the gene?®.

Data availability

The datasets generated and/or analyzed during the current study are available from the Research Data Reposi-
tory of the Universidade Estadual de Campinas, https://doi.org/10.25824/redu/WWUNT1. Accessed on 01 June
2023.
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